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Abstract

A multi-scale approach was used to investigate dbeurrence and physical characteristics of viral
surrogates in water systems. This approach resuitea methodology to quantify the dynamics and
physical parameters of viral surrogates, includiagteriophages and nanoparticles. Physical paeaset
impacting the occurrence and survival of virusesloaincorporated into models that predict thelkwé
viral contamination in specific types of water.

Multiple full-scale water systems (U.S., Italy afwdstralia) were tested including surface watemkirig
water, stormwater and wastewater systems. Watalityjyparameters assessed included viral markers
(TTV, polyomavirus, microviridae and adenovirusacteriophages (MS2 antiX-174), and coliforms
(total coliforms andE. cali). In this study, the lack of correlations betweelenovirus and that of bacterial
indicators suggests that these bacterial indicat@shot suitable as indicators of viral contamorat In

the wastewater samples, microviridae were corr@laighe adenovirus, polyomavirus, and TTV. While
TTV may have some qualities which are consistettt am indicator such as physical similarity to eite
viruses and occurrence in populations worldwide,ube of TTV as an indicator may be limited assalte

of the detection occurrence. The limitations of Ty impede further analysis and other markers such
as coliphages, and microviridae may be easiewutysh the near future.

Batch scale adsorption tests were conducted. iRrobated latex nanospheres were used to model
bacteriophages (MS2 adeX-174) and includes a comparison of the zeta piatisnn lab water, and two
artificial groundwaters with monovalent and divalelectrolytes. This research shows that proteated
particles have higher averagedgpgemovals than uncoated particles. Although, théhoteof fluorescently
labeling nanoparticles may not provide consistad @t the nanoscale.

The results show both that research on virusesyas@ale can be difficult and that new methodolsgiee
needed to analyze virus characteristics in watgiesys. A new dynamic light scattering methodolagga
recorded generalized optical scattering (ARGOShowtwas developed for observing the dynamics of
nanoparticles, including bacteriophages MS2&Kell 74. This method should be further utilized tedtict
virus fate and transport in environmental systenasthrough treatment processes. While the coretimtr

of MS2 is higher thabX-174, as demonstrated by relative total intensktg, analysis of the variations of
intensity over time shows that the dynamics aratgreand have more variationdrX-174 than MS2 and
this may be a result of the hydrophobic natur@¥f174. Relationships such as these should bedurth
explored, and may reflect relationships such asg&bonds or hydrophobicity.
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1.0 INTRODUCTION

A pathogen is a microorganism capable of causigigease in a host. Pathogens are excreted ie¢hs f
of infected humans and animals, and may directlindirectly contaminate water intended for human
consumption (Figueragt al., 2010). Hundreds of different enteric microorgarmssare known to inflect
humans, and more than 140 of them are known wateghqmathogens (Figuerasal., 2010; Reynoldst

al., 2008). Pathogens capable of causing waterbfnaess include viruses, bacteria, and protozoae Th
impact of waterborne pathogens in humans is oftereagastrointestinal disease. Immunosuppressed
subpopulations are more likely to be infected arpgedence morbidity and mortality resulting from
waterborne illness (Reynoldsal., 2008). While testing for all enteric pathogemsliinking waters would
be ideal, it is not practical because of time andrfcial constraints. Therefore, indicator orgardsare
used to assess the potential presence of pathagéricsorganisms (Yates, 2007). Although, in thaifat
next generation sequencing may provide optionafatyzing several pathogens at once.

While bacteria are commonly used indicators of kdnig water quality, disease causing pathogens in
developed countries are more often not bacteriardthier viruses or protozoa (Barwiekal., 2000;
Blackburnet al., 2004; Leeet al., 2002; Levyet al., 1998). In addition, outbreaks in the United Stateay
occur more frequently than recorded, owing to thetéd ability of E. coli to represent viral presence
(Craunet al., 2010). Until recently, it was both difficult atidhe consuming to test for viruses. In addition,
literature demonstrates that viruses and bacteriitators do not co-locate exclusively with infecs
viruses, because coliforms respond differently twirenmental stressors and engineered treatment
processes than do protozoan and viral pathogerza@xbdegaa al., 2008; Hijneret al., 2010; Mayeget

al., 2008; Nasseet al., 1995). Given these limitations, alternative irdars for viral pathogen risk are
necessary.

