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ABSTRACT
HEE SUK LEE: Somatic coliphage families as potential indicators of entieases in water
and methods for their detection
(Under the direction of Mark D. Sobsey)

The potential use of specific somatic coliphage taxonomic groupsahsndicators on
the basis of their persistence and prevalence in water wasigated. Representative type
strains of the 4 major somatic coliphage taxonomic groups wededéeto environmental
water and their survival was measured at temperatures of 23-28°@ndBased on their
greater persistence over time, tgoviridae (type strain T4), théicroviridae (type strain
PhiX174), and th&phoviridae (type strain Lambda) were the preferred candidate somatic
coliphages as candidate fecal indicator viruses in water. Alsm\ational, group-specific
PCR method was developed to identify each of the 4 major taxonomic grbspsnatic
coliphages and used to classify individual somatic coliphage isdtat@sprimary human
sewage effluent to further document those detected and to describebehavior in
environmental waters. Over time, the taxonomic makeup of the sooeéiphage population
in sewage changes, with tihdicroviridae family becoming the most prevalent taxonomic
group in the sewage population after several weeks. Based on thsistggere and
prevalence in environmental waters, phages belonging tditreviridae family could serve
as indicators for sewage contamination and perhaps human enteric viruses.in water

Rapid detection methods for reliable viral indicators that pretfiat contamination in

water are essential for timely protection of public health. Iddizi somatic coliphage



families that are relatively persistent and abundant in enveatah waters are possible
reliable viral indicators. Rapid detection of tMécroviridae family of somatic coliphages by
real-time PCR method was developed and successfully applied tomrenental water
samples: primary sewage effluent of two different geograpbgions, seawater, and
groundwater. Also, as an antibody-based rapid detection method, QCATure, Latex
Agglutination, and Typing), for th&phoviridae family, N4-type viruses of thBodoviridae
family, and T4-type viruses oMyoviridae, was developed and successfully applied to
somatic coliphage isolates, although there is a need for improvemerdthod sensitivity
and specificity. Developing new and rapid nucleic-based detection mtitabady-based
somatic coliphage detection and characterization methods widit assfuture studies to
evaluate individual somatic coliphage families as sewage antindeators for water

guality assessment.
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CHAPTER 1 Introduction

Background
Contamination of water is a continued threat to public health wortdwgdurces of

water contamination include improperly functioning wastewatetnresat plants, septic tank
leakage, latrine and landfill leakage, storm and urban runoff, zoarotial waste and other
fecal sources. Due to greater numbers and diversity of watdarnination sources, it is
difficult to identify and quantify all of the potential microbialeangs in contaminated water.
For decades, microbial indicators for estimating fecal contaiamat water have been used
for defining levels of microbiological quality in environmental waterstedtion of microbial
indicators serves as a simple diagnostic tool to predict micr@alowater quality with
respect to pathogen presence and densities and human health riskstly;aotal coliforms,
fecal coliforms enterococcus spp, andE. coli are used as microbial indicators for predicting
water pollution. Also, these bacterial indicators have shown goodlat@newith illness
risks in people who contact and ingest water (Cabelli, 1983; Dufour, 1984).

Although enteric bacterial indicators have been used as tools imatestthe
microbiological quality of environmental waters, many waterbguathogens that cause
illness and diseases in humans are enteric viruses. Bhttdicators may be inadequate or
unreliable indicators for estimating enteric virus presence iraoonated water. Compared

to bacterial indicators, enteric viruses have shown higher sunated during wastewater



and drinking water treatment and greater persistence in environmweatess (Contreras-Coll
et al., 2002; Duraret al., 2002; Harwoodtt al., 2005; Moce-Llivinaet al., 2005; Jofrest al.,
1995). Therefore, there are possibilities that bacterial indicatloree could underestimate
microbiological contamination of water and the associated human hiskhDue to higher
persistence and resistance of waterborne enteric viruses aareoino bacterial indicators,
water which is defined as safe based on bacterial indicatorureeasnt may still cause
disease or illness to consumers due to the enteric virusepresint (Dorest al., 2000;
2003; Formiga-Cruzt al., 2003). Therefore, bacterial indicators alone do not provide a
complete assessment of microbiological water quality. Addingaat one viral indicator for
estimating viral presence and behavior in environmental watentilg can give better
assessment of virological water quality and provide confidence of vicalogater safety.
There are several candidate viral indicators to predict virusagonation in
environmental waters. Several studies indicate that bacteriophagks serve as viral
indicator for estimating enteric viruses in water (Havelaar, 1B®&, 1981). Three groups
of bacteriophages have been proposed as potential viral indicatoestiimating sewage
contamination and human enteric viruses in water based on their similariiesian enteric
viruses in morphology, nucleic acid composition, sources and occurremoateminated
water: F-specific RNA coliphage, phages RHcteroides fragilis, and somatic coliphages.
Havelaaret al. (1993) showed significant correlation of F-specific RNA bacterigpband
enteric viruses in river water and lake water. Even though, FigpB&NA coliphages are a
relatively abundant and homogeneous group, their survival in natuel waess than some
enteric viruses (Jofre, 2002). Bacteriophages infecBageroides fragilis, an anaerobic

bacterium which is found in the human intestinal tract, showed ciooredan numbers with



enteroviruses and rotaviruses in sewage related sediment éladle 1989). However,
occurrence of phages Bacteroides fragilis in human feces is relatively low (Gantatml .,
2002). Stetler (1984) investigated the occurrence of enterovirndesoanatic coliphages in
river water and found that enterovirus showed better correlatitn asliphages than they
did with bacterial indicators of total coliforms, fecal colifornfscal streptococcus or plate
count bacteria.

Somatic coliphages are DNA viruseskbfcoli and perhaps related bacteria. They infect
via a lipopolysaccharide on the coli cell outer surface and have been examined as fecal
indicators in studies of sewage and drinking water treatment gbamce water. There are
four taxonomic families in the somatic coliphage grolgmdoviridae, Microviridae,
Myoviridae, and Sphoviridae (ITCV 2007). Somatic coliphages can be distinguished in
standard plaque assays by their ability to infect thewgadll of F-minusE. coli hosts such as
strains C and CN-13, which lack the ability to form pili. Somattiphages are routinely
found in human sewage (Mocé-Llivirea al., 2005) and are more prevalent than F+ RNA
coliphages in marine water and warm waters (Lovekical., 2005). However, somatic
coliphages are a heterogeneous group because they belong to diigoeranic groups
with different morphologies and other characteristics. Previougestud/estigating somatic
coliphages as a viral indicator have treated somatic coliphageme whole group even
though they are taxonomically, genetically, morphologically, and wikerdiverse and
heterogeneous. This diversity might account for the lack ofctiveelation of somatic
coliphage and enteric virus occurrence in environmental wateesefbine, there is need to
investigate individual somatic coliphage families as promising wdicators of sewage

contamination and enteric viruses in water.



Genetic characterization of the occurrence and distribution of teoroaliphage
families in fecal sources, recreational water, and shelifeghnot been done to date. Such
genetic characterization is needed to determine the occurfateeggnd potential indicator
value of the different families of somatic coliphages. Developroenew tools to identify
and characterize each somatic coliphages family would magesgible to characterize
individual somatic coliphage families and subgroups rather than conthdemwhole
heterogeneous group. Furthermore, identifying the most pesishd abundant taxonomic
family(s) of somatic coliphage could give better understanding af sbarces, occurrence
and distribution in environmental waters. Therefore, the researdtitypraentified for this
study is the development and evaluation of new screening techndiogietect, identify and
characterize different somatic coliphage families as microlondicators of fecal
contamination sources and their associated viral pathogens.

Individual families, subgroups and strains of somatic coliphages magotaatial
microbial indicators of fecal contamination sources. Previous stugliggest that the
Myoviridae family of somatic coliphages is the predominant type in huseavage, and the
Sphoviridae family is most common in surface waters (Ackermann and Nguy@gs83;
Pedroso and Martins 1995; Muniegtaal., 1999). Other studies have found poor correlation
between somatic coliphages and bather disease risks in recatateawaters but good
predictability between somatic coliphage and bather diséedsein fresh recreational water
(Wiedenmanret al., 2006). This inconsistent correlation with gastrointestinal illmisgsin
bathers may be a consequence of the use of current coliphageodeteetinods that have a
low specificity for sewage-associated somatic coliphagedebscting heterogeneous groups

of somatic coliphages as a whole (Colfetdl., 2007; Widenmanet al., 2006). Developing



new methods with greater specificity for sewage-associaathatic coliphages by
identifying each somatic coliphage family would improve futurelisiion their usefulness
as indicators of water quality and human health risks. The @adiapproach of this work is
similar in nature to previous work identifying. coli as a more feces-specific indicator
bacteria than total coliforms (Dockins and McFeters, 1978) and ar batédictor of
gastrointestinal illness risks, as from sewage contamina@e@atenal waters (Dufour,
1984).

Standard culture-based bacterial indictor assays takeays} bsulting in water quality
information and decisions that lag days behind actual contamination ea@htbuman
exposures. Even though there are candidate reliable fecal indicatopsedict fecal
contamination or presence of enteric viruses in environmenta&rsyatapid detection of
those indicators is essential to provide timely protection of puidaith as safe water to
consumers and users. The timely regulation of contaminated aradeproper legislation to
achieve and protect safe water are strongly dependent on thdiotetet indicator
microorganism in a timely manner at least before the watesed by consumers. In previous
studies, simple, rapid and field-ready detection methods haveogedeand applied for the
detection of F-specific RNA coliphages in field samples ofewétoveet al., 2007). Latex
agglutination assay of antigen and antibody reactions was ongohaeloped for clinical
uses (Hughest al., 1984). Recently, a coliphage latex agglutination test (CLAT) was
successfully developed and applied to environmental field samplespidiyr detecting and
identifying (serotyping) F-specific coliphages (Losteal., 2007). It is hypothesized that the
successful application of CLAT assay as a rapid detection méthosbmatic coliphage

detection and typing is possible if antisera against speafitasc coliphage families and



subgroups show sufficient sensitivity and specificity, analogous toaittaeved for F+
coliphages. In addition to an antibody-based rapid detection method sineh@ISAT, real-

time PCR methods based on nucleic acid detection using spedrfierprand probes is
another promising rapid detection method worthy of consideration thahlressly been
applied to the detection and characterization of F+ RNA coliphages.

In summary, there is a need for reliable viral indicatorsesfage contamination and
human enteric viruses and rapid, simple methods to detect them in mvatetoring
programs for source water, water and wastewater treatmentearghtional and shellfish
water management. Somatic coliphages and their individual éangubgroups and strains
are candidates to fill this need. To evaluate individual somatiphage families as
candidate viral indicators of enteric viruses, it is necessaty tdentify the most persistent
and abundant somatic coliphage families, and to 2) develop rapid methodpdbifically

detect these candidate viral indicators in water.

Objectives
Somatic coliphages as individual families, subgroups and straindbevdlvaluated as

potential indicators for estimating the presence of humanientarses in water on the basis
of their persistence and abundance. To achieve this objective, tedmoaapproaches: one
is by survival tests of prototype positive strains in model and@mwiental waters, and the
other is by determining the most persistent and abundant soréipbage family(s) in
primary sewage effluent. Rapid methods for the detection of soowiphage families will
be developed and evaluated by rapid molecular and immunologicatialetewthods for

them. Also, newly developed rapid detection methods will be appliatifferent water



samples representing different regions or sample matricesalDve evaluate an individual

somatic coliphage family as a candidate viral indicator of geveantamination and enteric

viruses, there is a need to 1) identify the most persistent lntbant somatic coliphage

family(s) and 2) develop and evaluate methods that rapidly, efficiand specifically detect

these candidate viral indicators in water. To identify candidat@atsoroliphage families to

serve as indicators of human enteric viruses in water, and mptimethods for their

detection, this work was undertaken with the following specific aims:

Specific Aim 1: Determine if somatic coliphages are potential indicatorstHer
presence of sewage and human enteric viruses in surface wagel opaslentifying
the most persistent and prevalent taxonomic group(s) in sewage eally fe
contaminated environmental waters. To achieve this aim, at leagepresentative
prototype strains of each familyM(croviridae, Myoviridae, Sphoviridae,
Podoviridae) were spiked to reagent grade water and surface water ahéthievo
different temperatures, 4 °C and 25°C, for 90 days. Aliquots of eacplesamre
taken periodically to determine remaining virus concentrations amebtheneasure
the inactivation rate of each somatic coliphage strain on a wbagkly. After 90 days,
the most persistent family could be identified by measuringdlagive survival rate

of each strain.

Specific Aim 2 Identify the most persistent and abundant somatic coliphaghkefam
in primary sewage effluent of wastewater treatment plants by surgstalat 4°C and

25°C. At different incubation times, presumptive somatic coliphagateslwere



collected from virus infectivity assays and these were archivddrther determine
and characterize their families. To determine the familyofatic coliphage isolates,
group-specific conventional PCR of four families of somatic coliphage
(Microviridae, Myoviridae, Sphoviridae, Podoviridae) was developed and optimized
by applying the new methods to available positive strains df salsgroup in each
family. After optimization of group-specific conventional PCR, thethods were
applied to somatic coliphage isolates to identify their familleem group-specific
PCR analysis of the isolates obtained over the time coursewvauests, families
and subgroups of somatic coliphage families could be identified, and ¢isé m

abundant and persistent families determined.

Specific Aim 3: Develop and evaluate molecular and immunoassay analytical
methods for rapid detection and typing of somatic coliphage groupsli¢&rand
subgroups) potentially indicative of sewage contamination and the peesEhuman
enteric viruses of fecal origin in water. Real-time PCRho@s were developed and
optimized for theMicroviridae family of somatic coliphages because of their higher
persistence and abundance in tested sewage and fecally contamisiatecompared

to other families. Antibody based rapid detection methods \ae applied to
somatic coliphage families by developing polyclonal antiserarepiresentative
somatic coliphage strains in each famiMig¢roviridae, Myoviridae, Sphoviridae,
Podoviridae). After confirming sufficient sensitivity and specificity each antisera
against somatic coliphage strains or families, rapid coliphageTQCAIlture, Latex

Agglutination, and Typing) (Loveet al., 2007) assay will be applied to somatic



coliphage isolates for screening their families or stramgdicators of sewage and

fecally contaminated water.

e Specific Aim 4. Apply the developed rapid and specific detection methods for
somatic coliphage families by real-time PCR and antibodyeb&eAT assay to
different water types, including primary sewage effluentywa¢er and groundwater
samples. The developed rapid detection methods of somatic coliphaijesfdy
real-time PCR and antibody-based CLAT assay should be applitabdifferent
water types. Regionally different primary sewage effluentsbe& tested by group-
specific conventional PCR and real-time PCR forNheroviridae family of somatic
coliphage because they were found to be both abundant and persistevage.SEo
determine the most persistent and abundant somatic coliphagee$amilsamples,
survival tests were performed. Additionally, a method for rapid-tnesd PCR
detection of theMicroviridae family was developed and applied to seawater and

groundwater samples.

Literaturereview

Introduction and background
To consider somatic coliphage families as a potential viral italica water, several

aspects of ideal indicator definitions were investigated to exgdloe individual somatic
coliphage families as candidate fecal indicators of sewage nomation and of enteric
viruses. Taxonomically, somatic coliphages were composed of foufienamong 13

bacteriophage families, and they showed a greater diversity iphwlogy and genetics.



Therefore, the classification of somatic coliphages famdies their properties is reviewed
here.

Ideal indicator microorganism must meet several criteria tedmsidered useful for
detecting fecal pathogens in environmental waters. Indicataoonganism should persist
and survive greater than or equal to pathogens. Therefore, the sofvpakntial indicator
of enteric viruses should be longer than the survival of entericegri&urvival of somatic
coliphage will be discussed on the basis of their use as potediicdtors. An ideal indicator
should be present when the pathogen is present, so the occurrence af solipaages as
candidate indicators of enteric viruses in fecally contaminatterwvas considered on the
basis of their ability to predict fecal contamination. There hawn lmeany studies on the
examination and identification of candidate fecal indictor microorgamt enteric viruses
for decades, and coliphages were found to be good viral indicators inqusrsudies.
However, some studies presented contradictory findings. Here, theagsakrand strengths
of individual somatic coliphages as a potential viral indicator vglldiscussed. In addition,
an ideal indicator should be detected in a short time by simgleodse So, the approach of

rapid detection of somatic coliphage was considered in this review.

Classification of bacteriophages and somatic coliphagesThe International
Committee on the Taxonomy of Viruses (ICTV) classifies bagibages into 13 families.
These virions have binary (tailed), cubic, or helical symmatrypleomorphic shape.
Families are mainly defined by the properties of the nucladsand phage morphology.
Phages can contain double-stranded DNA, single-stranded DNA, doulbi@estrRNA, or

single-stranded RNA. Tailed phages with binary symmetry, lassiGed in three families,
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Myoviridae (Tail contractile) Sphoviridae (Tail long, noncontractile), an@odoviridae (Tall
short). TheMicroviridae, one of the families having cubic symmetry, contains single-
stranded DNA having circular morphologyhese groups are highly diverse (Achermann,
2006). Four of the 13 phage familiedyoviridae, Sphoviridae, Podoviridae, and
Microviridae, are grouped as somatic colipahges.

Somatic coliphages use a lipopolysaccharide (LPS) ok.tbeli cell outer surface as a
recognition factor to initiate infection. They infect modfycoli but some of them can infect
other Enterobacteriaceae. The Microviridae group infects a diverse range of hosts such as
Enterobacteria, Bdellovibrio, Chlamydia, and Sroplasma. For the Myoviridae group,
principal hosts ar&nterobacteria, Bacillus, andHalobacterium. For theSphoviridae group,
Enterobacteria, Mycobacterium, and Lactococcus are the major host groups. For the
Podoviridae group,Enterobacteria andBacillus are the main host groups.

The first step in the cycle of infection is recognition by agehattachment site on the
bacterial surface. This receptor may be part of a protein, a lipopolysiaegtaateichoic acid,
the peptidoglycan, or an exopolysaccharide. The specificity ofetteptor depends on both
its composition and spatial configuration. Initial attachment folhgwirecognition is
reversible, allowing the phage to (re-)position itself. This ifoWed by irreversible steps

involving triggering of conformational changes in the particle (Coetzee, 1984).

Coliphage replication processes and conditions in the envirament: F-specific
coliphages are single-stranded RNA viruses that infect thevieethe F-pili. In general, F
specific phage infection does not occur at temperatures below 30°GédbauhosE. coli

does not produce F pili at low temperatures. However, if F+ coliphpgetuced at
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temperatures at or above 30°C are present with phages at temgserhelow 30°C,
adsorption, infection and replication can occur, depending on the tempeaatlirether
environmental conditions. Somatic coliphages infect a lipopolysacehandheE. coli cell
outer surface, so the factors governing their potential for thdna-intestinal replication
outside of a mammalian host and in the environment are different. \tfieite is some
restriction on the environment temperature conditions for theirhatiat to and infection of
host cells for replication, other factors may also strongliuénice the potential for such
infection and replication processes.

The potential for replication of the somatic coliphages in the envirohimes been
considered as a weakness of somatic coliphages as suitabledicators in water. This
replication could be affected by several factors such as thetidernsi host bacteria and
phages, the physiological condition of the host bacteria, the dissaoldesbiapended solids
in the water, the temperature, the other bacteria presenten arad other factors. Muniesa
et al. (2004) studied the factors affecting somatic phage replication Esoalj strain WG5.
They concluded that there is little chance for replication of domatliphages in
environmental waters, though it cannot be ruled out completely. Thédhdedensities of
host bacteria and phages which they used are greater than the tegimsés of somatic
coliphages and host bacteria reported in most human and animal raewatass.
Therefore, they reported that there are few natural environmemiBich the densities of
non-replicating host bacteria and their physiological status sumoonatic coliphage
replication. They also concluded that the ratio of phages to baatéirizot be affected by
replication in water, and consequently, the likelihood of somatic colphaglication is

very low outside of the animal gut. Woodyal. (1995), examined factors affecting F-RNA
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coliphage replication, and found that phage infection of the host is dedreadower
temperature because very few host cells have F pili. Even thougNAFeBliphages infect
host cells at 25°C, their findings indicated that F-RNA coliphag#iaation would be
limited. Therefore, there is no clear evidence that therehigteer likelihood of somatic

coliphage compared to male specific coliphage replication in agratiomnmental systems.

Survival in the environment and association with fecal contamiation: Enteric
virus particles persist relatively long in environmental watérsugh the viral particles may
not remain infectious. There have been several survival testslef specific coliphages
compared to enteric viruses. Chustgal. (1993) reported that F+ coliphage showed greater
inactivation than enteric viruses at 25°C in seawater, and sugdbateld+ coliphage may
not be a suitable indicator of certain human enteric viruses in dénemer summer season.
However, Lees and colleagues found that F+ coliphages were goodarslimithe presence
of noroviruses in shellfish and risks of gastrointestinal illnesm fsuch shellfish in the
relatively cold waters of the United Kingdom (Daateal., 2000). As there are geographical
differences and seasonal variations in their inactivation rat@a@u to enteric viruses, F+
coliphage may not always be an appropriate viral indictor in seawater disshell

There are relatively little data on survival of somatic colipeageenvironmental waters
compared to male-specific RNA phages. Some research on T3 colglr@gal in aerosols
was conducted by Warres al. (1969), who found that this coliphage is relatively stable in
aerosols, declining by only 2 lggin 72 days at 4°C. These results suggest that somatic
coliphages may be stable for long periods in the environment. Calkthah (1995)

compared survival of hepatitis a virus, poliovirus and indicator virirsesawater; survival
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was greater for somati€almonella bacteriophages (SS phages) than the other viruses,
including FRNA phages, evaluated in the study. Also, Cheingl. (1995) found that
Bacteroides fragilis phages survived longer than or comparable to enteric viruseawatse

and seawater-sediment mixtures. More recently, Rose and coll¢af06) found that
Bacteroides fragilis phages persisted longer compared to coliphages and showed little
variation between the temperatures in the seawater.

In the work of Havelaaet al. (1990), somatic coliphages were detected in most fecal
samples, often in relatively high concentrations. They noted Kiesé tare no consistent
relationships between counts of somatic and F-RNA coliphages énatdetected in any of
the animal species examined. According to the work of Oshala(1981), the RNA phages
constitute only a minor fraction of the total coliphages in the fe€daiman and animals.
Dhillon et al. (1976) studied the distribution of coliphages in mammalian feces with
characterization for selected isolates. Based on host stralngeatralization with antiserum,
the phages were identified as T1, PhiXI74 or S13-related. Ttedetdhages were recovered
from both cow and pig feces. The S13-related phages were more likely to be foundria porc
fecal matter while PhiX174-related phages were found in fecaplea of bovine origin.
When isolates from rivers, human and animal fecal samples JWassfied into families
based on their morphology, phages were found to be largely fror&igheviridae and

Myoviridae subgroups of somatic coliphages.