This research examined indicators of viruses iremsjstems and environmental samples and therifident
characteristics of indicators that are critical poedicting virus behavior. This research is ugigquthat it
includes the investigation of viruses at multipt&les, including full-scale water systems, labesteitch
analysis, and nanoscale particle analysis in dalawvestigate physical characteristics impactiig fand
transport of viral surrogates in water systems.

This research was used to investigate the occuwerand physical characteristics of viruses which may
impact treatment and survival in drinking wateatreent. The outcomes of this research expanditinerd
methodologies of nanoscale research by providingmee specific analysis of particle behavior.
Determining the dynamic behavior of individual npadicles expands the current knowledge of viral
transport in treatment processes, which is maiaeld on size exclusion.

The objective of this research was to examine atdis of viruses in waters systems and identify
characteristics of indicators critical for predngivirus behavior. This research considered veusvater
systems at multiple-scales. The results show Wathresearch on viruses at any scale can be diffiod
that new methodologies are needed to analyze whasacteristics in water systems. The objectives
included nanoscale analysis using time-dependght ficattering to observe phage infection of bécter
and nanoparticle dynamics.

1-1



11

1.2

VIRAL INDICATORS IN FULL -SCALE WATER SYSTEMS

Hypotheses:

e Torque Teno Virus (TTV) is an improved indicator wfal pathogen risk compared to
coliforms and coliphages.

 TTV present in wastewater, and drinking water sas@nd compares to the presence and
concentration of other indicators.

* TTVis correlated to viral pathogen presence intiple matrices and in different geographical
locations.

TTV is a small, unenveloped DNA virus that occurdifferent serotypes between non-human
animals and humans. It may exhibit similar transpbaracteristics to pathogenic enteric viruses
(Bendinelliet al., 2001). The data is used to assess the abilitiyeoindicator systems to evaluate
viral pathogen risk either singly or as a suiténdiicators. The data was also expanded and used
to correlate indicator presence in Pisa, ltaly {drsity of Pisa), and Brisbane, Australia
(Commonwealth Scientific and Industrial Researchgdbization and the University of
Queensland).

Samples collected include animal feces, wastewatetsce waters and treated drinking waters in
four regions of the United States (U.S.) Samplewmonitored for indicators (total coliforiys.

coli, and coliphages), traditional water quality partarge (such as pH, turbidity, total organic
carbon and dissolved organic carbon), and TTV geoge using polymerase chain reaction (PCR)
analysis. Statistical analyses were conductedgudsM’s Statistical Package for the Social
Sciences (SPSS). The Spearman rank correlatioriequaas used to identify correlations among
indicators. An analysis of variance (ANOVA) waddo determine both seasonal and temporal
variability and also specificity to human versusifimiman sources.

The expanded data set included samples from ltlypding pathogen presence in wastewater
treatment plant, and environmental water sampliesirHata includes total bacterial count, somatic
coliphagesE. coli and Enterococci. In addition, data from Austrafialuded the presence of
adenovirus, polyomavirus, TTV, somatic pha@e,coli and Enterococci in stormwater and
wastewater systems.

LAB SCALE ANALYSIS OF VIRAL SURROGATES

Hypotheses:

* Adsorption of viruses is impacted by media progsttionic strength, and pH, and altering
these factors through batch scale tests will pmindight into viral characteristics.

» Arepresentative latex sphere with appropriate aimbsurface characteristics will correlate to
surrogate viruses during batch scale adsorption.

In order to determine adsorption to the removalgroies, 26 nm fluorescent nanospheres and two
bacteriophages, MS2 antiX-174 were studied. The nanospheres used were tatcdatex
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particles and latex spheres coated in casein prot&dsorption factors of surrogate viruses and
nanospheres were compared in batch scale tests ASISI/AWWA B100 filter sand media and
varying water quality. Sorption to a hydrocarbondecane) was also explored in order to study
hydrophaobicity with the use of a microbial adhesiomydrocarbons (MATH) test. Data collected
in the lab scale analysis were used to conductri@lation analysis to determine relationships
between removal rates, nanosphere type, and media.