Somatic coliphages as a fecal indicator of enteric viruse$he potential for somatic

coliphages to serve as viral indicators has been studied by a nofmbeearchers. Many of

these studies focused on male-specific coliphages as viratargjliclue to morphological
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similarity to enteric viruses. There are advantages and disadeasnto the use of male-
specific coliphages as viral indicators in environmental waterd,tlkere is no regulatory
consensus on coliphages as viral indicators up to now. Somatic colipfeages evaluated
across several dimensions of suitability as viral indicatosmeSof these are listed below
(Phage Ecology, 1984; The Bacteriophages, 2006)

- Somatic coliphages are found abundantly in wastewater and waterpadfed quality
which are used for source water in drinking water treatment systems.

- The populations of somatic coliphages in source waters exceed those of enteg virus

- Somatic coliphages show relatively high persistence throughr waatment plant
processes compared to typical bacterial indicators. Somatighagkks may behave
similarly to human enteric viruses during water treatmentgss, including in their
responses to disinfection.

- Somatic coliphages can be detected by relatively rapid, simpbedable, and robust
culture methods compared to enteric viruses during the processateotreatment and
in other water and environmental media.

- Somatic coliphages are more resistant to inactivation by adhasrgironments and
disinfection processes than enteroviruses, and they are redusedféesively than are

conventional indicator bacteria by water treatment processes.

Stetleret al. (1984) found that coliphages showed better correlation with enteus vir
presence than did total coliforms, fecal coliforms, fetrag@ptococci, or standard plate count
organisms. Paymemt al. (1993) reported that only somatic coliphages infecting theEost

coli CN13 were found to be an explanatory variable for the presence ofhemteric
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viruses in settled water by multiple regression analysis. Alsy, suggest that coliphages
could be indicators of drinking water treatment efficiency. Theyg etported that there does
not seem to be any advantage in using male-specific coliphagesoovaticscoliphages as
viral indicators; both have similar behavior during treatment, buotasic coliphages are
easier to detect.

However, Vaughn and Metcalf (1975) suggested that coliphages arsuitable
indicators of enteric viruses according their research. Thpgrted (a) coliphages were
consistently present in raw sewage samples that yielded istamtsenterovirus isolations,
(b) treated sewage effluents were coliphage positive but enterodgagive, and (c) many
(63%) enteroviruses isolation occurred without phage isolation. In add@om et al.
(2007) reported théekE. coli F specific host survived better than other host strains in sewage
and that F specific phages were more frequently isolated $emiage at higher numbers
while somatic coliphages were absent. Also, Colferdl. (2007) reported that somatic
coliphages were not effective indicators for assessing riskd dis@ase from exposure to
marine bathing water. In addition, they suggested an alterrfatiaé indicator, perhaps F+
coliphages, for monitoring beach water having major non-point femataminations. In
contrast, Widenmann et al. (2006) reported that somatic coliophage andarrafrenteric
bacterial indicators were good predictors of risk of gastrointsiilness from fecally
contaminated fresh recreational water.

It is noteworthy that th&. coli hosts, assay procedures, sample processing procedures
and other variables in coliphage detection used in different studiescaadd differences in
coliphage results and predictive abilities. In addition, many sewgsgiems often contain

both somatic and F specific coliphages at similar levels. SomegetF specific coliphages
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may outnumber the somatic coliphages in some environments and otberthenreverse is
reported. Overall, there is little information on the ecology, ciand concentrations of
somatic coliphages in sewage or various environmental watemsheFmore somatic
coliphages are a relatively diverse and broad taxonomic group. dfegrafore research is
needed to evaluate somatic coliphages as suitable viral indicatweger treatment process,
as indicators of sewage contamination and for the presence and humtlamisieaof enteric

viruses in fecally contaminated waters.

Potential use of somatic coliphages as an indicator microbe foowrce tracking:
There are numerous studies on the possibilities of male speolfthages as microbial
source tracking tools. Stewagtal. (2006) concluded that F+RNA coliphage analysis can be
used for source identification of fecal contamination in surfaderaaln this study, they
suggested that F+ coliphage typing can provide useful, but not absoliaenation to
distinguish human from animal sources of fecal pollution for watentguedsessments. If
F+RNA coliphages have the potential to be used as a possible nismlniee tracking tool,
somatic coliphages also have the possibility to be used as a potardiabial source
tracking microorganism. The extent to which it is possibleséonatic coliphages to be used
as human or animal fecal contamination indicators depends on the texteimich specific
ones (families and subgroups) can be shown to be associated onlgagitltdntamination
from particular sources such as humans or certain animals.réf #ne one or two fecal
specific subgroups of somatic coliphage from particular sourael,as humans or specific

kinds of animals that impact in environmental waters, such fanaliesibgroups might be
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suitable species-specific microbial source tracking toolsatteatomparable to or even more
specific than geno-groups of F+ coliphages.

Somatic coliphages may also be useful as indicators of wastmtent process efficacy.
Some studies showed that water treatment by coagulationtfion processes with alum
removed 98% and 99% of T4 and MS-2 respectively. From this resuit,phages can be
removed in coagulation-flocculation process to levels comparablede thohuman enteric
viruses (Sobsewt al., 1995). Also, in the presence of sewage effluent, T2 adsorption to
activated carbon varied between 29 and 75% in batch experiments and 32% in
continuous flow studies. Therefore, activated carbon is generally aageorbent of phage
and human enteric viruses due to the competitive adsorption of organéc ordtt activated
carbon (Bitton, 1984). Bitton (1984) concluded that rapid sand filtration and actozatszh
processes do not provide stable and effective removal of phages, and that ploagé nates
are dependent on the water quality.

In some previous disinfection studies, RNA phage f2 and DNA phage T@vateon
was compared with several disinfectant conditions. Both phages mvere sensitive to
disinfection than was poliovirus, but more resistant than colifornrebac However, other
studies indicate that F+ coliphages like MS2 are inactivated calgaio human enteric
viruses like poliovirus by free chlorine, chloramines, chlorine dioxide@one. Far less is
known about the response of somatic coliphages to these disinfectantestile for F+
coliphages suggest that these phages may be better indicatorsresgbase of viruses to
disinfection processes than current bacterial indicators. Therevidence that some
subgroups of somatic coliphages differ in their response to U¥fesion. Compared to

representative human enteric viruses some somatic coliphagem@eesistant, others are
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less resistant and yet others are as resistant to UV disomfg(Shinet al., 2005). Some
somatic coliphages may be similar to the enteric adenoviruses 40 and 41, witksistince

to UV disinfection. Because Adenoviruses and certain somatic cgéphauch as the
Tectiviridae contain double-stranded DNA viruses and have similar morphology, their U
resistance also may be similar. Stetteial. (1984) showed that enteroviruses were better
correlated with coliphage than with the traditional bacterial indisain a study of water
treatment plants in Michigan. However, there are still omiytéd data available to propose
coliphages as ideal or acceptable indicators of enteric virasester treatment processes
and systems.

In a previous review of water treatment efficiency of virusaeah and inactivation of
somatic coliphages and human enteric viruses, somatic coliphagesewauated as a
general and therefore heterogeneous group in their responsestan@atment process such
as physical-chemical treatment and disinfection (Payreeat, 1993). These comparisons
are difficult to interpret because of the heterogeneity of sonwatiphages in terms of
families, subgroups and their differing properties and charaateriBecause available
somatic coliphage data are limited and do not adequately considerditielual families,
subgroups and strains, different results may be observed for rdsgonses to water

treatment process and in comparisons to human enteric viruses.

Rapid detection methods for somatic coliphagesfhere have been many studies to
develop rapid detection methods of fecal bacterial indicators usibgtrate/enzyme,
illuminance, nucleic acid approaches, and antibody based methodsisThecause the

timely management and regulation of microbiological water tyuali source recreational,
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and shellfish waters are important to protect public health. Rapedtaet is as important as
identifying the right indicator microorganism to estimateafemontamination and possible
pathogen presence in water. There have been many studies to abtereiral indicators to
predict the occurrence of human enteric viruses in water. Some sstidie focused on
developing rapid detection methods for candidate viral indicators, subbsesdescribed by
Love et al. (2007), in which rapid detection of F+ coliphages was based on methods
previously developed for the rapid detection of bacterial indicéiobleet al., 2004). Two
approaches are promising for rapid detection: nucleic acid-basddaatibody-based
methods, each of which has advantages and disadvantages in termstwitge specificity,

cost, time, and accuracy.

Real-time PCR is a nucleic acid based detection method thepics and sensitive for
detection of target microorganisms. There are some studiegirigrgeliphages for rapid
detection by real-time PCR (Kit al., 2006; Ogorzalyet al, 2006), and they focused on
detection of F-specific coliphages. Even though real-time PC& promising method for
rapid detection of indicator microorganisms of interest, the disadyemtaf this method
include difficulty in distinguishing the infectivity of target enoorganisms, and difficulty in
application to field situations where simplicity, portability anddapendence from
sophisticated laboratory infrastructure, equipment and electacgydesirable attributes of
the methods. However, if real-time PCR is applied to coliphagecti@t after culture
enrichment of coliphage in samples, the infectivity issue i€ha@ddressed by the inclusion
of this initial culture step.

Finding associations between fecal sources and specific soroApbage taxonomic

families has the potential to improve usefulness of this rea@-Bi@R method, by applying

20



to more than one target somatic coliphage group, each of whichhenay different or
predominant source# previous study by Kirs and Smith developed a multiplex real-time
RT-PCR method for F+ RNA coliphages. However, they used just seuquoe full length
nucleotide sequences (Kiesal., 2006), which is less than the ideal or preferred number to
be representative for generating robust primers and probes. Reé€eigttiman et al. (2009)
reported full-length nucleotide sequences for 30 F+ RNA coliphagash provides more
comprehensive data from which to develop robust primers and probes for real-time PC

In one candidate somatic coliphage family, Meroviridae, a total of 43 full length
sequences are available through the National Center for Biotechrlafogmation (NCBI),
which greatly increases ability to develop robust primers and pafbegh sensitivity and
specificity forMicroviridae amplification. In order to provide better real-time PCR deiac
intercalating dyes such as SYBR Green can be used to detemmelting curves to better
characterize probe binding temperatures for optimization of thegsod this is successful,
new real-time PCR methods can provide rapid (<4 hr) results fectd®, quantification,

and source tracking of feces-specific, abundant, and persistent somaticgasipha

Summary
The potential for individual families or subgroups of somatic cofiph® be a useful

viral indicator of fecal contamination in environmental water wa# taken into

consideration in previous studies. Only the broad heterogeneous greamatic coliphage
was considered as a candidate viral indicator. The greateritivarghe somatic coliphages
group in terms of genetics, morphology, removal by treatment pexessl resistance to

disinfection and environmental stressors may contribute to theollaskecificity of this
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broad group. It is possible that the persistence, response tmdrgaand prevalence of
individual families of somatic coliphages might be different, and one or twanofiés could
have prevalence and survival properties to be useful as reliableindicators of sewage
contamination and enteric viruses in water. The extent to which tpemies of an ideal
indicator are met by somatic coliphages as potential seamdeviral indicators, based on
prevalence and persistence is considered in the research chaptaifothat f

The limitation of detection methods to distinguish between eachtwoc@iphage
family restricts the study of individual families as indicatofFo overcome this limitation of
the lack of specific somatic coliphage family detection, thyer@ach of molecular typing of
somatic coliphage families was explored on the basis of the individnalies being
possibly reliable indicators. Additionally, the approach of exploring ewaluating rapid
detection method for individual somatic coliphage families was imaetl. These
approaches were pursued for the purpose of determining if individuatisoooliphage
families had useful properties as a potential indicator of sewagtamination and enteric
virus and for understanding the ecology and distribution of somatic cgéphan

environmental waters.

22



References

Ackermann, H.W. & Nguyen, T.M. 1983 Sewage coliphages studied by electron microscopy
Appl Environ Microbiol 45:1049-1059

Bitton, G 1984 Fate of bacteriophages in water and wastewatgment plants, Phage
ecology, Wiley interscience

Cabelli, V.J. 1983. Health Effects Criteria for Marine Retiosal Waters Cincinnati, Ohio
EPA-600-1-80-031

Callahan, K.M., Taylor, D.J., and Sobsey, M.D. 1995 Comparative survival oftitepa
virus, Poliovirus and indicator viruses in geographically diverse aeasv Wat. Sci.
Tech. 31:189-193

Chung, H, Sobsey, M.D.1993 Comparative survival of indicator viruses andcentases
in sea water and sediment, water science technology, 27:425-428

Coetzee, J.N. 1984 Bacteriophage taxonomy, Phage ecology, Wiley interscience

Colford, J. M. Jr, Wade, T. J., Schiff, K. C., Wright, C. C., GriffithFJ. Sandhu, S. K.,
Burns, S., Sobsey, M., Lovelace, G. and S. B. Weisberg. 2007. Water quéiitors
and the risk of illness at beaches with nonpoint sources of fecdhrination.
Epidemiol. 8(1):27-35.

Contreras-Coll N., Lucena F., Mooijman K., Havelaar A., Pierz V., BddueGawler A,
Holler C., Lambiri M., Mirolo G., Moreno B., Niemi M., Sommer R., \fatia B.,
Wiedenmann A., Young V., and J. Jofre. 2002. Occurrence and levels of indicator
bacteriophages in bathing waters throughout Europe. Water Res. 36(20):4963-4974.

Dhillon, T. S., Elvera, K.S. Dhillon, Chau, H.C., Li, W.K and Alfred H.C. Nigal976,
Studies on bacteriophage distribution: virulent and temperate bacteygopbatent of
mammalian feces, Applied and environmental microbiology, 32:68-74

Dockins, W.S., McFeters, G.A. 1978 Fecal coliform elevated-temperdiese a
physiological basis. Appl Environ Microbiol. 36(2):341-8.

Dore, W.J., Henshilwood, K., and D. N. Lees 2000 Evaluation of F-specific RNA
bacteriophage as a candidate human enteric virus indicator for biwadllascan
shellfish Appl Environ Microbiol 66(4):1280-1285.

Dore, W. J., Mackie, M., and D. N. Lees 2003 Levels of male-spdeNi& bacteriophage
and Escherichia coli in molluscan bivalve shellfish from commet@alesting areas
Lett Appl. Microbiol 36(2):92-96.

Dufour A. 1984. Health Effects Criteria for Fresh Recreationatérd EPA-600-1-84-004

23



Cincinnati, OH USEPA

Duran, A. E., Muniesa, M., Mendez, X., Valero, F., Lucena F., and J. Jofre. 2002. Removal
and inactivation of indicator bacteriophages in fresh waters. J Miptobiol.
92(2):338-347

Formiga-Cruz, M., Allard, A. K., Conden-Hansson, A. C., Henshilwood, K., HérnBotE.,
Jofre, J., Lees, D. N., Lucena, F., Papapetropoulou, M., Rangdale, R.deuxXisA.,
Vantarakis, A., and R. Girones. 2003. Evaluation 34 of potential indicatorgadf vi
contamination in shellfish and their applicability to diverse gguycal areas. Appl.
Environ. Microbiol., 69(3):1556-1563.

Gantzer, C., J. Henry, and L. Schwartzbrod. 2002. Bacteroides fragiliEsahericha coli
bacteriophages in human feces. Int. J. Hyg. Environ. Hlth. 205:325-328

Gino E., Starosvetsky J., and Armon R. 2007 Bacteriophage ecologgnialacommunity
sewer system related to their indicative role in sewageutpmil of drinking water.
Environ. Microbiology 9:2407-2416

Harwood, V. J., Levine, A. D., Scott, T. M., Chivukula, V., Lukasik, J., FarraR,,Sand J.
B. Rose 2005. Validity of the indicator organism paradigm for pathegduction in
reclaimed water and public health protection Appl Env Microbiol 71(6):3163-3170.

Havelaar, A.H. 1993. Bacteriophages as models of human enteric vitusesenvironment
ASM News 59(12):614-6109.

Havelaar, A.H., M. Olphen, Y.C. Olphen, and Y.C. van Dorst 1993 F-spechi&-R
bacteriophges are adequate model organisms for enteric virusesh water. Appl.
Environ. Microbiol. 59:2956-2962

Havelaar, A. H.; Pot-Hogeboom, W. M.; Furuse, K.; Pot, R.; Hormann, M.980: F-
specific RNA bacteriophages and sensitive host strains in faswbsvastewater of
human and animal origin. Journal of applied bacteriology86937.

Hughes, J.H. Tuomari, A.V. Mann, D.R. and Hamparian, V.V 1984 Latex immuryd@assa
rapid detection of rotavirus Journal of Clinical Microbiol 20(3):441-447

Kirs M., and D. C. Smith 2006 Multiplex quantitative real-time RIJRPfor the F+ specific
RNA coliphages: a method for use in microbial source tracking. .Agpliron.
Microbiol. 73(3):808-814.

Jiang, S., R. Noble and W. Chu 2001 Human adenoviruses and coliphages inuadi&n
impacted coastal waters of Southern California Appl. Environ Microbiol 67:179-184

Jofre, J. 2002. Bacteiophage indicators, pp.354-363 In G. Bitton (ed.) Encyclopedia of
Environmental Microbiology Wiley, New York

24



Jofre, J., Olle, E., Ribas, F., Vidal, A., and F. Lucena 1995 Potential usefulness of
bacteriophages that infect Bacteroides fragilis as model organisms for nmgtious
removal in drinking water treatment plants. Appl Environ. Microbiol. 61(9):3227-31

Jofre, J., M. Blasi, A. Bosch, and F. Lucena 1989 Occurrence of logttages infecting
Bacteroides fragilis and other viruses in polluted marine sediments. Water Sci. Technol.
21:15-19

Kott, Y. 1981. Viruses and bacteriophages Sci. Total Environ 18:13-23

Lovelace, G., Murphy, J.L., Love, D.C and M.D. Sobsey 2005 Poster F+@&iMphages as
Viral Indicators of Fecal Contamination in Estuarine Water 8hellfish Estuarine
Research Federation Conference, Norfolk, VA

Love, D.C., M.D. Sobsey 2007 Simple and rapid F+ coliphage culturg, dggdutination,
and typing assay to detect and source track fecal contamin&mw. Environ
Microbiol. 2007 Jul; 73 (13):4110-8. Epub

Love, D.C. 2007 Dissertation, New and improved methods for F+coliphaigeesudetetion,
and typing to monitor water and shellfish for fecal contamination

McLaughlin M. R and Rose J. B. 2006 Application Rdcteroides fragilis phage as an
alternative indicator of sewage pollution in Tampa Bay, Floridadfsts and Coasts
29(2) 246-256

Moce-Llivina, L., Lucena, F., and J. Jofre. 2005. Enteroviruses and bacteriopghagédsng
waters. Appl. Environ. Microbiol 71(11):6838-6844

Muniesa, M., Lucena, F. and Jofre, J. 1999. Study of the potentiabmnslasip between the
morphology of infectious somatic coliphages and their persistenbe entvironment J.
Appl. Microbiol. 87(3):402-409

Muniesa M, Jofre J. 2004 Factors influencing the replication of Soroaliphages in the
water environment, Antonie Van Leeuwenhoek 86(1):65-76

Noble, R.T. and S.B. Weisberg 2004 A review of technologies being deveimpeapid
detection of bacteria in recreational waters. J. Water and Health. 3:381-392.

Ogorzaly, L. and C. Gantzer 2006 Development of real-time RT-P€Raais for specific
detection of F-specific RNA bacteriophage genogroups: Applicatiomriban raw
wastewater. J. Virol. Meth. 138(1-2):131-139.

Osawa, S.; Furuse, K.; Watanabe, I. 1981: Distribution of ribonucleic catiphages in
animals. Applied and environmental microbiology 464-168.

25



Phage ecology, Goyal, Bitton, and Gerba, 1984, Wiley interscience

Payment, P., Franco, E., 1993 Clostridium perfringens and Somatic Coliphages asrkdicat
of the Efficiency of Drinking Water Treatment for ViruseslaProtozoan Cysts. Appl.
Environ.Microbiol., 59:2418-2424

Pedroso, D.M.M. & Martins, M.T. 1995 Ultra-morphology of coliphages isdldtem
water. Water Research, 29, 1190-1202.

Shin, G.A., K.G. Linden, and M.D. Sobsey 2005 Low pressure ultraviolet inthativaf
pathogenic enteric viruses and bacteriophages J. Environ Eng. Sci./Re\6dkeEny.
4(S1): S7-S11

Sobsey, M.D., D.A. Battigelli, T.R. Handzel and K.J. Schwab 1995 Male-specifighagks
as Indicators of Viral Contamination of Drinking Water, 150 pp Acaer Water
Works Association Research Foundation, Denver, Co.

Stanek, J.E. Falkinham IIl, J.0. 2001 Rapid coliphage detection assay Jwiralogical
Methods 91:93-98

Stetler, R. E. 1984 Coliphages as indicator of enteroviruses, Appl. Enviosabl.
48:668-670

Stewart-Pullaro J, Daugomah JW, Chestnut DE, Graves DA, Sobseytdil, GI 2006 F+
RNA coliphage typing for microbial source tracking in surfaceéevga Journal applied
microbiology. 101(5):1015-26

The Bacterophages'Edition, Richard Calendar, 2006

Vaughn, J. M., and T. G. Metcalf 1975 Coliphages as indicator of emnterges in shellfish
raising estuarine waters Water Res. 9:613-616

Vinje J, Oudejans SJ, Stewart JR, Sobsey MD, Long SC. 2004 Molatetiection and
genotyping of male-specific coliphages by reverse transemfRICR and reverse line
blot hybridization. Appl Environ Microbiol .70(10):5996-6004.

Warren, J.C., Hatch, M.T 1969 Survival of T3 coliphage in varied extragetualvironments,
American society for microbiology, 17:256-261

Wiedenmann,A. Petra Kriger,P., Dietz,K., Lopez-Pila,J.M. Szewzyk,RKambtzenhart
(2006) A Randomized Controlled Trial Assessing Infectious Diseasks Rrom
Bathing in Fresh Recreational Waters in Relation to the €uretion of Escherichia
coli, Intestinal Enterococci, Clostridium perfringens, and Son@digphages. Environ
Health Perspect 114:228-236

Woody M.A, Cliver D.O 1995 Effects of temperature and host cealwtir phase on

26



replication of F-specific RNA coliphage Q beta Appl Environ Microbiol. 61(4):1620-

27



CHAPTER 2 Survival of prototype strains of somaticcoliphage families in
environmental waters

Abstract
The potential use of specific somatic coliphage taxonomic groupsrasindicators

based on their persistence and prevalence in water wasigavedt Representative type
strains of the 4 major somatic coliphage taxonomic groups werkedanto reagent water
and an ambient surface water source of drinking water and the $wiih@ added phages
was measured over 90 days at temperatures of 23-25 and 4°C. Baskelirograater
persistence in water over time, thlgoviridae (type strain T4), thdlicroviridae (type strain
PhiX174), and th&phoviridae (type strain Lambda) were the preferred candidate somatic

coliphages as fecal indicator viruses in water.

I ntroduction
Fecal indicator microorganisms currently used for water qualdgitoring are bacteria,

such as total coliforms, fecal (thermotolerant) colifordasterococcus spp. andE. coli.

However, many waterborne pathogens are enteric viruses, aretiddactdicators may be
inadequate or unreliable indicators of their presence, persistamteconcentrations in
environmental waters. To ensure adequate protection against waterlsmasedithere is a
need for reliable viral indicators in water quality monitoringgeaons. Although there have

been a number of previous studies to find reliable viral fecal itwEcgArmon, 1993;



Havelaaret al., 1993; Jofrest al 1995), there is no clear evidence of reliability and no clear
consensus as to which fecal indicators are most predictive of human enteric viruses

Certain types of bacteriophages, specifically phageSsdferichia coli (Coliphages)
are proposed candidate indicators of human enteric viruses in watgr.aféhg@resent in
human and animal feces and some are small, icosahedral and non-ethw&lopes, making
them structurally similar to many human enteric viruses. Tlaeeetwo main types of
coliphages: somatic and the male-specific (F+). The somatghegles are DNA viruses that
infect E. coli through attachment to specific sites on the outer cell layah ss
lipopolysaccharide. The male-specific coliphages are sstgerded RNA and DNA viruses
that infect the cell via the pili appendages present on the swfacele strains of the
bacterium. Male-specific coliphages have been previously investigegteviral indicators
(Colford et al., 2007, Doreet al., 2000, Colest al., 2003, Love and Sobsey, 2007). However,
their infrequent presence in human feces, their relative scaraityheir rapid die-off rates in
warm waters (Lovest al, 2007) limit their usefulness of F+ coliphages as indicator viruses.
Somatic coliphages also have been proposed as fecal indicators of éot®an viruses in
studies of sewage, source water for drinking water and marineswidtece-Llivinaet al.,
2005; Muniesat al., 2007; Jofre, 2008), and real-time monitoring of somatic coliphages as
fecal indicators has been suggested by previous investigatorgdatal., 1997; Skrabeet
al., 2004, Garcia-Aljar@t al., 2008).

Although previous studies provide some evidence that somatic coliphages
potentially useful candidates as fecal indicator viruses, thewmntanic diversity and
potential heterogeneity within a taxonomic group has not been takeraccount. The

somatic coliphage group encompasses four distinct virus famihe, ®ntaining several
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genera:Myoviridae, Microviridae, Sphoviridae, and Podoviridae. The Microviridae are

small, single-stranded DNA viruses, and the other familiesl@uble stranded DNA viruses
of varying size, morphology and biophysical properties. It is posHiaiethe survival of

these different phages in environmental waters may differ afeondjes and genera, with
some being more persistent in water than others. Due to the divefsithe somatic

coliphage group, more data on the comparative persistence and prevdlezyeesentative
members of the different somatic coliphage families are weemédentify which somatic
phages may serve as a reliable viral indicator in watezdbas their survival. In order to
identify a candidate somatic coliphage family for use as an iodidar the presence of
human enteric viruses in surface water, we evaluated the coimpgratsistence in water of
representative members of each of the 4 taxonomic group(s) ustiaglighed prototype

strains.

Materials and Methods
Test waters Test waters used were reagent water and a natural swédee For the

reagent water, Dulbecco’s phosphate buffered saline (PBS) soldismiluted 10-fold in

reagent-grade water. Reagent-grade water was produced frorattepoiap water by a
Dracor™ water purification system (Dracor, Durham, NC) whichuphes reverse osmosis
and ultraviolet light treatment. Ten-fold diluted Dulbecco’s PBS wsed to provide salt
content (total dissolved solids) in the range of fresh water. Quwiater was obtained from
University Lake (Temperature : 182, Turbidity: 4.5NTU, pH:6.6, Alkalinity: 25 mg/L,

Hardness: 29 mg/L, TOC: 6.80 mg/L, DOC: 6.22 mg/L, Total coliform7214

colonies/100mLE. coli 66 colonies/100mL, Heterotrophic Plate Count: >5700 CFU/mL), an

30



impoundment that serves as the source water for the Orange Obatdy and Sewer

Authority (OWASA) drinking water treatment facility serving Chapél,HNC.

Coliphage propagation Type strains of somatic coliphages used in this study were
PhiX174 Microviridae), T4 (Myoviridae), T7 ([Podoviridae), and T1 and Lambda
(Sphoviridae). Phages and their bacterial hosts were obtained from the &elérelle
Reference Center for Bacterial Viruses, University ofdlaCanada. T1, T4, and T7 were
propagated in ho&. coli B. Hosts for PhiX174 and Lambda weétecoli C andE. coli K12S
Lederberg, respectively. Host strains were grown in tygioy broth (TSB; Difco).
Coliphages were propagated in the appropriate host strain iroft $Bshaker platform (100
RPM) overnight at 36°C. Then, the broth cultures were vigorously mixddfiworocarbon
(Freon) for 2 min and then centrifuged at 2,600g for 15 min. $eniied virus supernatant

was retained. Each strain was further purified by filgetaising a 0.22m pore size syringe

filter and the filtrate was retained for use as tespbalge. Host bacteria and coliphages were
stored as stock at -80°C. Phage infectivity titers were detethby single agar layer plaque
assay (SAL, EPA method 1602, 2001). For an inactivation experimet,tygae strain of
somatic coliphage was harvested in PBS as the top agahikayieg confluent host cell lysis
and the mixture was extracted with equal volume of Freon. Adtaritugation at 2,600g for
15 min, the supernatant was archived and mono-dispersed by micropaigcarbonate

filtration through 0.2 and 0.Q& pore size filters that were pretreated with 0.1% Tween 80

solution and then rinsed with reagent water to remove excess Tween 80.
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Survival of coliphage type strains of families in seeded water Survival tests were
conducted using representative type strains of somatic coliphggesenting each of the 4
major taxonomic groups. For each strain tested, virus stock wagsl spike40mL of test
water to give an initial concentration of abouf-10° PFU/mL. A positive control sample for
measuring the initial virus concentration in the spiked wateémat O was taken and assayed
for virus infectivity immediately after spiking. One aliquot ekt water was held at room
temperature (23-25°C), and one was held at refrigerator tempel@i€). At each of a
series of time intervals from 0 to 90 days, samples werentand assayed for virus
infectivity by SAL using the appropriate coli host. Duplicate samples were assayed at each

time point.

Inactivation of somatic coliphages by the physical agents of UV raalion and heat A
collimated beam UV apparatus (custom-made) emitting monochwidtradiation at 254
nm was used for UV inactivation experiments. A calibrated radiem{énternational Light
IL500) was used for measuring UV radiation in a<@®-mm petri-dish. Purified and mono-
dispersed somatic coliphage type strains in 5 ml volumes of PB&imiogt 16-10° PFU/m

in 60X 15-mm petri-dishes were irradiated with the UV collimatednbesystem with slow
stirring at room temperature. Average low-pressure UV lammsitte (mW/cnf) was
measured and corrected to provide average incident irradiance. @asgstwere calculated
by the product of average irradiance and time. The averagkaimc® was calculated from
the Lambert-Beer Law. Samples were taken from the UMiati®n system after calculated

exposure times and their infectivity was determined. Also, pdriied mono-dispersed
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somatic coliphage type strains were used for a heat inactivi@sonn the following two

conditions: Condition 1 = 55°C for 1 hour and Condition 2 = 63°C for 40 minutes.

Statistical analysis Regression analysis was conducted for each type strain ofisomat
coliphage on their data for survival and inactivation using the Graphfad B program
(GraphPad, San Diego, CA) and SAS (8.2) program. Also, Excel 2003 (Mic@xsgf.) was

used for survival and inactivation analysis by regression methods.

Results
Survival of coliphage type strains of families in seeded water Viruses were seeded at

initial concentrations sufficient to observe 5-6pgeduction over time. Survival of somatic
coliphage type strains in seeded water over 90 days at two tomesris shown in Figure
2.1 and 2.2. In reagent water at 4°C (Fig. 2.1a), T1, T4, phiX174 and Lambdadshowe
infectivity titer reduction over 90 days. T7 showed approximatelygl, Feduction over 90
days. At room temperature (Fig. 2.1b), the inactivation rates bf smauatic coliphage strain
differed. Somatic coliphage infectivity titer reductions over 90 days Wernd T4 < 1 log,
Lambda and PhiX174 = 2 lgg and T7 = 1 log. Regression analysis on reagent grade water
at 4 and 25°C is shown in Figure 1 as a line and dots show the ethservival data of each
somatic coliphage type strain over time. Inactivation of sonwtiiphage type strains in
reagent grade water was log-linear at both temperaturesgogssion anaysis. Regression
analysis of reagent grade water at 4°C showed that infectofityT7 declined by
approximately 0.06 log per week and the slope was significantly non-zero (p=0.0016).

However, the slopes of T1, T4, PhiX174, and Lambda were not signifiaiffdyent from
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zero on linear regression analysis. Regression analysis onntregigele water at 25°C
showed that T7 and Lambda declined by 0.L4dpgr week and PhiX174 declined by 0.2
logio per week. The slopes of the regression lines for T7, Lambda andlZhiXere
significantly non-zero (p<0.0001). However, the slopes of T1 and T4 werggmificantly

different from zero.

Log0 (Ni/No)

Day Day

1. Figure 2.1 Log reductions (NNo) over 90 days in reagent water at temperatures ¢f°C (a) and 25°C
(b). Points =observed data; lines= predicted valugsom linear regression analysis@ : T1, ll : T4, A :
T7, V¥:PhiX174,: ¢« Lamda).

Figure 2.2 shows the results for somatic coliphage type strdirctiens in surface
water. At 4°C (Fig. 2.2a), T4, PhiX174, and Lambda strains showsd tlan 1 log
reductions over 90 days, while T7 and T1 showed approximately 4 #ogl 6 logy
reductions, respectively. For T1 and T7 at 4°C, there were psdgeedeclines in infectivity
that followed first order kinetics over 90 days. By linear regiogsanalysis of infectivity
data in surface water at 4°C, T1 declined by approximately @5 per week and T7

declined by approximately 0.4 lggper week. The slopes of the first-order regression lines
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for T1 and T7 were significantly non-zero (p<0.0001). For PhiX174 and Lamégiession
analysis showed that inactivation rates of each strain werexapyately 0.04 and 0.02 log
per week, respectively. Also, the regression line slopes of PhiX1140@&l) and Lambda
(p=0.0092) were significantly different from zero. However, the sldgbeoregression line
for T4 was not significantly different from zero. As shownigufe 2.2b, there was a decline
in the titer of all strains over 90 days at room temperaturer Afto months, all somatic
coliphages tested showed 4-6 id9geduction. However, compared to the other somatic
coliphages tested, T1 and T7 were inactivated most rapidly in suvfater at room
temperature. T1 experienced 5 jJ9geduction after 28 days, and T7 experienced 4ylog
reduction after 14 days. The inactivation kinetics in surface vaat25°C showed that rates
of infectivity decline were not first order in all testechsts (Fig. 2.2b). For these conditions,
kinetic analysis was done using non-linear regression mode#d! fooliphage strains. For
inactivation kinetics of T1 (R-square=0.9564) and T7 (R-square=0.9894),siegrasalysis
was conducted using an exponential model with one phase of decay.oAl$d, fegression
analysis was conducted using an exponential model with a platéawedlby one phase of
exponential decay (R-square=0.9957). The decline of the infectivityl cftarted after one
month and continued gradually during the survival test. There was rivitfedecline of
T4 in the other conditions, except for surface water at 25°C. Torlml activity in surface
water at 25°C may cause the decline of T4 infectivity andle@te inactivation. For
PhiX174 (R-square=0.9680) and Lambda (R-square=0.9845), regression awak/sisne
using a second order polynomial model. Compared to T1 and T7, T4, tleavihfeof

PhiX174 and Lambda declined more slowly over the time.
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2. Figure 2.2 a. Log reductions (MNg) over 90 days in surface water at temperatures ¢f°C (a) and 25°C
(b). Points =observed data; lines= predicted valugsom linear regression analysis@ : T1, ll : T4, A :
T7, V¥:PhiX174,: ¢ Lambda).

Figure 2.3 show a comparison of the reduction by strains for eaish type (Reagent
grade water and surface water) and temperatures (4 and 25W¢Jiag to incubation times
(days). Regression analysis was conducted using SAS (8.2) progrdetetmine which
variables were significant predictors of inactivation. Regoesanalysis was performed to
determine if there were interaction effects between vigper and temperature for each virus
type. R-square values from regression analysis increased G688 (model without
interaction variable) to 0.854 (model with interaction variable) comfig that interaction
between temperature and water type is a predictor of inactivation.

From this analysis, virus type, water type, temperature, and dhonbtime were
significant predictors of inactivation (p<0.0001). Although virus type wasignificant
predictor overall, when each virus type is considered separateKl RhiLambda, T1, and

T7 were significant predicative variables (p<0.0001), whereas T4 med significant
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(p=0.3661). When interactions between individual virus types and watewsieeassessed,

the interactions between water type and each individual virus vggiécant (For PhiX174,

Lambda, T4, and T7 P<0.001, for T1 p=0.0286). When interactions between indirdsal

types and temperature were assessed, the interactions ieteraperature and each

individual virus were not significant (p>0.05). Therefore, watg@etys a more important

predictor than temperature for estimating virus reductions.
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3. Figure 2.3 Log reductions (NNg) of T1 (a), T4 (b), T7 (c), PhiX174 (d) and Lambd#e) over 90 days
(@ : Reagent water at 4 C, B : Reagent water at 25 C A : Surface water at 4 C V¥: Surface water at
25° C).

Table 2.1 provides the predicted times for 90%, 99%, 99.9%, and 99.99% (1, 2, 3 and 4
logip) reduction in days of all somatic coliphage type strains in Watier types and at both
temperatures by regression analysis. For all tested coligtegjas, the required time for

90% reduction in reagent grade water was longer than in suriaee. vAlso, the time for
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90% reduction was longer at 4°C than at 25°C for most coliphagessitneboth water types.
However for both T1 and T4 at both temperatures, the time required for 99.99%:) 4viag)
over 1 year. At 4°C in surface water, strains T1 and T7 requiredd®8&days for 99.99%
(4 logig) reduction respectively, while the other three strains requiredloyear for 99.99%
(4 logwp) reduction. Also, there were differences among virus types igbee times for
infectivity reduction. At 25°C in surface water, the predictetes for infectivity reductions
were more diverse among virus types. However, for 99.99% (4 Iegluctions at 25°C in
surface water, T4, phiX174, and Lambda required longer times thandTIL7aAlso, at 4°C
in surface water, these three strains required greater onéoy&8.99% (4 logy) reduction,

while T1 and T7 required only 68 and 73 days, respectively.

1. Table 2.1 Predicted times (days) for reductionfeomatic coliphage type strain (T1, T4, T7, PhiX14
(¢X174) and Lambda ¢.)) infectivity at 4°C and 25°C in reagent grade wadr (a) in surface water (b).

(@)

Reduction 25°C 4°C
(Logl10
(NNO)) TL T4 T7 X174 A T1 T4 T7 X174 A

-1 (90%) >365 >365 68 35 55 >365 >365 124 >365 >365
-2 (99%) >365 >365 144 73 104 >365 >365 232 >365 >365
-3(99.9%) >365>365 221 111 153 >365 >365 339 >365 >365

-4 (99.99%) >365>365 297 150 203 >365 >365 >365 >365 >365
(b)

Reduction 25°C 4°C

(Logl10

(Nt/N0)) T1 T4 T7 X174 A T1 T4 T7 ooX174 A
-1 (90%) 2 34 2 15 19 22 >365 22 122 288

2(99%) 4 37 4 28 34 37 >365 38 285 >365
3(99.9%) 6 42 6 38 44 51 >365 57 >365 >365
4(99.99%) 9 47 10 48 53 68 >365 73  >365 >365

39



Inactivation of somatic coliphages by the physical agents of UV raation and heat The
coliphages with the slowest inactivation rates in water at 25°@ wvigther tested to
determine their inactivation kinetics by heat and UV light. Figlie@ shows the inactivation
kinetics of five mono-dispersed coliphage type strains repregeuiiferent taxonomic
groups exposed to monochromatic UV radiation of 254 nm wavelengthoitimated beam
apparatus. T4 Myoviridae) showed high UV sensitivity, with greater than 6 1lg
inactivation at a dose of less than 10 mJ/chmong tested strains, T4 strain has the largest
genome size (~166kb) compared to the other strains (5~ 48kb) and is e stoaitied DNA
virus. These physical characteristics of T4 might influenceirletivation rate by UV
radiation. T4 KMyoviridae), T1 (Sphoviridae), Lambda §phoviridae), and T7 Podoviridae)
showed log-linear regression kinetics, while phiX1F4ctoviridae) showed non-log-linear
regression kinetics (Second order polynomial model). Regression ianalyswed that
infectivity of T1, T4, T7, and Lambda declined by approximately 0.3%lpgr m J/crfy 1.2
logio per m J/crfy 0.2 logo per m J/crfy and 0.2 logy per m J/crfy respectively. UV doses
for 99% inactivation were 6 mJ/éfor T1 and T7, 2 mJ/chior T4, 7 mJ/crhfor phiX174,

and 12 mJ/cffor Lambda (Table 2.2).
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4. Figure 2.4 Logg inactivation (N¢/Ng) in buffered water by monochromatic UV radiation Foints
=Observed data; lines= predicted values from regreson analysis (a) and inactivation of somatic
coliphage by heat treatment with condition (b).

Inactivation of mono-dispersed preparations of some type straimmsnattis coliphages
by heat was tested at 55°C for 1 hour (condition 1) and 63°C for d@tesi (condition 2).
Condition 2, 63°C for 40 minutes, was more effective to inactivate tsoo@iphages than
was condition 1, 55C for 1 hour, with log, reductions several times greater at the higher
than at the lower temperature. T4, T7, and phiX174 experienceth#&sslog, reduction at
condition 1. At condition 2, T4 showed less than 1;Jagduction while both T7 and

PhiX174 showed >2 lggreduction (Fig. 2.4b).

2. Table 2.2 Predicted UV dose (mJ/cm2) for decimatactivation of T1, T4, T7, phiX174 and Lambda

LOF;TSF,\?SE%) T1 T4 T7  phix174 Lambda
-1 (90%) 2.4 <1 <1 1.6 6.3
-2 (99%) 6 2 6 7 12
-3 (99.9%) 9 3 11 13 18
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-4 (99.99%) 12 4 17 21 25

! Non-linear regression analysis (second order polynomial modslused to predict log
inactivation. For the other strains, linear regression analyss wgad to predict log
inactivation

The results of studies comparing the different strains of somaltghages representing
different families for their resistance against two ptgisiagents, UV radiation and heat,
showed trends in that T4 of tiMyoviridae family was least resistant to UV radiation but
most resistant to heat. Lambda @phoviridae family and PhiX174 of theMicroviridae
family showed higher resistance to UV radiation. PhiX174 hassmallest genome size
(~5kb) compared to the other tested strains (42~166kb) and is a sragldes DNA virus,
while the others are all double stranded DNA. Lambda has aveyasmall genome size
(~48kb) compared to the other double stranded DNA strains in this Stheygenetic
characteristics of PhiX174 and Lambda might contribute to thastaese to the physical
stresses caused by UV radiation. The observation that PhiX174, Lamhdial4 were
relatively resistant to UV radiation or heat suggests thaethiguses and their families may
be among of the more persistent somatic coliphages in ambéatswsubjected to physical

environmental stressors.

Discussion
There are many aspects of somatic coliphage biology and ectilagyheed to be

understood if they are to be used as viral indicators of fecahrmamdtion in water. The
results of this study show that for several factors, namelywalniv water and when exposed
to the physical inactivating agents of heat and UV radiation, diffesomatic coliphage

strains representing different virus families can differ in responseptosure to these aquatic
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conditions or inactivating agents. These results have important anphs for the
evaluation of these phages and their families as fecal indigateses. There are several
criteria for the selection of an ideal indicator microorganifm detection of fecal
contamination in water. One is that an ideal indicator should have duchiaeacteristics
similar to pathogens of interest.

The observations of comparative somatic coliphage survival in seeateds suggest
that Myoviridae as represented by TAMicroviridae as represented by phiX174, and
Sphoviridae as represented by Lambda are potential candidates to seinvdicadors of
human viruses of fecal origin in water. Based on their slowetivuadion rates in water over
time, the representative strains of these three families rgéatively persistent over time. At
4°C, their infectivity declined more slowly than did that of Tdpkoviridae) and T7
(Podoviridae). T4 (Myoviridae), PhiX174 (Microviridae) and Lambda §phoviridae), with
less than | log, inactivation over 90 days at 4°C in both reagent grade water aratesurf
water. In surface water at room temperature, these three canditins representing their
families also persisted longer than did T1 and T7. However, these sbmatic coliphage
strains started to decline in infectivity after one month inas@rfwater, with a continuous
infectivity decline over the remaining two months of the expenital period. For the first
month, however, these three strains were much more persisteatanthan were than T1
and T7. Also, when regression (SAS 8.2) analysis was performeatigiically determine if
there were interaction effects between water type angeeature for each virus type, the
interactions between water type and each individual virus wendfisant (For PhiX174,
Lambda, T4, and T7 P<0.001, for T1 p=0.0286), while the interactions betweper&tune

and each individual virus were not significant (p>0.05). Therefore, vigper is a more
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important predictor than temperature for estimating virus rezhgt The water used for
survival testing in this study was not sterilized, and containdalevimicroorganisms. The
concentration of microorganisms in test water increasedglthesurvival study, suggesting
that the microbial activity in test water may affect thees of viral inactivation. Although
only one prototype strain in each family was investigated indfudy, if these strains are
representative of the survival of other members in their farthgir families have potential
as candidate somatic coliphage indicators of virological water quality.

It is recommended that somatic coliphages be directly compar€¢RNA and F+
DNA coliphages for their survival in water. The F+ coliphages rae commonly
recommended candidate indicators for sewage contamination and emgses in water,
and previous studies have characterized their survival in diffesater matrices in
comparison to the survival of human enteric viruses. Chaing. (1993) showed that
F+coliphages were inactivated faster than hepatitis A virusp\pnls, and rotavirus in sea
water in warm (summer time) conditions. Yahgtaal (1993) compared the survival of
bacteriophages MS-2 (F+ RNAeviviridae family) and PRD-1 (somatic coliphage;
Podoviridae family) in groundwater, finding that PRD-1 was more persidigsun MS-2 at
higher water temperatures. Brienal (2002) compared the inactivation kinetics of prototype
strains of F+RNA coliphages in natural surface waters and shdva¢dnictivation rates
differed by strain. Of the F+ RNA phages MS2, GA, GB, Fl, aRj ®&presenting
genogroups Gl, GlI, Glll and GIV, MS2 (GI) was inactivated magidly, declining by 7
logip in two weeks (14 days), while the other F+RNA coliphages were inactivatquetein
after 36 days (about 5 weeks) in natural waters. Taken togetesious results suggest that

F+ coliphages are inactivated more quickly than enteric viraiskgher water temperatures.
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Based on the results of this present study as compared tosthles ref other candidate
coliphages in previous studies, somatic coliphages are likely to ke peosistent in water
than F+ RNA coliphages. Therefore, based on their persistence, somaticgesiphay have
advantages to F+ coliphages as more environmentally persistertangliof enteric viruses
in water.