NANOSCALE ANALYSIS UTILIZING DYNAMIC LIGHT SCATTERING

Hypotheses:

» Using artificial groundwater to provide an aqueeuasironment alters zeta potentials of water
treatment media, and surrogates

» Dynamic light scattering provides information abeirus characteristics including patrticle
interactions and shape

* Virus dynamics in an aqueous environment corretapearticle zeta potentials

Dynamic light scattering techniques were used findelectrostatic properties, and observe time
dependent behavior of the particles including pketkinetics, shape and size. Properties of
electrostatic interactions were determined by erargizeta potential. The magnitude of the zeta
potential gives an indication of the potential gtgbof the colloidal system. Physical propertigfs
the viruses were determined by extracting data fcbanges in the intensity and wave vector of
the scattered light.
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2.0 BACKGROUND

Indicator organisms are used to establish potensél from fecal contamination in drinking waters.
Bacterial groups, such as total coliforms, are com used to indicate the microbiological qualitly o
water and their detection is a component of drigkimter regulations. Total coliforms aBdcoli are used

as indicators of fecal contamination in regulatibgghe United States Environmental Protection Agen
(EPA), the Council of European Communities (CEQ)d ahe World Health Organization (WHO).
However, waterborne viral outbreaks have occumeiieiated drinking water systems where the systems
were in compliance with regulations (Craetnal., 2006). Thus, coliform measurement is an imperfect
indicator of public health risk from viruses.

There are many different indicator organisms, astdone single indicator is appropriate for evenyetyf
water system. Factors including detection methagoland survival rates influence the validity of an
indicator system. The most important attributerofradicator is a strong quantitative relationshgiveen
indicator concentration and the degree of publialtherisk; therefore, a strong correlation betwéss
indicator concentration and pathogen levels id yXates, 2007). Bonde (1966) first described theal
gualities of an indicator. These qualities incladi¢eria for indicators of public health risk arrédatment
efficiency. The requirements for an appropriatiidator state that an indicator should:

» Be present whenever the pathogens are present;

* Be present only when the presence of pathogens iswainent danger (i.e., they must not
proliferate to any greater extent in the aqueows@mment);

e Occur in much greater numbers than the pathogens;
» Be more resistant to disinfectants and to the asgieavironment than the pathogens;
» Grow readily on simple media;

* Yield characteristic and simple reactions enabliag, far as possible, an unambiguous
identification of the group;

* Be randomly distributed in the sample to be exadjiaad

» Grow widely independent of other organisms presghén inoculated in artificial media (i.e.,
the indicator bacteria should not be seriouslyhitbd in their growth by the presence of other
bacteria) (Bonde, 1966).

While this is one definition of indicators, seveadher indicator characteristics have been develdpe
subsequent researchers. These include requirefoeislicators to correlate to health risk and atieus
pathogens, be cost effective, have minimal riskhtoanalyst, be measured in a time- and cost-effici
manner, transport similarly to pathogens in treatna@d the environment, and be specific to thecsoaf
origin (Paymengt al., 2003; Yates, 2007). The American Water Works 8sgmn (AWWA) recommends
that the selection of appropriate indicators ofafemontamination and waterborne pathogens should be
based on their survivability in water, susceptipito water disinfectants, and capability to detecteased
health risks (AWWA, 2006b).
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Indicators can be utilized for many different reasoThese include detection of fecal contamination,
detection of wastewater contamination, determimadifigpotential pathogenic organism presence, treatm
system efficiency, and subsurface transport. Thacehof an indicator is critical for assessmenthef
specific situation for its use. There is no singldicator that is appropriate for all situatioagsd there is
not one single method for analysis. Although themo perfect indicator organism, research is ongto
determine a rapid, relatively inexpensive and asteumethod of assessing the microbial quality dewa
(Yates, 2007)

In the future, there may be option for testingrfartiple pathogens at once. Microarray assays aflaw

for monitoring water quality for multiple pathogeasonce on a real-time basis. Current reseaash h
found that the techniques involved need to be &urtteveloped to overcome issues such as sensitivity
contamination, interference, bias and inhibitioarticularly with environmental samples (Gilbrideal .,
2006; Gironest al., 2010). Alternatively, next generation sequengmides a high throughout put cost
effective method for identifying microorganismsud2yet al. (2013) used next generation sequencing to
identify the microbial community structure of anal@ic wastewater lagoons and determined that next
generation sequencing could be used as a comphmyeassay in identifying members of bacterial
communities not identified by other methods (Duekesi., 2013). In the future, similar methods could be
used for drinking water research.

2.1 TRADITIONAL BACTERIAL |INDICATORS

Various bacterial groups have been commonly usédlicate the microbiological quality of water. 83e
indicators provide a method for identifying the grtial presence of pathogens. Public health réguk
provide specific requirements and methods to aealgk. This is particularly important becausertngse
of wastewater effluent as a drinking water souraagricultural irrigation is becoming more of @essity
in areas in which water is scarce. Exposure tdemager effluent requires additional measures guen
that there are no exposures with negative pubkdtin@npacts (Carducet al., 2009).

The United States (U.S.) has been using bacteiiredasators for water quality since 1914. Currenthe
U.S. Environmental Protection Agency (EPA) requidemking water suppliers to monitor for total
coliforms on a routine basis; the frequency ofitgsts dependent upon system size. If the tothflozm
results are positive, then the suppliers are requiv conduct repeat samplings for total colifoemd also
to test both for fecal coliforms and figscherichiacoli (U.S. EPA, 1989b). Using coliforms as an indicato
of contamination has several benefits based om tbeg history of use and standardized methods for
detection. The coliform group has been used asdicator of water quality for over 100 years; thistory
provides a depth of research knowledge that newadstcannot provide. These data allow researtbers
compare data on past water quality. In additiotaltcoliforms are used worldwide, allowing for aiéd
comparisons of water quality around the world. Tdrey history of use also provided the standardinat
of detection methodologies. There have also bestnt advances in field tests for coliforms, malkirese
tests appropriate for water quality monitoringemote locations where challenges to conducting &boy
tests may exist (ADWG, 2010).
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2.1.1 Coliform Bacteria

Coliform bacteria, termed the “total coliform” gnouare the most commonly used indicator organigms f
assessing the microbiological quality of drinkingter and treated water effluent, and are the pyimar
standard for potable water in most of the worldy(Rentet al., 2003). Coliform bacteria are facultative
anaerobic, Gram-negative, non-spore-forming, indegative, rod-shaped bacteria that ferment lactose
with acid production in 24 to 48 hours at’G5APHA et al., 2012; Ashboltt al., 2001). There are 16
species of total coliforms found in soils, plargad animal and human waste. Standard method&dor t
detection of the coliform group include the mukigube fermentation technique, the membrane filter
technique, and the enzymatic substrate coliform(#BHA et al., 2012). In addition, there are several
other microbiological methods including rapid cudtlbbased methods such as immunomagnetic separation,
(Attinti et al., 2010)/culture, and gene sequence based methodsasypolymerase chain reaction (PCR)
and fluorescencm situ hybridization (FISH) (Ashbolkt al., 2001).

2.1.2 Fecal Coliforms

Fecal coliforms (now commonly renamed thermotolgrare coliform bacteria which grow and ferment
lactose with the production of acid at £€5Bacteria in this coliform subgroup are more riah than
other coliforms of elevated temperature (thermatoig and have been found to have a positive @iroal
with fecal contamination of warm-blooded animalg(feraset al., 2010; Toranzost al., 1997).

Some fecal coliform bacteria, specifically thoshging to the genuklebsiella, have been isolated from
environmental samples in the apparent absencecal pellution(Figueraset al., 2010). Fecal coliforms
display a survival pattern similar to bacterialhmgens, and therefore are limited as indicatopsatbzoan
and viral contamination (Ainsworth, 1990 coli is one of the six types of thermotolerant fecdiffaon
found in animal and human waste.

2.1.3 Escherichia coli

Escherichia coli (E. coli) are thermotolerant coliforms 0.5 to 2uf in size, lack urease and prodyize
glucuronidase (Yates, 2008. coli are often used as a fecal indicator bacteria lsecthey are nearly
always present in the digestive tract of humansadhner warm blooded animals in high numbers (Brenne
et al., 1982).E. coli are also capable of multiplying in the environmelat coli from sewage were shown
to immediately increase by about three;4ag number when simple nutrients were added torabgolil
and fecal coliforms increased by two {ewithin 24 hours when a minimal amount of sewage added
to soil. This indicates that the environment caovigle sufficient means to support the growth afafe
coliforms andk. coli (Byappanahallet al., 1998). In contrast, the presenceEotoli in drinking water
indicates recent fecal contamination because thanism does not generally multiply in drinking wate
systems (Brennest al., 1982). E. coli can be detected in water samples using elevategoetratures and
an enzyme substrate system specifi€ta@oli. The enzyme system allows for fluorogenic detectf
methylumbelliferyl-D-glucuronide (MUG) with methymbelliferyl moiety, which fluoresces after
irradiation with long-wave ultraviolet radiation PAA et al., 2012).