In previous studies th&lyoviridae family was abundant in human sewage and the
Sphoviridae family predominanated in surface waters (Ackermann and ddguyl983;
Pedroso and Martins 1995; Muniesh al., 1999). The results of this present somatic
coliphage survival study are consistent with these findings if surviivalvater and
wastewater is an important factor contributing to their presdPi@vious studies have also
explored the response of different F+ and somatic coliphages toedisomf processes, such
as chlorination and UV irradiation. Durah al (2003) found that isolates belonging to the
Sphoviridae family were the most resistant to chlorination compared terevituses and.
coli. However, in this present study, tvphoviridae family type strains, T1 and Lambda,
showed different inactivation kinetics in seeded water, suggestingthtesSphoviridae
survival may vary among strains.

In this study, type strains of somatic coliphages showed rdjatigh UV sensitivity.
Regression analysis on predicted UV dose for various teguctions (Table 2) showed that
all type strains of somatic coliphages were inactivated bggé bt doses lower than 25
mJ/cnf. Based on comparisons to previous work with F+ RNA coliphages and adesesyir
all somatic coliphage strains tested showed greater UVtisd#gsihan does MS2, a male-

specific coliphage of theeviviridae family (approximately 2 log reduction at a dose of 30
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mJ/cnf) (Shin et al., 2003), and Adenovirus 2, a member of thdenoviridae family,
(approximately 4 log reduction at a dose of 120 m2/¢Bhinet al., 2005).

The taxonomic diversity of the somatic coliphage group makes ileolgaig to study
their usefulness as viral indicator microorganisms. Even thouglof dlhe type strains
representative of the different somatic coliphage families weteinvestigated in these
studies on survival in water, the results of this study suggesphiages belonging to the
Microviridae, Myoviridae, and Sphoviridae family are the most persistent in water. Also,
compared to previous studies on the survival of F+ coliphages (Ghahg1993; Yahyaet
al., 1993; Brionet al., 2002), these somatic coliphage families also showed sloweessd |
extensive inactivation at higher temperatures in environmentacgurbater. Further study
of comparative survival and inactivation of individual families of stenaoliphages,
including comparisons to human enteric virus survival, would provide bettersteniding
of somatic coliphages as possible viral indicators of fecal congtion and human enteric

viruses in environmental waters and such studies are recommended.
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CHAPTER 3 Molecular typing of somatic coliphages taletermine their
survival in environmental water

Abstract
A conventional, group-specific PCR method was developed to identify edtle d@f

major taxonomic groups of somatic coliphages and used to classiifyidual isolates.
Somatic coliphage survival in primary human sewage effluentolasrved over time to
further describe the behavior of somatic coliphages in environmeatatsy Over time, the
taxonomic makeup of the somatic coliphage population in sewage chamigjesthe
Microviridae family becoming the most prevalent taxonomic group in the sewagulation
after several weeks. Based on their persistence and prevafeme/itonmental waters,
phages belonging to thdlicroviridae family could serve as indicators for sewage

contamination and possibly for human enteric viruses in sewage-contminated water.

I ntroduction
Due to the public health risks posed by enteric viruses in waleble indicators for

the presence of these viruses in drinking and recreational watesldray been sought.
Although there are culture and molecular methods available for dtextobn of enteric
viruses in water, application of these methods is difficult, experad slow to yield results

when attempting to simultaneous detect all types of enteric viruses.



Coliphages, viruses infecting. coli, have been proposed as potential viral indicators
because they are structurally similar to enteric viruses, ahtindasewage and readily
detectable by relatively simple, rapid methods. Two major caesgof coliphages, based on
how they attach to infect host cells, are male-specific andatmmMale-specific (F+)
coliphages infect male or F+ strains Bf coli via attachment to F-pili, and somatic
coliphages infect via direct attachment to receptors on the outeutbesurface of the cell.
Male-specific coliphages have been primarily studied as potemtélindicators in water
due to their structural similarity to many enteric viruseslf@d et al., 2007; Dorest al.,
2000; Coleet al., 2003; Love and Sobsey, 2007). However, F+ coliphages have limitations
due to their low occurrence and concentrations in feces, variabtemtrations in sewage
and rapid die-off in water (Lovet al., 2007).

Somatic coliphages also have been proposed as possible alternaiviadidators in
sewage and water (Kott, 1966, Dhillenal., 1970; Dhillon and Dhillon, 1972; Moce-Llivina
et al., 2005; Muniesat al., 2007; Jofre, 2008). Somatic coliphages are a heterogeneous
group encompassing four virus familiesvlyoviridae, Sphoviridae, Podoviridae,
Microviridae, containing several genera (The Bacteriopha@‘éedition, chapter 2, 2006).
Somatic coliphages are an extremely diverse viral group, waitlations in DNA content,
size, structure, and life cycle and include tailed, double-stranded @Hdges of the order
Caudoviriales and those of small size and cubic symmetry, containing singleestd DNA
(Microviridae family).

Previous studies that have assessed the use of somatic colighagisadors of enteric
viruses have not systematically taken into account the taxonomisityveithin the group

itself. The somatic coliphages found in fecal sources have not beetigglly characterized
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despite their abundance, and it is not clear if the relationshipgede the presence of
somatic coliphages and enteric viruses in water may diffegdmetic group or strain of
somatic coliphage. Many studies of somatic coliphages as imdatators treat somatic
coliphages as homogeneous, even though they are potentially géndtiaaise. Because of
their diversity, the presence and behavior of somatic coliphage vinoemental water

systems is probably also diverse based on strain and familyefétesrit is understandable
why somatic coliphages as a broad and diverse group may havsitttificant association
with enteric virus presence in water (Hbal., 2003).

In order to assess the value of somatic coliphages as pbienizators of enteric
viruses of human health risk, their persistence in the environment teebdsevaluated by
accounting for the taxonomic groups in order to identify those thatharéest indicators.
Even though somatic coliphages are routinely detected in human sewage (Winaet al.,
2005), the extent to which individual families and strains of soreatiphages are potential
indicators of viral contamination sources in environmental watensksown in part because
the possible presence and survival of different taxonomic groups has not been determined.

To determine whether somatic coliphages are useful indicators foarh@mteric
viruses in water, the prevalence and comparative environmental @ecsisif members of
the somatic taxonomic group needs to be evaluated. Characterizatitime aklative
abundance in human waste of specific virus families within the bsoathtic coliphage
group may identify individual families or strains that are more fepesHsc than the somatic
coliphage group as a whole, muchEscoali is a feces-specific organism within the larger
coliform bacteria group (Dockinst al., 1978). This approach is supported by previous

studies that show thyoviridae family to be the predominant somatic coliphages in human
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sewage, and th&phoviridae family to be the most common somatic coliphage group in
surface waters (Ackermanet al., 1983; Pedrosat al., 1995; Muniesaet al., 1999).
Comparative survival studies using different coliphage strains eyegive of each virus
family can also help determine which coliphages are the nmegtbamentally persistent, a
key criterion for an ideal indicator.

In order to examine the importance of taxonomic identity in studiesomatic
coliphages as indicators, methods are needed to genetically ehaettese phages. Rapid
nucleic acid-based molecular methods are promising for not onlyigghetharacterizing
somatic phages, but for routine environmental monitoring for therpress® these phages in
water and wastewater.

In order to identify a candidate somatic coliphage familyulsg as an indicator for the
presence of human enteric viruses in surface water, we evhthateomparative persistence
and prevalence of the taxonomic group(s) among the somatic coliplages newly
developed nucleic acid-based molecular methods for the detecti@pecific somatic

coliphage groups.

Materials and Methods
Coliphage propagation Type strains of somatic coliphage used in this study were PhiX174

(Microviridae), T4 and Mu Kyoviridae), T7 and N4 Podoviridae), T1, Lambda and HK97
(Sphoviridae). Phages and their bacterial hosts were obtained from the &elérelle
Reference Center for Bacterial Viruses, University LamaCanada. Bacteriophages were
propagated in the following. coli hosts: T1, T4, and T7 i&. coli B, and PhiX174, Lambda,

HK97, and N4 irk. coli C, E. coli K12S Lederberd. coli Y mel mel-1 supF58, and. coli
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W3350, respectively. Each host strain was grown in tryptic soyh bfoSB; Difco).
Coliphages were propagated in the appropriate host strain in T&@Blaker platform (100
RPM) overnight at 36°C. Overnight broth cultures were vigorously amwi¢h fluorocarbon
(Freon) for 2 min and then centrifuged at 2,600g for 15 min. $eniied virus supernatant

was retained as virus stock. Each strain was further pubfiddtering using a 0.22m pore

size syringe filter. Host bacteria and prepared coliphagé&sstoere stored at -80°C. Phage

titers were determined by single agar layer plaque assay (SAL, EPadrE502, 2001).

Survival of wild-type somatic coliphage strains in water Wild-type somatic coliphage
survival in primary sewage effluent was determined for priméityemt from the Orange
County Water and Sewer Authority (OWASA), the wastewatertrireat plant serving
Chapel Hill, NC. Primary effluent was collected and transpoueti¢ laboratory. A control
sample to measure the initial virus concentration at time O taksn and assayed
immediately. One aliquot of effluent was held at room tempergd8&€5°C), and one was
held at refrigerator temperature (4°C). Samples were takegrassayed for virus infectivity

by SAL usingE. coli CN-13 as a host at the time intervals of 10, 15, 29, 47, and 65 days.
Duplicate samples were assayed at each time point.

At each time point, a representative number of somatic cgjgghplaques (20-50) were
chosen randomly (considering different plaque sizes, morphologies, asdatiaily biased
in one location or plate) from SAL plates for characterizatflagues were picked by using
the tip of a micropipettor (20-200ul capacity) set at 100ul volume, sdspdein 100ul of
TSB and assayed using a spot plate technique with individual plageashirspot counted to

determine sample titer. Individual plaques from each spot were pieksdspended, and re-
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enriched for 24 hours in TSB using host bacteridancoli CN-13. After incubation, the
enriched phage isolates were filtered to remove cell debrig s45um pore size filters, and

frozen at -80°C for further characterization.

Conventional PCR for family-level identification To determine which families of somatic
coliphages were isolated from primary sewage effluent, oligteatide primers targeting
the members of each somatic coliphage family were developiad bioinformatics tools.
Sequence analysis of all four families was conducted by agpbyoinformatics tools to the
full genome sequences of strains from kioviridae (9 strains)Microviridae (43 strains),
Podoviridae (8 strains), andaphoviridae (9 strains) archived in the National Center for
Biotechnology Information (NCBI) website. Sequence analyss dane using Vector NTI
(ver.10, Invitrogen), MEGA (version 4, Tamueh al., 2007), and Jalview (version 2,
University of Dundee). Multiple alignments were carried outhwi@lustalW2, and blast
searches of protein-protein in tMyoviridae and Sphoviridae families were conducted to
find conserved protein regions among strains in each famitgrget with family specific

primers.

Optimizing family-specific conventional PCR conditions Positive control coliphages
from each family were used to optimize PCR conditions. PhiXMidr¢viridae), T4 and
Mu (Myoviridae), T7 and N4 Rodoviridae), T1, Lambda and HK979phoviridae) were
used as positive controls for each family. Viral DNA was etéh from stocks of these

positive control coliphages using the QlAamp viral mini kit (QIAQHE.). After serial
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dilution of positive control DNA, PCR was carried out using diffeiets of amplification

conditions, including different annealing temperatures and cycle numbers.

Detection limit of group-specific conventional PCR To determine the detection limit of

the group-specific conventional PCR method, conventional PCR and plaque assay (SAL) wa
applied to serial dilutions of all positive somatic coliphagerstreéSomatic coliphage stocks
from each family were serially diluted in ten-fold, coliphagd/Owas extracted from each
dilution, and the optimized conventional PCR procedure was applied to theteadtDNA.

The viral DNA was not detected in the PCR reactions pasttaircetilution point, which

taken as the detection limit endpoint of plague assays (SAL) of somatic colgiheigs.

Sequencing of positive samples and phylogenetic analysiSor further characterization of
somatic coliphage environmental isolates from primary efflf@@R products were purified
(QlAquick PCR Purification kit; QIAGEN Inc.) and sequencediteg Genome Analysis
Facility (University of North Carolina, Chapel Hill). Multiplsequence alignments and
clustering of the sequenced isolates along Wiibroviridae full genome sequences from

NCBI website (http://www.ncbi.nlm.nih.govivere conducted with the ClustalW2 program

at the European Bioinformatics Institute (EBI) website (httpuidnebi.ac.uk/). Phylogenic
analysis was conducted using the Neighbor-Joining method (Setitalt, 1987). The
percentage of replicate trees in which the associatedchas@red together in the bootstrap
test (500 replicates) was displayed next to the branches (Releed985). The evolutionary

distances were computed using the Kimura 2-parameter methbd aghistitution model in
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nucleotide category in the MEGA4 program (Kimura, 1980). Phylogeretalyses were

conducted in MEGA4 (version 4, Tamuatzal., 2007).

Results
Survival of somatic coliphages from sewage effluentTable 3.1 shows the concentrations

of total somatic coliphages (all genogroups) in sewage samplesiroeeat 4°C and 25 °C.
The concentrations of total somatic coliphages decreased oveatib@h temperatures.
However, the decline over time at 4°C was less than at 25°C. Attéwoiperatures, some
phages underwent a decline after day 28. Also, Table 3.1 shows the nundmmnaifc
coliphage isolates collected at each time point. After day 65cdheentration total of
somatic coliphages at 25°C had declined to 0.1 PFU/mL, so only tbne&tis coliphage
isolates were collected at this time period. From this timese study of somatic coliphage
survival in primary sewage effluent incubated at 25°C and 4°C, adbfd5 presumptive
somatic coliphage isolates were collected and archived for sulosedqaronomic

characterization.

3. Table 3.1 Survival of somatic coliphages in priary effluent sewage over time, and number of somati
coliphage isolates as picked plaques enriched atatasample time point at temperatures of 4 °C and
25°C

Terrzop(e:;ature day0 dayl0 dayl5 day29 day47 day65
Change of titer 4 400 170 141 23 N/A 32
(Unit: PFU/ mL) 25 400 N/A 67 6 10 0.1
Number of 4 48 30 29 26 N/A 47
Isolates 25 N/A 30 26 36 3

1 N/A: data not available
% PFU: Plaque Forming Units
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Primer design and optimization for group-specific PCR of oliphage families Table 3.2
shows the virus families divided into subgroups, the primer taeggbdn, and the approach
used to find the conserved regions by nucleotide or protein levbisanaAfter multiple
alignment analysis by ClastalW2 tool, strains were groupedcdnserved regions of

nucleotides or proteins in each family to find candidate target regions rogrgti

4. Table 3.2 Strains and target regions for somaticoliphage primer design

Family Subgroup Strains Target Approach
JS98, RB69, Phil, RB49, major head protein
T4 set 1
- T4 (gene 23) .
Myoviridae . tail fiber gene protein
Muset Mu-, P1, P2, Wphi (MUPA49)
Microviridae - PhiX174" and 43 strains - nucleotide
HK set K022, HKOT",  BP- cll protein
4795 P
Sphoviridae ~ JK set  JKO6, RTP, TLS;1! tail fiber protein protein
Lambda 1
set Lambda“, N15 B gene
933 set gﬁm’o VT2, HK620, 933Wp09, hkaG gene
Podoviridae K1E set K1F, T3T7 CKVIF gp34 nucleotide
N4 N4* -

% Available positive control for subgroups

The candidate taxonomic group-specific primers designed by thiegs are shown in
Table 3. TheMicroviridae and thePodoviridae families show conserved regions for primer
design in multiple alignment analysis at the nucleotide sequewek TheMyoviridae and
the Sphoviridae families showed greater diversity at the gene level, so @iprétvel
approach was needed to design subgroup-specific primers. The subgsouposan based
on the conserved protein region identified in each family. The piimeation of the family

was selected within subgroup multiple alignment of the target group (T&ble 3
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5. Table 3.3 Group specific primers for identificaion of environmental somatic coliphages

Family Group Candidates Primer sequences (5’ - 3") Size(bppcatiort
T4 set GATATTTGTGGYGTTCAGCC (FW) 204 334-354
Myoviridae GTCAAATACACCAGCTTTAGAACC (RV) 1014-1038
Mu set GAAAACGACTCAATCCTTGCC (FW) 171 2078-2099
TCATCAGGTCTTTTGTTGTGG (RV) 2228-2249
Microviridae i GCTGCCGTCATTGCTTATTATGTTC (FW) 1039 2965-2990
GYTAYCGBMMCATYAAYTAHTCACG(RV) 3979-4004
HK set CACAGCGAGAAATTGATCGC (FW) 177 29-48
CTAATCGGACTGATGTCTG (RV) 188-206
o GYGAYCAGATGGTTCC (FW) 993-1008
Sphoviridae  JKSEt ) TR TCYTCYTARTTG (RV) 878 1g66-1871
Lambda TGGGCGTACTTTATGGGGCG (FW) 307 1177-1196
set  CGGACCTGCTGGGCAAAAAT (RV) 1465-1484
GCAATACATCAAACGCCG (FW) 287-304
933 set 488
GCGAATGCCAGCGGCG (RV) 760-775
N TGGAAGCCCGTGAGAC (FW) %%%%%‘
Podoviridae K1F set 2110 35447
GCAGCGTCAATCGCTCGG (RV) 35460
N4 GCACATGCAGAATAAGGTTG (FW) 2285 2397-2417
CCATTAGTAACACCATCTGC 20 (RV) 4662-4682

% Location refers to the bp coordinates or amino acid coordinates whigniconserved gene
in all Families excepMicroviridae family and K1F set irPodoviridae family, where the
coordinates refer to the genomic position

Once primers were selected, PCR conditions were optimizedrhparing the results
of varying annealing temperatures and amplification cycles P2 conditions that yielded
a gradual decrease in the band thickness with serial dilution seéeted as optimal and
used for further characterization of isolates. For Mhwviridae family, optimized PCR
conditions were: 95°C - 5min, [95°C - 30sec, 58°C - 30sec, 72°C - 30sec] x 40 cycles, 72°C -
10min, 4°C - 10min. For th#icroviridae group, optimized PCR conditions were: 95°C -
5min, [95°C - 30sec, 61°C - 30sec, 72°C - 30sec] x 40 cycles, 72°C - 1@%Gin 10min.
For the HK97 and Lambda subgroupSiphoviridae family and N4 inPodoviridae family,

optimized PCR conditions were: 95°C - 5min, [95°C - 30sec, 55°C - 308&C,- 30sec] x
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40 cycles, 72°C - 10min, 4°C - 10min. For the JK subgrou@piioviridae and K1F
subgroup ofPodoviridae, the optimized annealing temperatures were 51°C and 63°C,
respectively. The other conditions were identical across subgroupste Fgl is an
electrophoresis agarose gel stained with ethidium bromide showimpsitive controls
amplified at their optimized conditions. Cross-reaction or non-speaplification within

the primers of each subgroup and family was not found for any of the virus taxomouaps g

studied.

T4 Mu T1 A HK9Y px174 T7 N4

—

5. Figure 3.1 Optimized PCR results with positive @antrol somatic coliphage group specific primers in
each family: For T4 (704bp), Mu (171bp), T1 (878bpi (Lambda, 307bp), and HK97 (177bp), 100bp was
used as molecular weight marker (a). For®X (PhiX174, 1039bp), T7 (2110bp), N4 (2286bp), 1060
laddar was used as molecular weight marker (b).

Somatic coliphage family identification using family-specifi conventional PCR Al
environmental isolates collected from sewage survival experimantstested using family

specific primers and the optimized PCR conditions described aBew&hown in Table 3.4,
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the taxonomic diversity of the somatic coliphage population in envirotahesamples
changes over time. At day 0 and day 1, 2 of the 4 somatic coliftiagess were detected
among isolates. In samples from days 47 and 65, only 1 of the 4efawihs detected,
although not all strains within the family were identified. Rter time points, the
Microviridae family became most prevalent in the somatic coliphage popuolatt day 47
(31 positive/36 isolates) and day 65 (3 postive/3 isolates) at 25°C isndaees were from
the Microviridae family than from other families (Table 3.4). These results esigipat the
Microviridae family is the most prevalent and persistent somatic colipgemg in sewage-
contaminated environmental waters under the tested conditions. Therelanely few
Microviridae among the Day 1 samples but many nmidreroviridae-positive samples at the
Day 65. In addition, there were three samples positivélfaviridae at Day 0-1 and at day
29, with but ndSphoviridae- or Podoviridae-positive environmental isolates (Table 3.4). On
day 0O, the families of the majority of somatic coliphage issldapproximately 70%) could
not be determined by the group-specific conventional PCR method develd@edrchived
strains of each family from the NCBI website were enter@vmgthage with full genome
sequences not with partial genome sequences. The developed group-$@éBifmethods
could detect the strains of each family described in taBleHwever, many strains in each
family with partial genome sequences could not be detected byétiod. It is possible that
many of unidentified isolates could be from one of the strains ovithh partial genomes
available in the database. Alternatively, this lack of detectiondcbel caused by the
detection limit of conventional PCR methods. It is possible that withustiter propagation

to enrich them, the concentration of some isolates is not suffibie exceed the lower
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detection limit of conventional PCR assay (Table 3.5). Neverthd¢lessomatic coliphage

population has greater diversity in samples from day 0 than the samples afrlatpoints.

6. Table 3.4 Family presence among somatic coliphagsolates as a function of sample incubation time
based on application of candidate family specificqimers for PCR analysis

Days 0-1 29(25°C) 47(25°C) 65(4°C) 65(25°C)
No. Microviridae

Positives/Total No. Isolates 10/48 22/26 31/36 31/a7 313
No. Myoviridae

Positives/Total No. Isolates 2/48 1/26 0/36 0/a7 073
No. Sphoviridae

Positives/Total No. Isolates 0/48 0/26 0/36 0/ar 073
No. Podoviridae 0/48 0/26 0/36 0/47 0/3

Positives/Total No. Isolates

Detection limits of group-specific conventional PCR The lower detection limits of group-
specific conventional PCR of positive strains of each somatiphage family was

determined, and detection limits ranged from 0.4 PFU to 2XTEble 3.5).

7. Table 3.5 Detection limit of each positive straiin four somatic coliphages families

Limits of detection

Family Primer set  Phage strain (plaque forming unit per 10ul
DNA template)
Myoviridae T4 T4 2.8E+03
Microviridae PhiX174 PhiX174 3.0E+02
HK HK97 8.0E-01
Sphoviridae JK T1 2.4E+03
Lambda Lambda 4.0E-01
Podoviridae K1F 7 8.0E+03
N4 N4 2.0E+05

* Group-specific conventional PCR was applied to tenfold serialiaiubf each strain
representing each subgroup of a somatic coliphage family

Sequencing All PCR-positive environmental isolates from primary sewdfjeent were
sequenced to further characterize the genetic properties of teseviridae and

Myoviridae family members. AllMyoviridae positive isolates mapped to T4 in the NCBI
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blast database. The best blast match for the positive isamaté® Microviridae family
mapped to ID1, Enterobacteria phage PhiX&&#u lato. Figure 3.2 shows the sequenced
region for theMicroviridae family. The sequenceiicroviridae positive isolates were
clustered to better describe the phylogenetic relationships atemy Figure 3.3 shows the
clustering of theMicroviridae positive isolates from primary sewage effluent. As described
in Rokytaet al. (2006), theMicroviridae were grouped based on genome analysis into three
subgroups: PhiX174-like, G4-like, and Alpha-3 like. Those three representatins sfrthis
family and ID1 were included in clustering. Most of isolates weltestered with the

PhiX174-like group.

K
K
K FW primer RW primer
B
B\
4
capsid protein gpF
cDs1 E

external scaffold protein

phiX174
5386 bp

6. Figure 3.2 Genome organization diagram represeimy the location of primers and the coding
sequences of PhiX174 FW (forward) primer and RW (revese) primer
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7. Figure 3.3 Clustering of sequencing results d¥licroviridae family positive isolates from the survival
test using ClustalW2 and MEGA (Version4) program. D¢s show the positive controls which were
included in the alignment and clustering. The treds drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used tinfer the phylogenetic tree. The percentage of
replicate trees in which the associated taxa clused together in the bootstrap test (500 replicatesis
shown next to the branches
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Discussion
This study demonstrated that one particular somatic coliphagby faingMicroviridae,

is a potential viral indicator based on its presence, persestantincreased abundance over
time in stored sewage effluent. Most studies to investigate tgoroaliphage as viral
indicators treated them as a single microbial group, even hhthey are taxonomically
heterogeneous and highly diverse (Kott, 1966, Moce-Lliwhal., 2005; Muniesat al.,
2007; Jofre, 2008). Although previous evidence suggests that therecksd torrelation of
enteric viruses with somatic coliphages taken as a whole group eHat, 2003), an
individual family of somatic coliphage could potentially have a §iggmt association with
the occurrence of enteric viruses in water. Also, the developed camariCR method for
specifically identifying members each somatic coliphage [faoould be used as a tool for
characterizing coliphages of environmental waters by detettimgndividual members of
each somatic coliphage family in a total collection of isolates.

The isolates from the survival study of somatic coliphagesastewater treatment plant
primary sewage effluent were classified using optimized atiosgal group-specific PCR
amplification methods for each individual family. A total of 160 saenebliphage isolates
were used to investigate the genetic diversity of somatic cokpkagironmental isolates
from primary sewage effluent. Thdicroviridae family was the most prevalent among the
isolates from sewage effluent. In addition, the proportion of isola&snging to the
Microviridae family increased over time at 25°C. This result suggests gsbatatic
coliphages of théMicroviridae family present in sewage are the most persistent menfber o
the somatic coliphage population. However, further studies are néedkdermine if this
family might consistently be the more abundant under different conditiomsvironmental

waters.
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In this study, the majority of identifiable somatic coliphageslates from primary
sewage effluent belonged to tihvicroviridae and Myoviridae families; no isolates were
identified from theSphoviridae or the Podoviridae families. Further studies are needed to
determine if these results are characteristic of the soroaliphage make-up of primary
sewage effluent or if there could be differences in those fsniresent based on regional
and seasonal effects.

It is also possible that the observed results are not trulgseptative of the somatic
coliphage population because the conventional group-specific PCR method abledb
detect all members of tH@phoviridae and thePodoviridae families. There may have been
members of these families present in the primary effluentwieae not detected by the
primers used. The representative somatic coliphage family tyggassused in this study for
finding conserved regions in each family were complete genories were archived from
NCBI website. Partial genomes present in the database weunsatbfor the development of
the family group-specific PCR. Therefore, it is possible tHattains in a family were not
detected in this method because the strains were not sufffaieptesentative of the genetic
diversity of the family. It is also possible that the lower digba limit of the PCR was not
low enough to detect the low numbers of somatic coliphages in the sasupjected to PCR,
despite enrichment. The lower detection limits of PCR ranged &®otow of 0.4 PFU per
reaction for the Lambda subgroup of phoviridae family to as high as 2 x 26PFU per
reaction for the N4 subgroup of tHeodoviridae family. The possiblity that the lower
detection limit of PCR amplification is related to the sikp)(of the target amplicon was
tested using Spearman rank correlation analysis and found to bevepdsite 0.82)

significant (p = 0.0341). Lack of PCR amplification and identificatioermiched coliphage
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isolates has been reported by others in our laboratory, and the réassugsh findings
remain uncertain. In addition, positive control coliphages were notaalaito optimize the
PCR conditions for the subgroup of the 933 set inRbdoviridae family. Therefore, the
selected candidate primers of the 933 set might not detect alblgossembers of the
Podoviridae family.

Not all somatic coliphage isolates were identified to the lfatavel from the sewage
effluent survival test, as some isolates could not be geneticiabgified. However, the
Microviridae family appears to be both most persistent and most abundant ofritigablie
coliphage isolates of the 4 families detectable in the som@ighage population of primary
sewage effluent. These results suggest thatMi@oviridae family could serve as a
candidate somatic coliphage viral indicator based on their observed abunaadce
persistence as observed in the somatic coliphage time coude ¢t primary sewage
effluent.

Previous studies suggest that somatic coliphages as a broad groamotigbrrelate
with the occurrence of human enteric viruses in water. Howevereséts of present study
provide the opportunity to determine if an individual somatic coliphagdyfauch as the
Microviridae might exhibit an association with human enteric virus contaminaton
environmental waters and hence could serve as a human enteric vieetoindystem.
However, further studies are needed to determine if therelisauassociation between the
Microviridae and the human enteric viruses in sewage and sewage-contaminated waters.

Previous studies of somatic coliphage typing were based orroelesticroscopic
examination of viral particle morphology (Muniesgal., 1999; Duranret al, 2002). Such

electron microscopic analysis is usually tedious, slow and sonsetimeliable. Therefore,

66



the new nucleic acid molecular-based typing methods for sonwditihage family detection
developed in this study have the potential to provide a more convenientoaadehable
analytical approach to understanding the genetic composition of envirainsematic
coliphages. Further developing and applying nucleic acid-based ideteend
characterization methods will assist future studies to evafimatatic coliphages as enteric
viral indicators for water quality assessments. These newl@®d methods can be used
to expand the body of evidence on the utility of somatic coliphagegasndicators by
applying them in future studies of virological water quality andlthedahe optimized
conventional group specific PCR methods developed in this study makéledssther
investigation of the occurrence of the somatic coliphisigjeroviridae family and human
enteric viruses to gain a better understanding of their relatmhsind human health risk

predictability in environmental waters.
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CHAPTER 4 Development and evaluation of real-time ER and antibody-
based immune-screening methods for rapid detectioof somatic coliphage
groups as viral indicators

Abstract

The need for a reliable viral indicator for estimating femahtamination in water is
increased by industrial development and population increases thatoleadter quality
degradation from growing and poorly managed sources fecal contaminitiaddition to
useful and reliable viral indicators, the need for a rapid deteniethod for estimating them
in environmental waters has also been recognized and pursued imuprestudies
investigating virus detection methods. A possible viral indicatoefstironmental water is
the Microviridae family of somatic coliphage, which was identified as possibledidate
viral indicator group in a previous chapter.

In this study, two approaches are considered for rapid methods dot deimatic
coliphages at the family level: real-time PCR as a moleagdmetic based method and
Culture, Latex Agglutination, and Typing (CLAT) assay as an antili@ded method. The
two methods were applied to environmental isolates from differeterwaatrices: sewage
effluent and seawater, for detecting and characterizingathdiés of somatic coliphages in
environmental waters.

Developing new and rapid nucleic-based detection and antibody-blaseatterization

methods will assist in future studies to evaluate somatic colishageviral indicators for



water quality assessment. These rapid detection methods seilhadke rapid water quality
assessment possible if somatic coliphages are verified ableelindicators of viral
contamination in environmental waters. The results of this stiioy shat PCR-based and
antibody based methods can be used successfully to identify asdyckomatic coliphages
in water and human sewage, and can be used to expand the body of evidéecetitity tof

somatic coliphages as viral indicators in studies of water quality and health.

| ntroduction
The importance of reliable microbial indicators for estimatiagaf contamination in

water is increasing as water pollution resulting from the drafboth industries and human
populations increase. In addition to reliable microbial indicatorsdeessing water quality,
there is also great interest in rapid detection methods foraitodscsuch ag. coli or other
fecal bacteria. There has been a large amount of researclapidcand simple detection kit
development for bacterial indicators, and several kits are novablafor detecting those
indicators in formats that are easy to use. However, suchmagiltbds for viral indictors lag
behind those for bacteria.

Bacteriophages have been proposed as useful viral indicators iemlifegrvironmental
waters and for water treatment processes (Armon, 1993; Cetfald2007, Colest al, 2003,
Dore et al, 2000, Havelaaet al., 1993, Jofrest al 1995, and Lovelacet al., 2005). Male-
specific coliphages an8acteroides fragilis have been studied as possible indicators for
estimating human enteric virus contamination. Rapid detection metbpdsrididate viral
indicators have previously been investigated using several appsa&thet al., 2007, Love

et al, 2007, Simet al., 1995, Stanelet al., 2000, and Wentsedt al., 1981) including a
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molecular approach using real-time PCR and an antibody based dppiag Culture,
Latex Agglutination, and Typing (CLAT).

In previous research individual somatic coliphage families wevestigated as a
candidate human enteric virus indicator in terms of their persestand prevalence in
environmental waters (Lee, unpublished data). If somatic coliphagesund to be useful
viral indicators, culture methods for their detection still typically tatkkieast one day to yield
results. There are many situations where rapid detection andfigasion of indicators such
as a somatc coliphage are desirable if not essential. Forpéxabecause drinking water
moves through the distribution systems to consumers within minuteeuts of leaving
treatment facilities, results from current assays wij leehind actual drinking water
contamination events before the water reaches consumers. Thusistheneed for rapid
detection methods for these viruses for timely management aesiabout the microbial
quality of water.

To detect somatic coliphages in water, culture based methods ssiclylasagar layer,
double agar layer, and enrichment methods (EPA 1601 and 1602, 2001) are usetEwith
coli host, requiring overnight incubation to produce results such as plaguigsis zones.
However, to make timely decisions about water quality, same el@gttbn of fecal virus
contamination is highly desirable from a public health and drinking rwieatment
management viewpoint. Rapid detection methods for male-specifiphagks have
previously been demonstrated and applied (Kdrsal., 2007; Loveet al., 2007). It is
hypothesized that the same rapid methods used for male-spetitagies could be applied

to rapid detection of somatic coliphages.
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Real-time PCR is used to detect a wide variety of micreusgss in environmental
waters in a relatively short time compared to culture basedote Its rapidity, simplicity,
and sensitivity make it an advantageous method for application to guatkty monitoring.
The specific probes and primers for amplification can incréessensitivity and specificity
of detection of target coliphages. In this study, the highly conseregobns in the
Microviridae family of somatic coliphages were targeted for reaktifCR amplification.
The development of a real-time PCR method based on the consen@doktiie candidate
viral indicator family would make it possible to assess them@tality in a comparatively
short time compared to typical culture based methods. In addition, théfigation of the
Microviridae family is possible using gPCR after producing standard oelstiips between
coliphage number and Ct value developed for positive control type strains from thys fami

An antibody based rapid detection method for male-specific colipiwagedeveloped
and applied to environmental samples by Love and colleagues €.ake 2007). The latex
particle immunoagglutination assay, which is widely used in @ird@agnostic microbiology
(Hugheset al., 1984), was successfully applied to male-specific coliphage rapictidate
environmental samples. If production of polyclonal antisera against yetatrains of
somatic coliphage is successful, it is prossible that rapidtaaicoy CLAT assay can be
developed and applied to somatic coliphages in environmental samptegitéiy culture
enriching for a relatively short time.

The goal of this research is to develop new and rapid methodssasivadic coliphages
as feces-specific indicators to determine sources of micrabmtiamination in ambient
waters used for drinking water supply, contact recreation and fstetlg. The specific

objectives are as follows: (i) develop real-time PCR assangeting candidate somatic
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coliphage groups; and (ii) develop somatic coliphage group specifiseantfor rapid

immunoassay screening and detection by a particle immunoagglutinatioodmnet

Materials and Methods
Target regions of theMicroviridae family for real-time PCR assay A real-time PCR

assay was developed for thecroviridae family. Previous work has shown members of this
family to be abundant and persistent in fecally contaminated eatnbivaters. The
Microviridae family is a single-stranded DNA group and the family havingsthallest sized
somatic coliphages. In thdicroviridae family, there is a highly conserved region (shown in
Figure 4.1), which served as the target region for familyipemplification by real-time
PCR methods. This conserved region inNheroviridae family was investigated as a part of
capsid protein in this family. In order to find a conserved region sigénomic region for
the detection of this family, multiple alignments were perfnusing the ClustalWw?2
program. Table 4.1 shows the selected primers and probe set fome&CR assay of the

Microviridae family.
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8. Figure 4.1 Conserved region of th&icroviridae family in somatic coliphage after multiple alignments
by the ClustalW?2 program of all Microviridae family members at EBI website.

8. Table 4.1 PCR sequences in thdicroviridae family for real-time PCR amplification.

Sequences Length  Location
Forward 5 TACCCTCGCTTTCCTGC 3’ 17bp
Reverse 5 GCGCCTTCCATGATGAG 3’ 17bp 2932-3032
Probe 5 CATTGCTTATTATGTTCATCCCG 3’ 23bp

Optimization of TagMan real-time PCR condition for the Microviridae family  The
primer sets and specific probe (Table 4.1) were tested andiogdiim a TagMan real-time
PCR assay using PhiX174 as a positive control prototype strain Mitheviridae family.
Amplification conditions were optimized by using a Smart Cycéal-time thermocycler
(Cepheid, CA). The Primer set was tested by using SYBRnGoganelting curve analysis.
Following confirmation of the primer specificity, the probe wpplied to the real-time PCR
method. Two probe concentrations (uRband 0.mM) and several annealing temperatures

(55-63°C) were tested to optimize real-time PCR conditions.
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Real-time PCR method application Using the QlAamp viral mini kit (QIAGEN Inc.),
viral DNA was extracted from 100ul volumes of archived somatiplecafe isolates that had
been previously cultured. Then, 2ul of the resulting viral DNA waplified by real-time

PCR on a Smart Cycler, and the resulting Ct values were comnfmaee standard curve for

quantification of virus concentration in samples.

Inhibition test for Microviridae family real-time PCR method To detect potential
inhibitors of the real-time PCR method using the primers developatidadetection of the
Microviridae family, tests were done using several water matricdeedpwith a prototype
strain, PhiX174. Surface water, seawater, tap water, and PCRwadaelewere spiked with
PhiX174, with PCR-grade water used as the reference sampte fimhibition test. After ten
fold serial dilution of all different water matrices, DNA gadtion and real-time PCR were
performed. The Ct value for amplified PhiX174 DNA in each watdrirmavas compared to
that of PCR-grade water to determine the effects of inhibgabstances on real-time PCR

quantification. The test was performed two times.

Antibody preparation and production To screen environmental waters for the presence of
somatic coliphages by CLAT assay, polyclonal antisera faggendividual somatic
coliphage families were produced. Antisera were raised in rahatgsommercial laboratory
(Pacific Immunology corp.) using phage antigens in the form ofivadet!, partially purified
phage stocks. Briefly, each coliphage strain was propagated in amgbveroth culture of
the bacterial host. The broth cultures were vigorously mixed with:1a volume of

fluorocarbon (Freon) for 2 min and then centrifuged (2,600g, 15 min. &¥Mi-purified
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virus supernatant was retained. Each strain was further pubiidiftering using a 0.22m

pore size syringe filter, and then the filtrate was ulaatgfuged at 35,0009 for 4 hours. The
virus pellet was re-suspended in 2ml of phosphate buffered saline (PB$cdkitentration,
the infectivity titer of each strain was betweerf 40d 16 virus plaque forming units (PFU)
per ml. Protein concentration of purified stock was measurebl€¥2). To measure the
protein concentration of each purified phage stock, Bovine Serum Albumi) (B& used
for generating a protein standard curve. The absorbance wasreteau595 nm by
spectrophotometer, and the standard curve was used to estimate gooboentration in each
virus stock. Due to low protein concentration after purification andcelttaifugation of

Podoviridae strain T7,Podoviridae strain N4 was used as antigen for antibody production.

9. Table 4.2 Positive somatic coliphage strains armotein concentrations of antigens prepared for
antibody production

Protein concentration

Family Phage strains E. coli host
(mg/ml)
Myoviridae T4 E. coli B 0.5
Microviridae PhixX174 E. coli C 0.4
Sphoviridae T1 E. coli B 0.6
Lambda E. coli K12S Lederberg 0.8
Podoviridae N4 E. coli W3350 1.0

Plague reduction neutralization tests to titrate antiserapotency A plaque reduction
neutralization test was used to determine the antibody poterary aritiserum. Briefly, each
antiserum was diluted serially 10-fold, and each antibody samptediwas combined with
a volume of phage containing approximately 100 PFU. The mixtures of antidotion and

phage were kept at 37°C for 30 minutes to allow the antibodies towihcphages and
neutralize their infectivity. After incubation, each combination ofisenim dilution and

phage was added to a tube containing 3ml of molten agar. ThepappeE. coli host was
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added and the mixture was poured into bottom agar plates. After dwemmigbation, the
plagues were counted in each antiserum dilution, including in an antisegetive control.
The negative control for antiserum contained about 100 plaques. Thalimation potency
titer of the antiserum was based on the greatest dilution thatogenplete neutralization, as

observed by the absence of plaques on the plates containing antibody.

Dot blot immunoassay of antisera tested against different somaticoliphage antigens
For dot blot immunoassaw nitrocellulose membrane was pre-wetted in PBS and afsgm
into a sandwich using a standard apparatus (Bio-Dot Apparatufeip Each well was
washed with 50ul of PBS under vacuum. The rest of the procedure wasmaser under
vacuum. Volumes of 50ul of diluted virus 6rcoli host as test antigens were applied to each
well and followed by another wash of 100ul with PBS. The membraneenas/ed from the
apparatus, placed in a container, and 20ml of blocking solution (5% [WIN]MPBS) was
applied on the membrane for overnight blocking at 4°C. The following tayblocking
solution was replaced with 10ml of diluted antibodyEorcoli antigen in blocking solution.
The membrane was incubated for 1hr at room temperature with slémghimllowed by a
wash step with 20~30ml of 0.05% Tween20/1X PBS three successive @aesndary
antibody (Peroxidase conjugated goat anti-rabbit IgG, Sigmaapaiged for 1 hr at room
temperature with slow shaking, and the wash step was repeatedvistatization,
chemiluminescent peroxidase substrate (Chemiluminescent wbegidimg kit, Sigma) was
used according to the manufacturer’s instructions, and developed usingran fin

cassette.
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Reactivity of somatic coliphage antisera with differentE. coli and somatic coliphage
antigens by Enzyme-linked Immunosorbent Assay (ELISA) Volumes of 100uL of
serially ten-fold diluted bacteria or virus antigen were agpicea 96 well plate (EIA/RIA
plate, Costar) for 2hr at room temperature, and washed with 1X PB8.3D0ul of blocking
solution (5% [W/V] milk/PBS) was added in each well and incubateatnaght at 4°C. On
the following day, the blocking solution was discarded and 100ul of dilrtederum was
added and reacted for 1 hr at room temperature. The membrane stesiwlaree times with
1X PBS/0.05% Tween20. A 100ul volume of secondary antibody (Peroxidase t¢ergogha
anti-rabbit IgG, Sigma) was applied to each well, reacted foraflhoom temperature, and
followed by washing three successive times with 1X PBS/0.05%em@20. The membrane
was developed by peroxidase substrate consisting of 9ml of 0.1Mnsatietate, pH 6.0,
and 0.1mg of 3, 3’, 5, 5’ Tetramethylbenzidine, and 3ul of 30% Hydrogen deraki100ul
volume of substrate was added to each well and 100ul of stop solution (1M suid)yizas
applied when the proper color was observed. The absorbance was ret¢ctB@dna by an

Absorbance Microplate Reader (ELX 800, BioTek).

Western blots of somatic coliphage antisera against differerdantigens A 12% SDS-
polyacrylamide gel and 5% stacking gel were prepared by fwifptihe protocol of ProtoGel
Quick-Cast (National Diagnostics). Samples were prepared in equal voitimbev2X SDS
Gel-loading buffer (100mM Tris-HCI pH 6.8, 200mM Dithiothreitol (DT 4% SDS
(Electrophoresis grade), 0.2% Bromophenol blue, 20% Glycerol), antudsthat 95°C for
10 minutes. Then samples were separated at 100V for 5% stackdydlsaVv for 12%

separating gel in running buffer (1X Tris/Glycine/SDS, Bio-Raglhg a Mini-PROTEAN 3
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cell (Bio-Rad) chamber. A protein ladder was run along with sagnplthe same gel. After
gel electrophoresis, the separating gel was transferredaceiitiiose membrane by western
blotting apparatus (Mini-PROTEAN 3cell, Bio-Rad) kit with traarsbuffer (39mM Glycine,
48mM Tris-Base, 0.037% SDS, 20% Methanol and pH 8.3) for 1hr at 100V. Hséetrad
membrane was blocked with blocking solution (5% [W/V] milk/PBS) owggrnat 4°C. On
the following day, the membrane was incubated with diluted antiséourdhr at room
temperature and then reacted with secondary antibody (Anti-rigjghjtSigma) for 1hr at
room temperature with three successive washing steps betaekreaction. After the final
wash step, the membrane was ready for developing by addingluimémescent peroxidase
substrate (Chemiluminescent western blotting kit, Sigma), theedlaccassette for X-ray

film development.

Culture, Latex Agglutination, and Typing (CLAT) CLAT assay was applied for rapid
detection of the somatic coliphages by following the procedure of &taale (2007). Briefly,

a 10% suspension of 029 diameter polystyrene particles (OptiBind particles; &ardnc.
Indianapolis, IN) was diluted to 1% using phosphate buffered salin®) (Bifer at pH 7.2
for highest binding efficiency (Lovet al, 2007). Equal volumes of somatic coliphage
antisera and PBS as negative control were added to the 1% patgstyarticle buffer
solution. After mixing by pipetting for several seconds, the antibady particle mixed
solution were incubated for one hour at room temperature with miatnd00 rpm
(RKDYNAL, Dynal Biotech). After one hour incubation for adsorption ofissrttm and
particles, the sample was centrifuged for five minutes at 15,000rr@micro-centrifuge.