Confusion regarding the use Bfcoli as an indicator organism can occur, as some staa@pathogenic.
Pathogenic strains @. coli have been categorized into seven groups: entérapatickE. coli (EPEC),
enterotoxigeni&. coli (ETEC), enteroinvasivi. coli (EIEC), enteroaggregatie coli (EAggEC), diffuse
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adherent. coli (DAEC), and enterohemorrhadic coli (EHEC), also known as shiga toxin-produckg
coli (STEC). The EHEC/STEC strains inclute coli 0157, a rare strain dE. coli associated with
potentially dangerous outbreaks and illneds. coli O157:H7 has been responsible for illnesses in
recreational swimmers and for deaths linked to fand waterborne illnesses (Ashbalil., 2001; Olsen

et al., 2002) One of the largest waterborne pathogéhicoli outbreaks in the United States occurred in
1975 at Crater Lake National Park in southwesteregn. More than 2,000 individuals experienced
gastrointestinal disease. The causative organ&asrew ETEC strain (serotype 06) that produced ok
labile and heat-stable toxins. This serotype wasd in both water and fecal samples (AWWA, 2006b).

2.1.4 Fecal Streptococci

Fecal streptococci (Schrotetrral., 1999) occur in the intestinal tracts of humand arany animals and
rarely multiply in the environment. FS include ensicocci, streptococci bovis, and streptococci raggii
The preferred FS indicator of human fecal pollutisrenterococci. The EPA recommends the use of
enterocci monitoring in salt water with suitableds defined as 35 CFU/100 mL for a 30-day mean and
104 — 501 CFU/100 mL for a single sample (U.S. ER®386a). This group of organisms has some
advantages over the coliform group as indicatamsluding that these organisms rarely multiply in
environmental waters, are more resistant to treattrpeocesses, are more resilient in environmental
systems, and survive longer in the environmentg¥,a2007)

FS were once thought to be a useful indicatordoaf source tracking. In the 1950s, the fecafauwii to
fecal streptococcus (FC:FS) ratio was proposed rasthod for determining fecal contamination source
(Croft, 1959). A ratio of 4 or greater was thoughtndicate human pollution, whereas a ratio of Zees
may indicate animal pollutiofiFeachem, 1975; Hat al., 1982) This method was found to be inconsistent
and unable to reliably indicate contamination tigreratios between 2 and 4. It was also observatittie
FC:FS ratio is variable and dependent on surrogntiind use, location, and temperature. The ratio is
variable because fecal coliforms and fecal stremioicare found to have environmental survival and
regrowth rates that are different (Ganrebral., 1989) and react differently to temperature ardirsent
particle size (Howell, 1977). The FC:FS ratio wasioved from the ¥5edition of Standard Methods for
the Examination of Water and Wastewater (APHA, 198hen it was determined that different species
had significantly different die-off rates for thadteria in water.

2.1.5 Methods of Detection

In 2004, the National Research Council (NRC) defitiee following ideal qualities for the methods of
detection of indicators:

» Specificity to desired target organism (indepenaémbatrix effects);
» Broad applicability;

* Precision;

* Adequate sensitivity;

» Rapidity of results;

e Quantifiable;
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* Measures viability or infectivity; and

» Logistical feasibility (such as training and pensehrequirements, utility in field, cost, and
volume requirements) (National Research Counc420

In drinking water supply systems, monitoring fotalacoliforms, fecal coliforms, anB. coli is regulated
under the Total Coliform Rule (TCR) (U.S. EPA, 1B89There are several approved methods for coliform
monitoring under the TCR. These methods include Ntost Probable Number (MPN) method, the
Membrane Filtration (Murphyet al., 1983) technique, and the Minimal Medium ONPG-MUG
(MMO-MUG) Test, which is more commonly known as tfeomogenic substrate method.

Standard Methods 9221 includes the MPN method (ABHA, 2012). This method enumerates coliforms
based on the production of acid and/or gas fromozcin liquid media (Ashbodt al., 2001) This method
includes serial dilutions of water samples. Thepomse of coliform presence or absence in the media
indicated for each dilution after incubation. &t&tal tables then are consulted in order to esfénthe
most probable number of coliform, fecal coliform o coli density in the sample (APHé# al., 2012).

The MPN method detects total coliforms based onathiéty of the coliform group to ferment lauryl
tryptose broth or lactose broth and produce acibgas within 24 + 2 hours or 48 + 3 hours at 355°0.
Fecal coliforms are measured by inoculating EChovath a portion of each sample, incubating at 44.5
0.2°C and assaying for gas production within 24hedrs. (APHAet al., 2012)

Standard Methods 9222 includes the membrane fdtrgfMF) method which involves passing a water
sample through a 0.48n (pore size) filter, which traps bacteria and otteaticulate matter. This filter is
then transferred to a saturated pad of m-Endo ardmace Experimental Station (LES)-Endo broth (for
total coliforms) or m-FC broth (for fecal coliforing a petri dish (APHAet al., 2012). The petri dishes
are incubated at 35 + 0.5°C (for total coliforms)yd.5 + 0.2°C (for fecal coliforms). After 24 tHdurs

on m-Endo or LES-Endo broth pads, total coliforrppear as pink or dark red colonies with a metallic
green surface sheen. Colonies are counted undesecting microscope and reported as colony forming
units (CFU) per 100 mL sample. Fecal coliforms identified as blue colonies on m-FC broth pads and
contrasted with gray or cream-colored non-fecalfa@whs. E. coli are confirmed by subculturing fecal
coliform colonies onto nutrient agar containing MWGbstrate. Samples are incubated for 4 hours at
35 * 0.5°C, during which timE. coli positive colonies become delineated with bluertdsoence (APHA
etal., 2012).

The enzyme substrate method was developed becdiSeald MF have several disadvantages, including
lengthy incubation times (up to 96 hours for MPNhfiimnation), potential interference by heterotraphi
plate count (HPC) bacteria, and difficulties ineimqireting results as a result of bacteria are steor
injured. Injury may be related to a number of dast including time and temperature of exposure,
disinfection levels, strain of organism, concemrabf nutrients, presence of heavy metal iongguntistic
standard plate count bacteria, and possibly otlvetefined chemical and physical parameters (McEeter
et al., 1982). In addition, separate testing proceduresequired to detect fecal coliforms. The enzyme
substrate methods for coliforms alBdcoli were introduced in the 1990s. An advantage ofmezbased
methods is they also detect traditionally non-aualle coliforms(Ashboltet al., 2001) These methods
allow for significant improvements in the recoverand identification of indicator bacteria. Thewne
substrate methods also allow for detection by $igeenzyme substrates without harsh selective agent
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The enzyme-based method allows for a less comptexgretation of results for both total coliformsda
E. coli within 24 hours with a reported detection sengitiof 1 CFU/100 mL (Olsomt al., 1991)

Standard Methods 9223 includes the Colilert® Meth@blilert® utilizes two active substrates,
o-nitrophenyl-p-D-galactopyranoside (ONPG) and 4hylembelliferyl-p-D-glucuronide (MUG), which
are combined to simultaneously detect total cafiforandkE. coli. Total coliforms produce the enzyme
B-galactosidase, which hydrolyzes ONPG and therel®ases o-nitrophenol, to produce a yellow color.
E. coli produces the enzyme P-glucuronidase, which hydesiivUG and forms a fluorescent compound
that can be detected using a longwave UV I{@RHA et al., 2012) In a study of 261 drinking water
samples and 77 bathing water samples analyzedpiicdte by Standard Methods, the Colilert® method
was found to be more sensitive than multiple t@oméntation or membrane filtration in detectingfoom
bacteria and of equal sensitivity in detectiBgcoli (Eckner, 1998). Additional information on this
methodology is included in the Research Methodst{@e5.0).

2.2 WNITED STATES DRINKING WATER REGULATIONS

Current drinking water standards rely on bacténidicators such as coliforms to identify contamiomt
For example, the EPA Safe Drinking Water Act inélsdhe Total Coliform Rule which is based on the
premise that, “the presence of any coliforms imkirig water suggests that there may be diseaséagaus
agents in the water” (U.S. EPA, 2010b). Specificathe Total Coliform Rule includes a maximum
contaminant level (McLennagt al., 2009) of 5 percent positives among monthly sampée total
coliforms in drinking.