After the supernatant was decanted to remove unbound antibodies, thewaesllet-

81



suspended in 0.01% BSA-PBS buffer (pH 7.2) by pipetting. The CLATc®tesolutions
were stored at 4°C. Three somatic coliphage antiserum-labetedepbuffer solutions (anti-
T1, anti-N4, and anti-T4) were prepared. After preparing the CLAtisal 3.l volumes of
the CLAT solution and an equal volume of somatic coliphage samplespetted onto the
circular black regions of agglutination cards (Pro-Lab Diagmnast\stin, TX), mixed by
pipetting and spread by toothpick for two seconds. The agglutination wardsrocked by
hand for 30 - 60 seconds to promote agglutination of somatic coliphage dutigitabeled
CLAT detection particles. Clumping of the particles couldseen in positive samples.
Negative samples appeared as milky solution with no clumpingioeacio optimize
antisera concentration for detection in CLAT assay, two-foldlseitutions (1:4, 1:8, 1:16,
1:32, 1:64, and 1:128) of antisera T1, N4, T4 were applied to the CLAY. &ssaldition, to
determine detection limit of the CLAT assay, ten fold sediflition of each somatic
coliphage positive strain as antigen (prototype strains: T1, N4l dMpda, and PhiX174)

were applied to the CLAT assay.

Results
Standard curve and TagMan real-time PCR conditions for theMicroviridae family To

optimize the probe concentration for real-time PCR, varying probe wtvatens were used

in the assay to detect a range of virus concentrations, and thgedinesated by plotting Ct

values against lag virus concentration were compared. In optimization tests, a probe

concentration of 0§V showed greater linearity in the graph of Ct value vsolatyus
concentration compared to other probe concentrations tested. Therddpkéob probe was

used to produce the standard curve for subsequent experiments. Usingraés
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concentration, PCR conditions were optimized. Optimized amplificatonditions for real
time PCR were: 95°C for 15min, and 45 cycles of 95°C for 10 sec, 161 IWsec, and 72°C
for 15sec. The standard curve generated using PhiX174 as a prositgpe for the
Microviridae family is shown in figure 4.2. The standard curve showed good linesy
99% of r-square value for correlation analysis, and this standard was used to quantify

the virus concentrations in samples archived from previous experiments.

y =-0.3247x + 13.405
R? = 0.9958

Logl10 (PFU/mL
N
|

0 T T T T T T T T *
0 5 10 15 20 25 30 35 40 45

CT Value

9. Figure 4.2 Standard curve for real-time PCR methd using optimized conditions for theMicroviridae
family of somatic coliphages. The positive controtrain used for generating the standard curve was
PhiX174.

Application of real-time PCR methods to the isolates of théme course survival study
of somatic coliphages in OWASA sewageAfter optimizing real-time PCR using PhiX174,
this method was applied to environmental somatic coliphage isolatestedl over a time
course survival experiment using effluent from a North Carolindemader treatment plant
(OWASA). The isolates collected at each time point over the tiourse of the experiment

were first identified by a family-specific conventional P@iethod. Real-time PCR was then
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applied for their rapid detection. Table 4.3 shows the results oéditime PCR method for
somatic coliphage isolates from OWASA wastewater. Thetimaal-PCR results were in
agreement with the trend of family specific conventional PCR tses@ver time, the
Microviridae family was dominant in the somatic coliphage population. Ct vdlesll

iIsolates were examined to determine if there were trendstioverin the survival test. A
decline in Ct values was seen in day 0. The average Ct valueydd/Daample was 31.4,
and. the average Ct values of day 29 (25°C), day 47 (25°C), day 65 é&htixjay 65 (25°C)

were 22.9, 24.1, 25.6, and 25.3, respectively.

10. Table 4.3 Presence of tHdicroviridae family among somatic coliphage isolates from OWASA
wastewater treatment plant as a function of samplencubation time as detected by real-time PCR

Days 0-1 29(25°C) 47(25°C) 65(4°C) 65(25°C)
No. Microviridae
Positives/Total No. 36/48 25/26 34/36 42/47 3/3
Isolates
Percent (%) Positive 75 96 94 93 100

Comparison of real-time PCR and conventional PCR methods to ¢ect the
Microviridae family in somatic coliphage isolates from OWASA All isolates from the
sewage effluent time course survival test were examineddhtime PCR and conventional
PCR. Results from both methods are shown in figure 4.3. Real-tirRer&tilted in more
positive samples than conventional PCR. In total, real time PChod®e detected
Microviridae in 20 samples that were negative by conventional PCR. Theretonpared to
the conventional PCR, the real-time PCR method detddtebviridae in a greater number
of archived isolates. This result suggests that the real-ti@fe method is more sensitive

than the conventional PCR method for somatic coliphage detection.etéetidn limit of
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conventional PCR was measured by using a serial dilution of Phj)dhdda detection limit
of 300 PFU was found (Table 3.5). However, in the real-time Pi@Rdétection limit was
0.3PFU. The sensitivity of real-time PCR could contribute to the wbdatifferences in the
number of positive samples identified as belonging toMn&oviridae family among the

isolates from North Carolina sewage effluent.

120

100

EHPCR
real-time PCI

Positive percent (%)

D01 D29-25°C D47-25°C D65-4°C D65-25°C

10. Figure 4.3 Percent positivity for theMicroviridae family among isolates from OWASA by the real-
time PCR method and Conventional PCR usingMicroviridae family specific primers. Dot bar: by
conventional PCR, diagonal line bar: by real-time ER

Inhibition test of real-time PCR in different water matrices After applying real-time
PCR to different water matrices, the Ct value of each waigrix was compared. The
inhibition test was performed twice, and the result is shown indigu#. The highest
estimated phage concentration of the test wa§ RBU, and the lowest estimated
concentration was 10PFU. There were no significant differences between dhe dater
types (One way ANOVA, p=0.9968) for quantitative real-time PCR v@lues of

Microviridae representative PhiX174.
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11. Figure 4.4 Results of inhibition test of realime PCR methods by using different matrixes after
spiking PhiX174 as a positive control in theMicroviridae family: Error bar shows standard deviation

Plague reduction neutralization tests to titer antisera  The plague reduction
neutralization test was used to determine the potency of producedramti There were 4
productions and one pre-bleed (pre-immune serum collection) indot@héh antiserum. All
batches were tested by plaque reduction neutralization. Table 4.4 thleomeasured titer of
each antiserum. There is no change of titer from the first produagserum to the final
produced antiserum. Antiserum neutralization titer ranged from afld# to a high of 18

which are low neutralization titers compared to the antisegaiqusly produced for F+

coliphage serotypes (Love and Sobsey, 2007).

11. Table 4.4 Results of antisera titration by plage reduction neutralization antisera assay of fivatrains
in four families of somatic coliphages.

Family Antiserum Titer against each phage
Myoviridae T4 1¢
Microviridae PhixX174 16
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Sphoviridae T1 1d
Lambda 18
Podoviridae N4 10

Dot blot immunoassay of antisera tested against different somatcoliphage andE. coli

host cell antigens Both antiserum-PhiX174 and antiserum-T4 were analyzed by dot blot
immunoassay to measure specificity with various dilutions of soroaliphages T1, T4, T7,
PhiX174, and Lambda. The result is shown in figure 4.5. Most of the soowdifphage
strains had a positive reaction against PhiX174 and T4 antiseraolw, there is evidence
that they reacted positively against theircoli host antigens. Both antisera tested also had a
cross reaction between coliphages. To further investigate thdigpeof all antisera and

their hosts, Enzyme-linked Immunosorbent Assay (ELISA) was applied.

1 1 1¢ 16 10 1¢ 1 16 1¢ 16 1d 10
T1 T1
T4 T4
PhiX174 PhiX174
T7 T7
Lambda Lambda

) ) T4 Antisera
PhiX174 Antisera

12. Figure 4.5 Results of dot blot assay of antisePhiX174 and T4 against somatic coliphage antigei4,
T4, PhiX174, T7, and Lambda with serial dilution. For antisera PhiX174 and T4, 1¢ and 107 dilution of
antisera PhiX174 and T4 were used for dot blot immunoassay

Reactivity of somatic coliphage antisera with differentE. coli and somatic coliphage

antigens by Enzyme-linked Immunosorbent Assay (ELISA) All E. coli host strains and
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phages were tested for cross-reaction by the ELISA method-PAiXil74 reacted witht.
coli host bacteria antigen, but not with PhiX174 itself. Anti-T4 alsoteshwith theE. coli
host bacteria antigen, as well as with the T4 and N4 strains. Ants® Xemacted with botk.
coli host bacteria antigens and members of the same somatic gelifamaily (T1, Lambda,
and HK97 are allSphoviridae family). Anti- Lambda reacted with akE. coli hosts and
somatic coliphages. Therefore, there was no specificity of amtibida antiserum. Anti-N4
did not react with the host bacteria but only with the N4 stitselfi Therefore, based on
these ELISA results, antiserum-N4 and T1 were applied to CLAdyadirectly for N4 and

Sphoviridae family detection, respectively (Table 4.5 and 4.6).

12. Table 4.5 Results of ELISA to test specificitgnd sensitivity of five antisera (PhiX174, T4, T1,
Lambda, and N4) against availableE. coli host strains and somatic coliphages. The number ihe
parenthesis showed the dilution factor of antiserafter optimization for ELISA.

Tested Ag Anti- Anti- Anti- Anti- Anti-
PhiX174(-3) T4(-2) T1(-3) Lambda(-3) N4(-3)
E. coli K12S Lederberg - - - - -
E. coli B ++ +++ +++ - -
E. coli CN-13 - - - - -
E. coli C ++ - - - -
E. coli W3350 - - - - -
E. coli MUL70.1 - +++ - - +++
E. coli 40 - - - - -
E. coli Y mel - - - - -
PhiX 174 - - - - -
T1 - - ++ - -
T4 - ++ - - -
T7 - - - - -
Lambda +++ - ++ - -
HK97 +++ - ++ . }
N4 - +++ - - +++
MS2 - - - - -
++: Showed reaction at -2 dilution level of antigen
+++: Showed reaction at -3 dilution level of antigen
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13. Table 4.6 Summary of ELISA test for five antise againstE. coli host and somatic coliphage antigens

Antiserum Titer for.A_g Interaction test by ELISA
for Infectivity E. coli Phage Tested dilution

PhiX174 1:18 B Lambda in -3 dilution
C HK97

T4 1:10 B N4 in -2 dilution

MUL-B70.1 T4
T1 1:10 B T1 in -3 dilution
Lambda

HK97

Lambda 1:16 All all in -3 dilution

N4 1:1G MUL-B70.1 N4 in -3 dilution

Western blots of somatic coliphage antisera against different éigens Antisera T1, T4
and PhiX174 showed cross reaction with their hosts. To further chamacsetisera, anti-
T1, T4, and PhiX174 were tested by Western blot analysis (FigureAMhgerum PhiX174
was tested againgf. coli B, E. coli C, PhiX174, and HK97. The western blot result of
antiserum PhiX174 showed no specific protein band from phage or host. Theitetome
not possible to detect a mono-specific antibody against PhiX-174 irhtké # polyclonal
antiserum. The same result was also observed in antiserum T1 testestifagaii B, E. coli
C, PhiX174, N4, T1, T4, HK97 and Lambda. The similar protein patternsrizaation with
T1 antiserum among all the hosts and phages indicated little eviflenoeono-specific
antibody from anti-T1 polyclonal antisera. For the antiserum fd,strains showing any
positive reaction in ELISA were investigated by western blot;iBpally to distinguish N4
strain from T4 strain in antiserum T4. T4 viral proteins wepasged by 12% SDS-PAGE,
transferred on nitrocellulose membrane by the western blot methddprabed with T4
antiserum. Three portions of antibodies, marked as A, B and C on Figeté recovered
from the membrane with 200mM glycine pH 2 and neutralized by 18 ghi 8.0. Three

isolated antibodies (A, B and C) from T4 antiserum were testedld$A for strain

89



specificity. However, the ELISA result confirmed the previeMperimental results showing

that there is a cross reaction between T4 and N4 strains by antiserum T4.

Lambda T1 T4 N4 HK97 PhiX174 Emul E.E.B Marker |

| EcoliB E.C Phix174 HK97

72
55
36
28

T4
antisera

17

11

E.coliB E.coliC PhiX174 HK97 N4 T4T1 Lambda Marker

72
55
36

T1 2

antiser

17

PhiX174 antisera
11

13. Figure 4.6 Results of western blot for antiseraT4, T1, and PhiX174 for further protein

characterization of each antiserum. Protein markeris shown in the middle of this figure. All strains
previously showing cross-reactivity were tested andre presented in the box above the figure. For
antiserum T4, the nitrocellulose membrane was cut ith A, B, and C, and tested for strain specificityby

ELISA.

Immunoassay for somatic coliphage screening and typing Antisera against somatic
coliphage strains were produced to develop a rapid immunoassay foricsaoigthage
screening and typing based on particle immunoagglutination ass#éd €LAT assay.
Antibody quality, based on taxonomic group specificity and titer, determined using
infectivity neutralization tests, dot blot immunoassay, ELISA, &vestern blots. After

confirming which antibodies were specific for each strain or family, Cha83ay was applied
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for the use these antibodies in particle immuno-agglutination (CLAT) aaftayshe method

of Love et al. (2007). The immunoassay method was used for identification of somatic
coliphages isolates from sewage effluent, similar to the uskeomethod that has already
been developed for F+ coliphages. Antiserum N4 labeled particle solui@s used to
investigate N4 strain of thieodoviridae family, and Antiserum T4 labeled particle solution
also was used for finding T4 strain of tiMyoviridae family among somatic coliphage
isolates. Even though antiserum-T4 shows weak cross-reaction witthéte is specificity

of antiserum-N4 for detecting N4 strain. Therefore, antiserumwastapplied to CLAT assay

to detect T4-like strains among somatic coliphage isolates, Adstiserum T1-labeled
particle solution was used for exploring somatic coliphage isofateshe presence of

members of th&phoviridae family among them.

Optimal dilution of antiserum-labeled agglutination particles To investigate the optimal
dilution of antiserum-labeled particles and the concentration ofeaatis the CLAT assay,
two-fold dilution series of each antisera were applied to the CbA3ay. The optimal
concentration of each antiserum is shown in Table 4.7. The 1:64 diloficdéw T1, and T4
were used for the CLAT assay to determine if there wassereaction with other antigens.
These optimal concentrations were applied to test the other socadiphage strains for
exploring cross-reactions. As shown in Table 4.7,NHlelabeled particle solution showed
strain specificity, and T1-labeled particle solution shoggshoviridae family specificity.
T4-labeled particle CLAT solution showed T4 strain specificitthva weak cross-reaction

with the N4 strain. These results support the ELISA assayseadithe previous experiments.
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14. Table 4.7 Optimized dilution conditions of CLATassay with antiserum-coated particles and each
somatic coliphage and the results of cross-reacttyiamong non-target somatic coliphage strains.

Somatic coliphage Somatic coliphage antiserum labeled particles and dildtions
strains and negative N4 T1 T4
control (1:64) (1:64) (1:64)
N4 + +(wY
T1 : .
Lambdd -
HK97° -
T4 - - +
PhiX174 - -
Pre-bleed of each antisera -
- Antisera dilutions of 1:4, 1:8, 1:16, 1:32, 1:64, and 1:128 were used to dIHe:nptlmal
antlbody dilutions in a checkerboard titration. The selected antibdulyods were used to
examine cross reactivity with each non-target somatic coliphagpe. stra
% Weak positive after 60 seconds
3. Sphoviridae family

+ + +
1

Lower detection limit of CLAT assay The lower detection limits of the CLAT assay are
shown in Table 4.8. The somatic coliphage prototype strains wereetllby SAL (EPA
1602, 2001). The somatic coliphages were assayed by ten folded seriadndivith
appropriate antiserum-labeled particle solution. T1l-antiserumeldlrticles were tested
with T1, Lambda, and HK97 as a family-specific antiserum. Tuweet detection limit of

different target somatic coliphages ranged fromi12® to 3x 10° PFU/10ul (Table 4.8).

15. Table 4.8 Lower detection limits of somatic ciglhage positive strains using antiserum labeled
polystyrene particles

Somatic coliphage

antiserum-labeled particles (1'\_151 2) (ir_ (1514) (1Tg 2)
(antiserum dilution) ) ' :
Somatic coliphage N4 T1 Lambda HK97 T4

prototype strains
Lower detection Limit
(PFUZ/10ul) 2x10 2x10 4x10° 8x10 3x10

1 T1 antiserum-labeled particles were tested bySglhoviridae strains as antigens: T1,
Lambda, and HK97

% PFU: Plaque Forming Unit
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Discussion
Previous studies have focused on developing methods to rapidly detéchdezztor

microorganisms includinde. coli, fecal coliforms, and male-specific coliphages. Multiple
methodological approaches for rapid detection methods have been besstitpr
application to environmental water samples such as enzyme-mexldistrate based assay,
ATP based assay, molecular assay, and antiserum based asdayn@Bal., 2008; Stanekt
al., 2001; Stendeet al., 2001; Yonget al., 2006). The aim of rapid detection methods is to
detect fecal contamination in water before drinking watechresthe consumer, bathers get
exposed to contaminated recreational water or shellfish areskeslvéfom contaminated
growing waters, as examples. Culture-based detection methods liequivation times of at
least 18-24 hours, with results coming only after water has bemeréel to the consumer,
recreational bathers have been exposed or shellfish harvestetblarsdted to consumers.
Somatic coliphages are promising potential indicators for theepcesof enteric viruses in
water, and rapid detection methods are needed if somatic coliphegds be used as
indicators for timely protection of public health and for timsdgurity of safe drinking water.

In this study, two approaches were taken for developing rapid idetenethods for
somatic coliphage taxonomic groups as candidate viral indicators-tiReaPCR was
developed and evaluated for the detection of Nteroviridae family as a possible fecal
indicator virus family. In addition to the molecular based rapid detechethod approach,
an antibody based rapid detection method (CLAT, Leivad., 2007) was evaluated for each
family of somatic coliphage by producing polyclonal antiserum fpregentative strains in
each somatic coliphage family.

Real-time PCR was developed to detectNheroviridae family based on their highly

conserved regions of the viral genome. Instead of using the wholtisaoliphage group
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as an indicator, th®licroviridae family was chosen as an indicator that could potentially be
more specific for the presence of human enteric viruses, due ito pirsistence and
abundance in water. After multiple alignments of the viruses is family, a highly
conserved region was identified for real-time PCR amplificatibhe standard curve
generated using the conserved genomic region in this family shem@ugh linearity and
high Ct values to detect thdicroviridae family in environmental samples. Isolates from
North Carolina sewage effluent were tested with this developddime PCR method to
detect theMicroviridae family. In total 160 isolates were examined, and 140 (87.5%) were
identified as members of tiMdicroviridae family. The proportion of positivMicroviridae at
each sampling point increased over time in a time course sutestalAfter 29 days of the
coliphage survival test, over 90% of isolates were identifieceEmging to theéMicroviridae
family using this method.

To determine possible inhibition in the real-time PCR method whemedppl different
water matrices, the developed real-time PCR was applied tsd&ifee water, drinking
water, seawater, and surface water. The differences of Ctsvalueach water matrix
including the seawater sample were not significant when theg statistically compared.
Therefore, the real-time PCR method in this study could be apphied range of
environmental water samples, including drinking water, surface water, amdtsea

An antibody-based detection method was considered as another &ppooeapid
detection of somatic coliphages. Previously, a latex (particlgjuinoagglutination method
used in clinical microbiology had been successfully applied ipid emnd effective screening

method to detect and characterize F+ coliphages in environmentetswafter initial
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enrichment culture, to provide a simple and rapid detection tool faokphages (Culture,
Latex, Agglutination &Typing (CLAT)) (Lovest al., 2007).

To apply those possible methods to detect somatic coliphagessramtigor each
representative strain of each somatic coliphage family was peddared evaluated for its
sensitivity and specificity. The titers of antisera were measuretharahtisera were used for
sensitivity and specificity assays by plague reduction nezatadn tests. After serial assay
by dot blot immunoassay, ELISA, and western blot for testing fgpéciof polyclonal
antisera of each somatic c coliphage strain, antisera T1, T4, asdavAd effective strain
or family level specificity. However, antisera PhiX174 and Lamblkawed no sensitivity
and specificity at strain or family level by serial immurszgs. Also, most of the developed
antisera showed cross reactivity with thEircoli host but not withE. coli CN-13. The
somatic coliphage isolates from sewage were growk.a@oli CN-13 as their hosts, so the
antisera were used to directly detect strains or fasnilldowever, another purification
process should be considered to eliminate the cross reaction withho#té&: coli strains.
Specifically, antiserum T1 showed specificity for tBghoviridae family such as T1,
Lambda, and HK97 in this study. Although all of the strains inSpkoviridae family were
not tested in this assay, antiserum T1 showed sufficient spigcfic Sphoviridae strains
tested in this assay. This result suggests family spegit€iantiserum T1 for CLAT assay.
In addition, T4 and N4 also showed strain specificity in serial immunoassaysfdrkeboth
antiserum T4 and N4 as a strain level assay reagents anduamtiBEras a family level assay
reagent were used for the detection of these somatic coliphagesieonmental isolates by

CLAT assay.
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Before applying produced antisera to environmental isolates byTCagsay, the
optimal conditions for this assay were investigated using avaifaisitive stains. Antiserum
T1, T4 and N4 were optimized for the degree of dilution to use folingb@gglutination test
particles. Each antiserum absorbed onto particles at the optofilution was applied to
CLAT assay and examined for cross-reaction with the oth&instrAs shown in table 4.7,
the results were similar to those by ELISA. The optimizet ¢endition of each antiserum
was applied to environmental isolates to detect T4-like strail#slike strains, and
Sphoviridae family members among the somatic coliphage isolates fraterwAlso, the
detection limit of each antiserum was examined by assagmptd serial dilutions of each
prototype strain as a positive control. The lower detection lImZLAT assay for T1, T4,
and N4 was found to be in the range of i®1¢ PFU per 10ul (Table 4.8). These CLAT
lower detection limits to detect T4, N4, aSghoviridae family of somatic coliphage were
sufficiently low for their detection after a culture enrichmstefp was applied to amplify the
numbers of somatic coliphages in samples of environmental waters.

The CLAT assay, previously developed for F+ coliphages (Letval., 2007), was
successfully applied to somatic coliphages in this study even tlediagiive reagents for all
of the somatic coliphage families were not developed with sudtesto lake of specificity
and sensitivity of produced polyclonal antisera. However, the CLATy assasimple, rapid,
and inexpensive method for coliphage detection if antisera agamsttis coliphage strains
show sufficient sensitivity and specificity. Also, there is ro@mifmprovement of the CLAT
assay in several ways, such as exploring more effective adfeation instead of PBS (pH
7.2) and use of more specialized beads with greater sensivien though the developed

CLAT assay for somatic coliphage was not able to detect aktsoeoliphage families, this
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method provides more opportunity to investigate the distribution of mermbénre somatic
coliphage population in environmental waters.