Drinking water standards based on coliforms arel tiseoughout the world. The United States Federal
Governments formally implemented drinking watenstds in the late-19th and early 20th Centuribs. T
United States Public Health Service (U.S. PHS) established in 1893 by the Interstate Quarantine Ac
(U.S. Public Health Service, 1893) and was taskiidinvestigating infectious diseases and drinkirager
standards. The Interstate Quarantine Act was andemdd 912 with the first Federal drinking water
regulation, which prohibited the use of common kirig cups on carriers of interstate commerce (U.S.
Public Health Service, 1912).

In 1914, the U.S. PHS adopted, as an amendmeme tt893 Interstate Quarantine Act, the Bacterickalgi
Standard of Purity for Drinking Water Supplied e tPublic by Common Carriers in Interstate Commerce
(U.S. Public Health Service, 1914). Interstateiees (such as passenger trains) that supplied watbe
public were required to meet new standards. Therier established included a 100 organisms/mLtlimi
for total bacterial plate count, and not more tlbae of five 10 organisms/mL portions of each sample
examined could contaiBacillus coli (now calledE. coli) (U.S. Public Health Service, 1914). In 1917 the
American Water Works Association recommended thatstandard be considered for all water works, not
only for interstate traffic (Orchard, 1917). Whilee Federal standards applied only to the inter$taffic,
states generally used these standards in develdpa&ig own state-level regulations for public water
suppliers (Roberson, 2011), and by 1970 all 5@statcepted these standards (some with modifisjtion
as regulations or guidelines (Oleckno, 1982). Thadards were amended in 1925, 1942, 1946, and 1962
and later were used to develop comprehensive Hextaralard¢U.S. Public Health Service, 1962; 1946;
1943; 1925). These early guidelines were impoitaptomoting filtration and reliable chlorine di&ation
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as part of the multi-barrier concept for treatmamd virtually eliminated waterborne typhoid feverthe
1940s (Roberson, 2011).

In 1970, the U.S. PHS published results of a suofgyublic water systems and their compliance whth
standards (McCabet al., 1970; U.S. Public Health Service, 1970). The wtiodind that 41 percent of the
systems surveyed did not meet the guidelines ésttalol in 1962. The study found widespread defiéesnc

in drinking water quality, public health risks fromaterborne diseases, poor operating procedures for
drinking water treatment, and inadequate treatrfamlities. The U.S. PHS concluded that there wee
enough established drinking water standards torensiblic safety and recommended Federal monitoring
standards (U.S. Public Health Service, 1970). Eselts of the study generated interest in Fedaffal s
drinking water legislation.

In addition to the impact of the U.S. PHS study,ekitan citizens became more aware of environmental
issues during the 1960s and 1970s, spurred by @eich as the publishing of Rachel Carsd@ilent
Soring (1962), the media attention from buried hazardoast&in the Love Canal neighborhood of Niagara
Falls, New York, and the first Earth Day (1970)bRuiinterests led the Federal Government to cansid
more comprehensive environmental regulations, wivghld be implemented and overseen by the newly
created Environmental Protection Agency (EPA). ERA was established for the purpose of protecting
human health and the environment in 1970 by exesutider Reorganization Plan No. 3 to the United
States Congress, creating the EPA as a singlepémdient agency from a number of smaller arms of
different Federal agencies (Nixon, 1970).

2.2.1 Safe Drinking Water Act

The EPA became the Federal agency for administémapral drinking water standards with the passage
of the Safe Drinking Water Act (SDWA), Title XIV dhe Public Health Service Act, which was signed
into law on December 16, 1974, as Public Law 93-62%. EPA, 1974). The EPA was authorized to set
national drinking water regulations, conduct splestiadies and research, and oversee the implen@mntat
of the act. The new drinking water standards viregdemented as a result of concerns for chemicdl an
microbial contamination in drinking water. Thesgukations were based on the drinking water stargdard
established by the U.S. PHS. The SDWA establisheeharelationship between local, state, and Federal
officials in providing citizens with safe drinkingater. The act required the establishment of pymar
drinking water regulations designed to ensure gdfiking water for the consumer (AWWA, 2006a).

The SDWA has been amended several times since 87dding 1977, 1979, 1980, 1986, 1988, 1996,
and 2002 Tiemann, 2010). The most substantial amendmeats passed in 1986 and 1996. The 1986
amendments were motivated by several issues, imgjudonitoring reports detailing water contaminatio
by organic chemicals and pathogens, and techriealees in analytical methods and treatment presess
(Tiemann, 2010). The 1986 amendments requiredetipdation of 83 specific contaminants by 1989, and
then required 25 additional contaminant regulatevery 3 years after 1989 (U.S. EPA, 1986b).