The rapid and simple detection of somatic coliphage by nucleichasield or antibody
based methods could provide rapid and more specific water qusdggsanents if individual
somatic coliphage families, subgroups or strains otherwise asrageliable viral indicator.
The rapid detection methods for individual somatic coliphage fasralinel their sub-groups
make it possible to investigate the potential of these somatahegles to be a viral indicator
in environmental waters. Further study is needed to investigateorrelation of enteric
viruses and individual somatic coliphages or coliphage groups (subgrodamities) in
water. The developed rapid detection methods for somatic coliphamjées can be applied
to identify their relationships and distribution in waters. Furtheeld@ment and validation
of rapid detection methods for candidate viral indicators could pravides rapid water
guality monitoring by effective detection of those individual famjlsgogroups or strains of
somatic coliphages that are indicative of the presence of semdgbe possible presence of

enteric viruses.
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CHAPTER 5 Application of rapid detection methods fo somatic coliphage
families in environmental samples

Abstract
Methods for the rapid detection of of reliable viral indicatonat tpredict viral

contamination in water are essential to protect public healtndinidual somatic coliphage
family, the Microviridae, could be a reliable viral indicator based on its relative persist
and abundance in environmental water. The aim of this reseaichapply two rapid
methods, real-time PCR and CLAT, for detecting members of fspscmatic coliphage
families as candidate fecal viral indicator viruses. Primggwage in different regions,
seawater, and groundwater samples were investigated usingptdededection methods.
Rapid detection of thlicroviridae family by a real-time PCR method was successfully
applied to a range of environmental water samples including prisewage effluent in
different geographic regions (Chapel Hill, NC; Chungbuk, South Koreayyasela and
groundwater. Members of tiicroviridae family were persistent and abundant in sewage of
both of regions, although the genetic diversity in ktieroviridae family differs between
regions. Rapid enrichment culture in seawater was optimized feyedit media and culture
time for rapid somatic coliphage detection. A 7-hour enrichmetirewvas not significantly
different from overnight enrichment culture for somatic coliphageatien in seawater and

groundwater. Also, an antibody-based rapid detection method, CLATUItu(€,



Latex Agglutination, and Typing), for th8Ephoviridae family, N4 (Podoviridae), and T4
(Myoviridae), was successfully applied to somatic coliphage isolates, althbeghis a need
for improvement in method sensitivity. The development of rapid methods foridetetan
individual somatic coliphage family and their successful applicat@mrenvironmental
samples provides a new analytical tool to investigate individualagoneoliphages as

reliable indicator viruses.

| ntroduction
Rapid detection methods for viral indicators in environmental wategs a

necessary for rapid assessment of water quality for tineslyonse to public health
threats. The importance of rapid detection of indicator microorgarisrestimate
viral contamination in vulnerable waters has been suggested by pramypus
researchers (Kiet al., 2007, Loveset al, 2007, Simet al., 1995, Stanekt al., 2000,
and Wentselet al., 1981). To measure water quality in a timely manner, rapid
detection of indicator microbes of interest is a potentiallycaffe approach for
public health protection and for regulatory purposes. There are pmgnmew
approaches to rapid viral detection of fecal indicator viruses iraconated water
systems (Hughest al., 1984; Loveet al., 2007, Fiksdalet al., 2008). Somatic
coliphages are promising candidate indicators of enteric virusester, based on
their persistence and abundance in environmental waters over g@eufipublished
data). Rapid detection methods for somatic coliphage have been fiettsdoped to
distinguish each family of using two different approaches: re@-PCR and an

antibody-based Culture, Latex Agglutination, and Typing (CLAT) assay.
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The ecology of somatic coliphages in environmental waters is nobuipaly
understood. Early studies suggested little seasonal variation ofisawlgthage densities in
raw sewage (Kottt al., 1974), whereas in contrast, more recent studies found significant
seasonal variation in the proportions in F+DNA and RNA coliphages @&adall., 2003).
Newly developed rapid detection methods for somatic coliphage ésnméed to be applied
to different types of environmental waters to understand the gcalodjsurvival of somatic
coliphages in diverse aquatic environments, including groundwater andtseaw addition,
rapid detection methods can facilitate the understanding of the gcofogoliphages in
human sewage as an important potential source of fecal contamimatenvironmental
waters. The goal of this research is to apply two rapid methealstime PCR and CLAT,
for detecting members of specific somatic coliphage famdie feces-specific indicators of
human enteric viruses in water. Detection methods were appliedveoiety of waters,
including primary sewage effluent, seawater for recreation amell-fsshing, and
groundwater sources used for drinking water.

To investigate possible regional differences in sewage, prisewage effluents from
wastewater treatment plants in the United States and South Wereaexamined. Sewage
contains a variety of physical, chemical and microbiological comia@nts that may differ
with the life styles of populations contributing to the wasteastreand other factors.
Therefore, investigation of samples from different regionsgraa a better understanding of
somatic coliphage ecology and their distribution in human sewagepply rapid methods
to seawater used for primary contact recreation, samplesNtalibu Beach in California
were analyzed by real-time PCR. The application of res-tPCR methods to seawater is

important to estimate and predict contamination of recreatioaté¢rvand to examine the
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effects of PCR inhibitors in seawater on method performanceun@water serves as a
source of drinking water for many regions, and is consumed often witheatiment.
Therefore, the successful application of rapid coliphage detectithhodsefor the estimation
of groundwater virological quality in a short time is important to proteslipbealth. Newly
developed rapid molecular and immunological detection methods were dapplithese
different samples to determine the effectiveness of thedeodwefor the detection of somatic

coliphages in different environmental media.

Materials and Methods
Sample Sources Primary sewage effluent sources were Orange [County] VdatkSewer

Authority (OWASA), the wastewater treatment plant servingpéh#lill, NC USA and K-

water located in Chungbuk in South Korea. The primary sewage effioetted in South
Korea (K-water) was sent to our laboratory by air shipping. Twoteds for collecting and
shipping of primary sewage effluent sample from South Korea took séodays. A total of
about 150 samples of sea water, collected at Malibu Beach (G&g shipped to our
laboratory for analysis from May to September, 2009. A total of rb&nglwater samples
were collected near Malibu beach (CA) and shipped to our laboritognalysis in July,

20009.

Enrichment culture assay for coliphage Somatic coliphages of seawater and groundwater
samples were examined by the enrichment liquid culture method thsige-volume MPN
quantification in triplicate with volumes of 30, 3, and 0.3ml (EPA 1601, 2001 ane\seibs

al., 2004). Log phasE. coli CN-13 was used as a host for somatic coliphage detection. After

103



a media optimization study, Luria Broth (LB) without NaCl waed for enrichment in place
of the standard Tryptic Soy Broth (TSB). The spot plate methodus&s for the detection of
enriched somatic coliphage both after 7 hour incubation for rapidtibeted 36°C and after
overnight enrichment at 36°C. Before spot plating, sample aliquots werduggad at 13000
rpm for 2 minutes to remove host cells and cell debris. A 10ul volursanople was spotted
in each assay. The results were recorded as positive oiveedgpending on the presence or
absence of a clear zone of lysis within each spot. The coneemtohsomatic coliphage was

computed as MPN/100ml.

Optimization of enrichment culture conditions for rapid detection in seawater To find
the optimal enrichment culture detection conditions for somatiiplade in seawater,
different bacterial culture media were evaluated. PhiX174 wed as a test organism for
optimization. Viral stock was diluted to 10-15 PFU/volume and thesmtblume was spiked
into prepared water sample of 100ml volume. Test media wepid §oy Broth (TSB) and
Luria Broth (LB) without NaCl. Dilution of seawater with reagevater to lower the NaCl
concentration in the assay was also evaluated. In addition, resultsiébmssmt times of 1, 3,
5, and 7 hours post-inoculation were compared to results from standard bweuiigre.

Triplicate samples were assayed for each optimization factor.

Culture, Latex Agglutination, and Typing (CLAT) Assay Polyclonal antisera against
somatic coliphages T4, N4, and T1 raised in rabbits in a comméaibatatory (Pacific
Immunology Corp.) were used in the CLAT assay for somatic capisolates. The CLAT

reagents of each antiserum were subjected to optimization studian attempt to best
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identify somatic coliphages by this method. Using antisera witficent specificity and
sensitivity as confirmed by ELISA assay, the optimized CLA3Sag was applied to a total of
20 somatic coliphages isolated from OWASA sewage. A CLAT amtaguspension
consisting of particles labeled with Antiserum N4 was used to investigafgesence of N4-
like strain of thePodoviridae family among the isolates. Likewise, a particle suspension
labeled with antiserum T1 was used for determining the presenceepfbers of the
Sphoviridae family among the isolates. Antiserum T4-labeled parsolation also was used
for finding T4 strain of theMyoviridae family in the isolates. A 1:64 dilution of each
antiserum was used. After preparing the CLAT solutiqd, Wlumes of the each CLAT
solution of antiserum and an equal volume of somatic coliphage isolatesspotted onto
black agglutination cards (Pro-Lab Diagnostics; Austin, TX), mixggipetting and spread
by toothpick for two seconds. Cards were rocked by hand for 30 edhds to promote
agglutination of coliphage and antibody-labeled CLAT detection parti€Clesnping of the
particles could be seen in positive samples. Negative samplegeppsaa milky solution

with no clumping reaction.

Sample preparation and processing for survival test of somaticoliphages in K-water
sample  Samples of primary sewage effluent from South Korea wetd ht two
temperatures, 25°C and 4°C, for 34 days. Aliquots were taken frorsathples at the
beginning of the experiment, and at 10, 20 and 34 days. Somatic colipiageguantified
and isolated from the original samples at each time point, andemaraerated using single
agar layer plaque assay (SAL, EPA 1602, 2001). A representative numisematic

coliphage plaques (30-50) were randomly picked from SAL platesaeh time point.
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Plaques were picked by using the tip of a micropipettor (20-2t4padcity) set at the 100ul
volume, suspended in 100ul of TSB and assayed using a spot plate techrtiyuejiwdual
plaques in each spot counted to determine sample titer. Individual plgoegach spot
were picked, re-suspended, and re-enriched for 24 hours in TSB usirzabtesiumE. coli
CN-13. After incubation, the enriched phage isolates were filltemeremove cell debris

using 0.45 um pore size filters, and frozen at -80°C for further charactamizati

Group-specific conventional PCR and real-time PCR methodsof detection of the
Microviridae family = Optimized group-specific conventional PCR and real-time PCR
methods were applied to detect thecroviridae family. Viral DNA was extracted from
archived isolates by using the QlAamp viral mini kit (QIAGHid.). After real-time PCR in

a Smart Cycler (Cepheid, CA), the Ct value of each isolat® examined to estimate the
concentration. Also, group-specific conventional PCR by using speklicroviridae

primers was used for detecting tWecroviridae family in the collected isolates.

Sequencing of positive samples and phylogenetic analysiSor further characterization of
somatic coliphage environmental isolates, PCR products were pu(@&squick PCR
Purification kit; QIAGEN Inc.) and sequenced at the Genome AisaRecility (University
of North Carolina, Chapel Hill). Multiple sequence alignments ahgtering of the
sequenced isolates along wilicroviridae full genome sequences from NCBI website

(http://www.ncbi.nlm.nih.goy/were conducted with the ClustalW2 program at the European

Bioinformatics Institute (EBI) website (http://www.ebi.ac.uk/).y®igenetic analysis was

conducted using the Neighbor-Joining method (Sadbwal., 1987). The percentage of
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replicate trees in which the associated taxa clusteregthtexgin the bootstrap test (500
replicates) is displayed next to the branches (Felsenstein, I9&5volutionary distances
were computed using the Kimura 2-parameter method as the sudostiuadel (Kimura,

1980. Phylogenetic analyses were conducted in MEGA4 (version 4, Tatalta2007).

Results
Application of CLAT assay to environmental isolates The somatic coliphage isolates

from sewage effluent from OWASA were analyzed using the apeunCLAT assay to
determine their strain or family in the somatic coliphage popuatusing antisera with
sufficient specificity and sensitivity, CLAT assay was agplito a total of 20 somatic
coliphages isolated from North Carolina municipal sewage. Aotiseéd4-labeled particle
solution was used to investigate the presence N4 reactaiasstf thePodoviridae family
among the isolates, and antiserum T1-labeled particle solution wdsfarsexploring the
presence oS phoviridae family members among the isolates. Antiserum T4-labeledclzarti
solution also was used for finding T4-like strains of tgoviridae family among the
isolates. The results of these analyses were that none of thenfic coliphage isolates

could be identified to the family level using these antisera.

Optimized condition for incubation time and culture media Using PhiX174 as a test
organism, the culture conditions for the enrichment step of the sornépbage assay were
optimized to decrease the inhibition of phage growth caused by censsitin seawater
samples. Media type, enrichment time and sample dilution facter veered and their effect

on the rate of increase in viral titer was observed. Figure 5.1 stimvsesults of the
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optimization test. Based on these results, an incubation timaair7in LB medium without
NaCl with no dilution of the seawater sample was used for rag&ttiEn in subsequent
analysis of seawater samples, as it resulted in the greateof increase in viral titer over
hours of enrichment. However, there were no significant differeanemg all conditions
when compared statistically (One-way ANOVA, p>0.05). These comditwere compared

to standard overnight incubation in subsequent analyses of seawater samples.
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14. Figure 5.1 Results of conditions of test of m&g dilution factor, and culture (incubation) time for
somatic coliphage analysis in seawater. Errors bashow standard deviations of triplicate sample assay
The concentrations in Tryptic soy broth (TSB) are Bown in a, and the concentrations in Luria broth
(LB) without NaCl are shown in b.

Comparison of somatic coliphage detection by rapid enrichmentulture and overnight
enrichment culture Although the rate of increase in viral titer was measured tongi
enrichment conditions, the endpoint of the enrichment assay is the gresesdusence of a
zone of lysis when the enrichment is spotted onto a lawn of hostiba&eth 7 hour and

overnight (18~ 24 hours) incubation times were compared by the spoihmdhod for their
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ability to detect positive enrichments. A total of 115 seawatapkawere compared with
rapid and overnight enrichment culture. Table 5.1 shows the proportion of sdmpteeach
incubation time with positive zones of lysis at the end of incubatidter Avernight
enrichment, 84 of 115 samples were positive for the presence of s@wolgthage, but only
70 of 115 samples were positive after 7 hour enrichment. However, wdrapared
statistically, there is no significant difference betweenipbalge positivity of 7 hour

enrichment and overnight enrichment (Chi-square test, p=0.0680).

16. Table 5.1 Comparison of positivity of somaticaliphage detection after rapid enrichment culture
(after 7hr enrichment), overnight enrichment culture, and real-time PCR in seawater samples

Somatic coliphage enrichment Rapid culture  Overnight culture  Real-tiRe P

Positive no. of sample/Total no.
of sample for analysis 70115 84/115 104/115

Percent positivity (%) 61 73 91

Application of molecular detection methods to seawater After overnight enrichment,
seawater samples were analyzed for the presence dflitnreviridae family of somatic
coliphages by real-time PCR. PCR resultsNbcroviridae were compared to total somatic
coliphage results using the spot plate MPN method. Table 5.1 shows titfeutiosy of
positive samples between overnight enrichment culture and reaP®ie methods. The
methods of coliphage detection by enrichment and real-time RERlitierent. For the
enrichment method, the target for detection is infectious membéhe gomatic coliphage
group and the infectivity concentration unit is MPN/100ml. However, theabhenrichment
volume subjected to spot plate analysis is 10ul per spot. For reaRPGR method, the target
for detection is théMlicroviridae family of somatic coliphages and concentration is in PCR
units per 4ul. Therefore, it is possible that the differenoethe target coliphages and the

sample volumes between methods contribute to the differencesristlis of two methods.
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There were positive results in real-time PCR methods even thoughighteenrichment
methods showed negative results. With real-time PCR, 104 of 115 samap&epositive for
Microviridae, where only 84 of 115 samples were positive for total somatic colipisigg
the spot plate detection method. When considering the differences tinifyobetween two
methods, there is a statistically significant differencdi{&juare test, p=0.001). This
difference in number of positive samples detected could be becauiterdnt detection
limits between the enrichment MPN (Most Probable Number) methodeatdime PCR
method. The majority of positive samples showed lower Ct valuesabyime PCR methods,

which suggest that the samples have relatively low virus concentrations (Figure 5.2
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15. Figure 5.2 Distribution of Ct values of real-tme PCR method applied to seawater sample after
overnight enrichment culture of total 115 samples.

After real-time PCR analysis, 88 seawater samples frormmgrenrichment culture
were selected for analysis usimdicroviridae family specific conventional PCR. Of 88
samples, 17 were positive for the presenc®lafoviridae by conventional group-specific

PCR. The majority of samples were negative by conventional PB&ugh positive by real-
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time PCR. When considered statistically, there were signifid#ferences between the
positivity rates of two methods (Chi-square test, p<0.0001). This eliter could be from
the differences between detection limits of two molecular methiami$urther characterize
these positive samples, 15 samples were sequenced. Figure 5.3lshosgilis of sequence
analysis, which found that most of the isolates were clusterédthatphiX174 group of the
Microviridae family.

In addition, 15 samples positive by thkcroviridae family-specific conventional PCR
were analyzed by real-time PCR for comparison of Ct valuese&time PCR, Ct values of
11 of 15 positive samples were between 10 and 30. This suggests thassaitiplower Ct
values in real-time PCR are more likely to show positive resultonventional PCR. This is
consistent with the expectation that lower Ct values are an imdicaif higher
concentrations of viral genome targets for PCR amplification inséimeple, which in this

case is a specific conserved genome region d¥itbeoviridae family.

111



70-| S09-109
S09-113

S09-119
S09-110
60 s09-38
S09- 48
- S09- 47
—® phix174
S09-112
89| S09-149
S09- 154
S09-190
® D1
48 S09-91
55 S09- 73

100

® alpha3s

100 [ S09-13
100 b @ | D6 2

® w14

55 [— S09-32
100 e @ G4

0.05

16. Figure 5.3 Clustering of sequencing results dflicroviridae family positive isolates from seawater
samples using ClustalW2 and MEGA (Version4) programDot shows the positive controls which were
included in the alignment and clustering. The treds drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used tinfer the phylogenetic tree. The percentage of
replicate trees in which the associated taxa clused together in the bootstrap test (500 replicatesis
shown next to the branches

Survival test somatic coliphages in K-water sample Water samples (primary sewage)
from Korea (K-water) were held at two temperatures (4°C 267€) and sample aliquots
were taken at different time points and analyzed for somatigheagles in order to measure
survival. Figure 5.4 shows the changes of somatic coliphage caatcamdrin the samples
over time at the two incubation temperatures. The concentration atisaraliphages at the
beginning of survival test was 310 PFU/mI. At 4°C, the somatic ltayjp concentration
declined gradually over the experiment period following first orkieetics. However,
somatic coliphage concentrations at 25°C were unchanged initiatly tlken declined

abruptly after ten days. Also, during the subsequent incubation pertbé stirvival test at

112



25°C, the concentration of somatic coliphage remained around 50 PFUhittatfurther
decline. Hence, the somatic coliphage reduction at 25°C followed biepkiasttics. From
this somatic coliphage survival time course study of primawage effluent from South
Korea, a total of 176 somatic coliphage isolates were callentd archived for subsequent

analysis.
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17. Figure 5.4 Titer (PFU/mI) changes of somatic phage in sewage effluent of wastewater treatment
plant from South Korea (K-water) during incubation at two different temperatures of 4 °C (circle) and
25°C (square).

Application of group-specific conventional PCR and real-timePCR methods for K-
water sample somatic coliphage isolates to detect thicroviridae family The
conventional PCR and real-time PCR methods were applied to dbeeeMidroviridae
family among the time course isolates from South Korea wastewThe optimized
conventional PCR and real-time PCR methods described in the previous chaptaeppled

to the detection of thicroviridae family among somatic coliphage isolates. Table 5.2

shows the results of conventional PCR and real-time PCR anafysislates from sewage
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effluent of the South Korea wastewater treatment faclitythe conventional PCR method,
the Microviridae positive samples increased gradually over time especiaddy°&t. Also, by
real-time PCR, the majority of sample isolates wdreroviridae positive by Day 20 at both

4 and 25°C, and by Day 34 they were 10086roviridae-positive at both 4°C and 25°C.

17. Table 5.2 Presence of tHdicroviridae family among somatic coliphage isolates from K-watr
wastewater treatment plant effulent as a function bsample incubation time based oMicroviridae
analysis using group-specific conventional PCR anckal-time PCR.

Incubation day

(Temperature for survival 0 20 20 34 34
Methods test) (4°C) (25°C) (4°C) (25°C)
Group- No. Microviridae Positives/
specific Total No. Isolates 9/56 15/30 29/30 16/30  25/30
Conventional
PCR Percent (%) Positive 16 50 97 53 83
Real-time No. Microviridae Positives/
PCR Total No. Isolates 24/56 24/30  30/30 30/30  30/30
Percent (%) Positive 43 80 100 100 100

Sequencing and phylogenic analysis of isolates for thdicroviridae family positive
sample of K-water To further characterize somatic coliphage isolates fromary sewage
effluent of South Korea, all positive isolates by group-speciicventional PCR for the
Microviridae family were subjected to sequence analysis. The referenm@ssof the
Microviridae family of each subgroup shown in figure 5.5 were included for sequence
analysis of somatic coliphage isolates (Figure 5.5). There fisresubgroups in cluster
analysis of the strains in tiMicroviridae family, namely PhiX174, G4, alpha3, WA14, and
ID62. Subgroup PhiX174 was predominant among somatic coliphage isolatesStuth
Korea wastewater. However, compared to OWASA somatic coliplsatgas, South Korea

sample isolates were more diversified in their subgroups @igus). Most of OWASA
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isolates mapped to the PhiX174 subgroup (Figure 4.3) while there were K-water

isolates that mapped to G4, alpha3, ID62, and PhiX174 subgroup.

0.05

18. Figure 5.5 Cluster analysis of alMicrovridae strains in the NCBI website using the MEGA4 progran.
By branch division, there are 5 subgroups in théVlicroviridae family. Red dots show the reference strains
of each subgroup in theMicroviridae family for subsequent sequencing analysis of K-wat somatic
coliphage isolates: reference strains PhiX174, ID§alpha3, G4, and WA14. ID1 are included as these
strains were the best blast matches for sequenceadysis of the wastewater isolates.
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units as those of the evolutionary distances used tinfer the phylogenetic tree. The percentage of

replicate trees in which the associated taxa clused together in the bootstrap test (500 replicatesis

19. Figure 5.6 Clustering of sequencing results ®flicroviridae family-positive coliphage isolates from K-
shown next to the branches.

water sample using ClustalW2 and MEGA (Version4) prgram. Dot shows the positive controls which
were included in the alignment and clustering. Théree is drawn to scale, with branch lengths in theame



Application of real-time PCR method for Microviridae coliphage analysis to
groundwater samples from CA A total of 16 groundwater samples from California were
tested for somatic coliphages by the enrichment culture methad émad overnight culture),
followed by spot plating with 10ul per spot and real-time PCR. Fditirea PCR, a 100ul
volume of enriched sample was extracted and 4ul of the extrestused for PCR
amplification. Table 5.3 shows the results of somatic coliphadectiten in the 16
groundwater samples. All groundwater samples were positive fatsoooliphages by real-
time PCR even though the majority of enrichments were negatisoifoatic coliphages by
spot plating. This could be from differences in the sample volumectdet target, and
detection limit between enrichment and real-time PCR method®, Athe differences of
positivity between rapid enrichment culture (7 hours) and overnighireult+18-24 hours)

method were not statistically significant (Chi-square test, p=0.6942).

18. Table 5.3 Comparison of positivity for somaticoliphage detection after rapid enrichment culture
(after 7hr enrichment), overnight enrichment culture, and real-time PCR in groundwater samples

Methods Rapid culture  Overnight culture  Real-time PCR
No. positive no. samples/No.
total sample analyzed 4/16 5/16 16/16
Percent Positivity (%) 25 31 100

Discussion
The somatic coliphage isolates from sewage effluent from OWA®Pe analyzed

using the optimized CLAT assay in an effort to identify theirc#fwe somatic coliphage
family and strain. Among 160 isolates, 20 unidentified isolates bycul@r methods were
tested by optimized CLAT assays to detect those that wetike 4Myoviridae), N4-like

(Podoviridae), and in thesphoviridae family. However, none of the isolates yielded positive
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CLAT assay results when tested using agglutination particlésctcoath antisera against T4,
N4, and T1 coliphages. However, there were positive isolates foif4hsubgroup of
Myoviridae family by conventional group-specific PCR analysis in prevituslies of these
isolates (see Chapter 3). This difference in detection could be dliéerences in the lower
detection limit of each method. The T4 subgroup detection limit by ctioval PCR was
approximately 810° PFU/10ul (Table 3.5). However, the detection limit by CLAT for T4
was3x10 PFU/10ul (Table 4.8), which is a far less sensitive detection limit.

Previous studies of somatic coliphage families in environmentétrsvdhave been
conducted primarily by electron microscopy. Pedretsal. (1995) found somatic coliphages
belonging to three familiedJyoviridae, Sphoviridae, and Podoviridae, in different surface
and ground water samples in Brazil. Investigation of sewage to fidaotnatic coliphage
families by Ackermanret al. (1983) showed thawlyoviridae and Podoviridae were the
predominant somatic coliphage families present. Muniesaal. (1999) studied the
relationship between the morphology of somatic coliphages and peegistence in
environment waters. They found tHdtoviridae, followed by Sphoviridae, were the most
abundant families in raw sewage, treated sewage, and an uppewatee site. However,
members of th& phoviridae family became more abundant in a downstream river site.

The distribution and ecology of somatic coliphage has not been stuthgdadely to
characterize and quantify somatic coliphage populations on the dfagigir taxonomy.
Therefore, investigation of regional variations of somatic cofjphé&amily presence in
sewage would provide better understanding of the distribution and prexaktfamilies of
somatic coliphage populations. Such investigations are now possibkrgythe molecular

methods developed in this study. Primary sewage effluent fronstewaeater treatment plant
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in South Korea (K-water) was investigated for the survival ofamntoliphages over time
using new methods for conventional PCR and real-time PCR detetttbe Microviridae
family. The same methodology was also applied to OWASA sewHlyent from Chapel
Hill, NC. These analyses made it possible to examine thdasitess, differences and
regional variations of th#licroviridae family in somatic coliphage populations of sewage
effluents from the two geographically disparate wastewagatrtrent plants. It was found
that the overall concentrations of somatic coliphages decreadmathatest temperatures:
25°C and 4°C. However, after 30 days, the somatic coliphage concentratidhese
wastewaters remained at about 50 PFU/ml at both temper&iure30% somatic coliphage
survival. At 25°C, survival kinetics were bi-phasic, with a lower saivrate (more rapid
inactivation) initially and greater survival rates (less ramdctivation) later in the
experimental period. This result suggests that some membeise acdomatic coliphage
population of sewage survive longer than others over time. After completion osthesal
tests, the archived somatic coliphage isolates were testadbtéxt the presence and
genotypes oMicroviridae family members in the somatic coliphage populations of these
sewage samples.

The developed real-time PCR and conventional PCR methods for detectitve of
Microviridae family were applied to K-water samples. The extent of pasiesults for the
Microviridae family was very similar to that for the OWASA somatadighage isolates. The
fraction of total coliphage isolates belonging to kieroviridae family increased over the
time course of the survival test when detected by both real @R and conventional PCR
methods. Of 176 total isolates, 53.4% were positive for Nheroviridae family by

conventional PCR and 78.4% were positive for Mieroviridae family by real-time PCR
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method. By the real-time PCR, all (100%) of the somatic colipleagates on day 20 at
25°C and on day 34 at both 25°C and 4°C, were positive fdvitb@viridae family. These
results suggest that members of Mieroviridae family are more persistent among K-water
somatic coliphage isolates as was also found for OWASA isolates.

In addition to detection and identification by PCR analysis methadsleotide
sequencing was conducted on the isolates positive for Mleeoviridae family by
conventional PCR. There were 8Qicroviridae family-positive isolates from K-water by
conventional PCR (out of a total of 176 somatic coliphage isolatelsyvra subjected to
sequencing analysis, Results for the best blast match of thegB@reed K-water sewage
isolates indicated that they were genetically more divérae the isolates from OWASA
sewage.Microviridae strains ID1, NC6, ID62, NC11, ID34, NC35, NC28, and WA1ll
showed matching results with the K-water isolates. However, >60%olates were best
matched with ID1 which was the same result for the OWASA isolates.

Even though all somatic coliphage families were not included ind#hification and
typing of somatic coliphages in sewage by molecular or immunpasedhods, the
Microviridae family showed high prevalence and persistence in regionallgreiff sewage
samples (Chapel Hill, NC USA and Chungbuk, South Korea). In contras¢vmus studies
in which the Sphoviridae and Myoviridae family were abundant in environmental waters
(Ackermannet al., 1983; Pedroset al., 1995; Muniesat al., 1999), in this present study the
Microviridae were found to be the taxonomically identifiable predominant famisewage
that persisted and became even more predominant over the tinse obwurvival tests in
this study. The reasons for these differences in prevalent asgtpet somatic coliphage

virus families could be from the different methods to detect anttifgesomatic coliphage
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strains and families in water. Previous studies relied mainlyelectron microscopy for
detection and identification, while the present study relied manlynolecular analysis of
family- and subgroup -specific viral genome targets for detectnd identification. Electron
misroscopic detection and identification of small, non-enveloped icosdhédises like
those of theMicroviridae family is difficult due to the small size of these viruses ¢he
resemblance to other particles of similar size and shape in sample matrices

To further test the application of the developed real-time P@kads to seawater,
Malibu Beach (CA, USA) seawater samples were examineddimatsc coliphages. An
optimized enrichment liquid culture method was initially applied tawsger samples to
detect somatic coliphages, and the real-time PCR method wasgpked to the enriched
sample. Many samples were positive for lieroviridae family. Also, a newly developed
method for conventional group-specific PCR amplification of Nheroviridae family was
applied to the same enriched seawater samples. PCR-positivee daymgdnventional PCR
were sequenced to determine the genetic characteristics fothes from seawater and
examine their diversity. Coliphages mapping to subgroup NC51 d¥litrviridae family
were the most prevalent based on the best blast match among #tesisdl 15 seawater
samples. This result differs from the previous sequencing resullsomatic coliphage
isolates from primary sewage effluent of both OWASA and K-waiewever, the number
of coliphage isolates sequenced was not sufficient to stafigtioanpare differences in
Microviridae genotypes among them. Nevertheless, the developed PCR methods were
successfully applied to somatic coliphage isolates enriched fioen seawater and

groundwater samples.
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In conclusion, a real-time PCR method for the detection and ideximin of somatic
coliphages of theMicroviridae family was successfully developed and evaluated. This
method has the potential to provide rapid results for detection, quoatitifi, and source
tracking of feces-specific, abundant and persistent somatic codiphiayg detecting this
prevalent and persistent family among somatic coliphages in geevemd fecally
contaminated water. Also, the development of new and rapid nucleid-higgection and
characterization methods facilitates future studies of somatigphage ecology and
evaluation of the prevalence and persistence of individual somatic g®@ifdsailies such as
the Microviridae and their subgroups as viral indicators for water quality assegsifhese
molecular methods will also make rapid water quality assedspussible for management
decisions if individual somatic coliphages families are verifiedraiable indicators of
sewage and enteric viral contamination in environmental watbis.study shows that PCR-
based methods can be used to identify and classify somatic gdgpha water and
municipal sewage, and can be used to expand the body of evidence ondgg etebmatic
coliphages and their utility as sewage and viral indicatorsuidies of relevance to water

guality and health.
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CHAPTER 6 Summary, Conclusions, and Recommendations

Summary
This research evaluated somatic coliphages as candidate inmslicatosewage

contamination and the possible presence of sewage-borne pathbgemen viruses in
environmental waters. To investigate the possibility of individual sicroaliphage families
(Microviridae, Myoviridae, Sphoviridae, and Podoviridae) serving as reliable viral
indicators in environmental waters, survival tests were perfbuseng prototype strains to
determine if the families differ in their relative persiste in water. Experiments in which
test waters (reagent grade water and surface water) spéted with prototype positive
strains and incubated at 4 and 25°C showed Wwdviridae as represented by T4,
Microviridae as represented by PhiX174, afiphoviridae as represented by Lambda
survived the longest at both temperatures. Based on these réssitsgncluded that these
virus families are likely to be preferred candidate indicatorsnsStent with previous
findings for other viruses, virus survival was greater at the lower tempeetagied.

For family-level identification of somatic coliphages from prignaewage effluent,
family-specific conventional PCR was developed and applied totsoowdiphage isolates.
By applying group-specific conventional PCR for each of the 4 ntay@nomic families of
somatic coliphages, it was possible to document that the taxonomigostion of the

somatic coliphage population in primary effluent of sewage dtdhngver time. The



Microviridae family became the most prevalent taxonomic group in the sewage fiapula
after several weeks of incubation at 4 and 25°C. Although the majfritgentifiable
somatic coliphages isolates from primary sewage effluerdngell to theMicroviridae
family, some of isolates belonging to thyoviridae family also were detected; no isolates
were identified from th&phoviridae or thePodoviridae families. Based on sequencing and
NCBI database blast searching and mapping, it was possible totsaball PCR-positive
environmental isolates from primary sewage effluent mapped to ¥ Myoviridae family
and ID1, Enterobacteria phage PhiX174 subgroup d¥iilceoviridae family.

Rapid real-time PCR for detecting tMacroviridae family as a possible viral indicator
was developed and successfully applied to samples of primary sefiagnt, seawater, and
groundwater. The primer sets and specific probe of conserved segfidgheMicroviridae
family were used for initial testing and optimization of a TagMeal-time PCR method by
application to PhiX174 as a representative of Bheroviridae family. Using a highly
conserved region of the family for primer and probe design contsibiatethe family
specificity of the newly developed real-time PCR methods. Thelatd curve generated by
TagMan real-time PCR using PhiX174 showed good linearity with overd@®®4square by
correlation analysis and sufficient sensitivity with the lowetedigon limit of 0.3 PFU/mL,
using PhiX174 as a test organism. The generated standard curvesedasoudetect and
guantify members of théMicroviridae family among somatic coliphage isolates from
primary sewage effluent and somatic coliphage enrichment fromagsraand groundwater.
The real-time PCR method for tiMicroviridae family could be applied either directly to

environmental waters or after enrichment with an appropriate host.
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Polyclonal antisera were raised against specific typenstrapresenting the individual
somatic coliphage families dflicroviridae, Myoviridae, Sphoviridae andPodoviridae. The
antisera were raised in rabbits by a commercial laboratang yphage antigens prepared at
UNC in the form of partially purifed coliphage stocks inactivateg either UV or
pasteurization. The partially purified phage stocks used were chesepresentative strains
for each somatic coliphage family: T4 in tlgoviridae, PhiX174 in theMicroviridae, N4 in
the Podoviridae, and Lambda and T1 in tHéphoviridae family. After initial titration of
antisera of each family by plague reduction neutralization, aatitmmunoassay, enzyme-
linked immunosorbent assay (ELISA), and western blots were appliadtisera of each
family to test their sensitivity and specificity. Anti-PhiX17érem reacted with antigens
associated with thE. coli host bacteria, but did not react with the PhiX174 strain itself. Anti-
T4 serum also reacted with antigens of the Bosbli bacteria, and also reacted with somatic
coliphage strains T4 and N4. Anti-T1 reacted with both tBerroli host antigens and the
representative members of Bphoviridae family (T1, Lambda, and HK97). Anti-Lambda
serum reacted with alt. coli host antigens and all phage antigens tested. Therefore, there is
no target phage family specificity by anti-Lambda antiserAnti-N4 serum did not react
with their hostE. coli antigen but only with N4 strain itself.

Anti-T4 and Anti-T1 sera were applied to CLAT assay even though shewed
reactivity with their hostE. coli B. Anti-T4 serum and Anti-T1serum did not react wih
coli CN-13, which was the host used for enrichment of somatic coliphalgéeis from water.
Therefore, Anti-N4 serum, Anti-T4 serum, and Anti-T1 serum vapplied to the CLAT

assay directly for N4ARodoviridae), T4 (Myoviridae), andS phoviridae family detection.
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Both conventional group-specific PCR and real-time PCR foMitweoviridae family
of somatic coliphage were successfully applied to somatiphaaye isolates from time-
course samples of a survival study in sewage effluent producedbly populations in
South Korea (K-water) and North Carolina (OWASA). The survival kgeedf somatic
coliphages at 4°C and 25°C were similar in both K-water and OWgeage effluents. As
in OWASA sewage, th®licroviridae family in K-water became the most abundant members
of the somatic coliphage population over time. All isolates frorter identified as
belonging to theMicroviridae using conventional PCR were sequenced (80 of 176 total
isolates). The best blast matches for the sequencing resuitsneee diverse than the results
of OWASA isolates. The best blast matches for the K-watertiywsisolates in the
Microviridae family mapped to ID1, NC6, ID62, NC11, ID34, NC35, NC28, and WA11.

The enrichment conditions for somatic coliphages were optimized teadec the
inhibition of coliphage replication in seawater by varying cultomedia type, enrichment
time, and seawater sample dilution with reagent water. Ajpimization testing, 7 hour
incubation of undiluted seawater supplemented with LB medium lackatj Was used for
rapid detection in subsequent somatic coliphage analysis in seaaatples. After 7 hour
and overnight (18~ 24 hours) enrichment of seawater samples, enricaigeots were
taken to test for somatic coliphage presence by the spot pldtednét total 115 seawater
samples were compared with rapid enrichment and overnight enntleoiure. Of samples
positive after overnight enrichment, 84% were positive after 7 hatchenent. After
overnight enrichment, samples were taken to detedWtbeoviridae family in the seawater
samples by real-time PCR. There were positive resulteahttime PCR methods even

though overnight enrichment methods showed negative results. This couldabsdef the
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difference of detection limit between enrichment MPN (Most Fyteb&lumber) and real-
time PCR methods. A total of 16 groundwater samples were testednfatic coliphages by
enrichment culture method (Rapid and overnight culture) and the meaPCR method. All
groundwater samples were positive by the PCR method, though ttedu€s of all samples
were higher than 35. Also, the differences of positivity betweenl mmichment culture (7
hours) and overnight culture (18 ~24 hours) methods were not statistically sighific
These new approaches provide new tools for the specific and rajpichtest of the
occurrence and concentrations of somatic coliphages as fedalators of sewage
contamination and the possible presence of enteric viruses in WMag¢se detection methods
make possible rapid water quality assessments based on detmoéingr more of these
somatic coliphage families in water. The new methods developed irsttidg have the
potential to be applied for timely regulation and management tdrwgaality, if additional
studies document the abilities of somatic coliphages to reliabligirhuman enteric virus
presence in and enteric illness risk from water. Thereforenéwve methods of somatic
coliphage detection provide a rapid basis for estimating sewagansination and possibly
enteric viral contamination. However, further investigation is eded determine if somatic
coliphage presence and concentrations are predictive of the presehcencentrations of
human enteric viruses that cause severe gastrointestinalediSes$ studies would thereby
make it possible to determine if somatic coliphages provide addgo#igical water quality

information in timely manner to estimate viral disease risks and ppibtt health.
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Conclusions
o The results of studies on prototype somatic coliphage survival in deealers
suggest that based on their greater persistence in watertiover T4 in the
Myoviridae, PhiX174 in theMicroviridae, and Lambda in the&Sphoviridae are
possible candidates as fecal indicator viruses in water due togteeiter survival

compared to T1 in th8phoviridae and T7 in théPodoviridae.

« Results of studies of twBphoviridae family type strains, T1 and Lambda, suggest

that members of this family may vary in their survival and persistence in.wate

« Virus type, water type, temperature, and incubation time wegnifisant predictors
of somatic coliphage inactivation (p<0.0001) by regression analysisough virus
type was a significant predictor overall, when each individual vigge was
considered separately, PhiX174, Lambda, T1, and T7 were significanttuedi

variables (p<0.0001), whereas T1 was not significant (p=0.3661).

« When regression analysis modelling with an interaction variabke agaessed the
interactions between water type and each individual virus wendisamt (p<0.05),
whereas the interactions between temperature and each individuslware not
significant (p>0.05). Therefore, water type is a more imporfaedictor than

temperature for estimating somatic coliphage reductions.

« Using a conventional, group-specific PCR method developed to identify eachdof the
major taxonomic groupsMicroviridae, Myoviridae, Sphoviridae, and Podoviridae)
of somatic coliphages, it was possible to detect and classify diodivisomatic

coliphage isolates.
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Based on persistence and prevalence in environmental wateggspbalonging to
the Microviridae family appear to be a promising candidate somatic coliphage
indicator group for the presence of sewage contamination and the ppssddace

of human enteric viruses in fecally contaminated water.

The development of PCR-based molecular typing of somatic coliphagesles
improved methods for the study of their ecology and distribution and the
investigations of the possible merits of individual somatic colipliagdies as viral

indicators in water.

The observed results are not fully representative of the soowdifihage population
in the primary sewage effluent because the conventional grougisp&R method
is not able to detect all the members in four major famdiesomatic coliphages.
This could be from either the characteristics of the sewadienations of group-

specific conventional PCR for each family.

A real-time PCR method for thdicroviridae family was developed using a highly
conserved region as the target for designing primers and spe@fe for family-
specific amplification. Good linearity of the standard curve aofjMan real-time
PCR using PhiX174 as a positive control in Meroviridae family demonstrated

the reliability of this real-time PCR method.

The real-time PCR method was more sensitive than a conventiGfahiethod to
detect members of thdicroviridae family in sewage effluent over the time course of

a survival test of somatic coliphages in sewage. The real-tibRerRethod provided
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more rapid and sensitive results fblicroviridae family detection than group-

specific conventional PCR for this family.

Because there were no significant differences in real-B@& Ct values between
different environmental water matrices compared to RNasenater, the real-time
PCR method for th#&licroviridae family was not adversely impacted by nucleic acid
amplification inhibititors and therefore can be applied to varied enviental waters

without inhibition effects from different water types.

Attempts were made to raise family-specific antisera Whare reactive with all
members of a particular somatic coliphage family using reprasenstrains of four
families. This was only successful for tBghoviridae. Other antisera reacted with
individual strains but not with all family members. This could be dusigh family
diversity at the protein level, or the strains chosen may notdresentative of the

entire virus family.

Based on specificity of antisera at individual strain or famevel, CLAT assay was
optimized and applied to detect T4 strain in Mgoviridae, N4 strain in the
Podoviridae and theS phoviridae family among the somatic coliphage isolates from
OWASA. There were no positive results for T4, N4, or Syghoviridae among
somatic coliphages isolated from North Carolina sewage afflUéis could be due

to the lower detection limit of the CLAT assay (ranging fr@mxi 10° to 3x10°

PFU/10ul) or the characteristics of the somatic coliphage pbpunlin sewage from

OWASA.
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Neither the real-time PCR method nor the antibody-based Clkadyamethod could
detect of all individual somatic coliphage families. However,tfa real-time PCR
method, the highly conserved region used for family-specific angtiidic of the

family was effective for theMicroviridae family. The inability to develop CLAT
assays was because there was no sufficient family spgcidif developed antisera

for theMicroviridae, Myoviridae, andPodoviridae families.

Somatic coliphages of thdicroviridae family showed higher persistence and were
the most abundant members of the somatic coliphage populations ireKpsiatary

sewage affluent as confirmed by group-specific conventional PGReal-time PCR.

The results for both OWASA and K-water somatic coliphage isolRiggest that the
Microviridae family is the most persistent and abundant family of somatiphages

in sewage of different geographic origins.

The majority ofMicroviridae isolates in K-water sewage mapped to the following
previously characterized strains: ID1, NC6, ID62, ID34, NC35, NC28 and MVA
which were isolated from locations in South Korea. The clustelysisaof the
Microviridae isolates from K-water showed three subgroups of PhiX174-like,
alpha3-like, and G4-like compared to those from OWASA, which showsdond
main subgroup of PhiX174-like. Therefore, it could be concluded that the
Microviridae strains found in K-water are different from tMicroviridae strains

found in OWASA, NC and are more diversified in genetic relatedness.
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« After optimizing enrichment conditions to decrease incubation timegawater, 7
hour enrichment was still required for reliable somatic coliplgegection, which is

still too long for real-time or same day decision-making.

« Real-time PCR was found to be a more sensitive method than apotplturing for
detection of somatic coliphages in enriched seawater and groundaatples based

on a higher positivity rate of real-time PCR than spot plate culturing.

« The basis for somatic coliphage detection is different fai-trme PCR and
enrichment culture spot-plating. The real-time PCR detectMtbeoviridae family
in a conserved genetic region and the spot plate culturing afteheramt detects
infectious somatic coliphages, with no distinction among different liisniln
contrast, the real-time PCR method estimates the preserte\ictoviridae family,
which appears to be the predominant somatic coliphage family in sanddecally

contaminated water, based on their relative persistence and abundance.

Further study
By family-specific conventional PCR methods developed in this stingymajority of

identifiable somatic coliphage isolates from primary sewaffieieat belonged to the
Microviridae and Myoviridae families and no isolates were identified from fghoviridae
or the Podoviridae families. Further studies are recommended to determine if theg#s
are characteristic of the somatic coliphage make-up of prisemage effluent or if there

could be differences in those families present based on regional and sedsotsl ef
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Reliable viral indicators should be present when human enteric vianegsresent in
contaminated water. Therefore, further studies are needed tonohetdf there is such an
association between thdicroviridae family of somatic coliphage and the human enteric
viruses in sewage and sewage-contaminated waters. Such faktbstigation will provide
better understanding of their associations.

Further improvements of rapid CLAT assays for somatic coliphagesieeded. The
CLAT assay is an easier, faster, and more field applicaklbod than real-time PCR. It is
recommended that efforts be made to reduce enrichment culturetdimieninate antisera
cross-reactivity withE. coli bacteria and possibly other non-somatic coliphage antigens by
purification, to improve detection specificity of different somatoliphage families, and to
improve (increase the lower) detection limit of target somabtiphage families. A
recommended approach to achieve broad but sensitive family-spetéitiole is to produce
polyclonal antisera by serial immunization of the same anim#l yurified somatic
coliphage antigens representative of each major subgroup of a faimgyapproach has the
potential to provide high-titered family-specific antisera tisgpotentially broadly reactive
enough to detect all members of the family, regardless of maupgor strain. Such
improvements in the CLAT assays for somatic coliphages are neended to provide a
more robust system to investigate individual somatic coliphagédidanas candidate viral
indicator groups for sewage contamination and for the presence anatcatiae of human

enteric viruses.
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