The SDWA was again amended in 1996. The amendnmegtsre EPA to strengthen protection for
microbial contaminants and disinfection byprodudise amendments also replaced the requirement for
the pace at which contaminants were regulated avitbquirement to decide every 5 years whether to
regulate at least five contaminants based on tieurrence and risk to public health. The amendsnent
included specific requirements for regulating arsatisinfection byproducts, microbial contaminaraiisd
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radon. The amendments also added programs for dnvaéling water systems; required water systems to
provide annual drinking water quality reports; pd®d for a state revolving fund (SRF), a low ingglean
program to implement drinking water infrastructprejects; and increased requirements for sourcerwat
protection areas. In addition, the amendments dediseveral requirements for the EPA, includinghgea

to the standard setting process, and requiremengnfilyzing risk and costs for new standards (BF,
1996)

The 1996 amendments also defined the standardgetibcess for the Contaminant Candidate List (CCL)
and the resultant Regulatory Determinations (RD€)L is the list source of priority contaminants tmo

or anticipated to occur in public water systemsas@&l on this list, research is conducted and RBs ar
established. The first CCL (CCL 1) of 50 chemigatsl 10 microbiological contaminants was publistmed i
March 1998 and CCL 2 of 42 chemicals and 9 microigical contaminants was published in February
2005. The CCL 3 was published October 2009 anduded 104 chemicals and 12 microbiological
contaminants. In 2012, the EPA requested contarhinaminations for CCL 4 (Roberson, 2011; U.S.
EPA, 2012).

The SWDA was most recently amended in 2002 with ghssage of the Public Health Security and
Bioterrorism Preparedness and Response Act of 2082. amendments include requirements for
community water systems serving more than 3,30Wichehls to conduct vulnerability assessments and
prepare emergency preparedness and response Fians.are also requirements for the EPA to conduct
research on preventing and responding to terroristher attacks (U.S. EPA, 2002)

Overall, the SDWA and its amendments created adowated set of programs and requirements to ensure
drinking water safety. These requirements form dtiple barrier approach that includes technical and
managerial barriers in order to assist in the pgrége of contamination and include specific limits
biological and chemical contaminants. The followsaegtions focus on the microbial rules, which aosim
relevant to this research because drinking wasgrdsirds currently rely on bacterial indicators rideo to
indicate potential risks from pathogens.

2.2.2 Surface Water Treatment Rules

In 1989, the EPA published regulations for Filivati Disinfection, TurbidityGiardia lamblia, Viruses,
Legionella, and Heterotrophic Bacteria. Together these réigulsconstitute the Surface Water Treatment
Rule (SWTR) (U.S. EPA, 1989a). The SWTR was insdwnder the 1986 SDWA amendments which
required the EPA to protect the public from wateneodiseases, and to require disinfection and set
minimum removal efficiencies for specific pathogg@WWA, 2006a; U.S. EPA, 1986b}t requires
community water systems to disinfect all surfacéengmor groundwater sources under the direct inflae

of surface water and requires filtration for mostface water sources. The SWTR also requires water
systems to use both disinfection and filtration gesses as part of the multi-barrier approach. The
requirements may also be met through disinfectimhwaatershed protection if the drinking water seurc
complies with the steps to achieve a filtrationidaace waiver (U.S. EPA, 1991; 1989a).

The SWTR imposed turbidity limits on filtration gresses. The SWTR requires threeidd§9.9%)
removal and/or inactivation foGiardia cysts and four log (99.99%) removal and/or inactivation of
viruses. To meet these requirements, treatmentsplaceive log credits for filtration and for disinfection.
Loguo credit for filtration is based on the type ofdilf and the plant must meet filter effluent turtyidimits.
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Logio credit for disinfection is based on disinfectaohcentration (C) and exposure time (T) needed to
inactivate pathogens. The required C-T is depdngen disinfectant used, pathogen, and water tguali
parametersLastly, the SWTR requires both a minimum leveledidual disinfectant to be maintained in
the distribution system and a maximum level of idit» not to be exceeded (U.S. EPA, 1991).

The 1996 SDWA amendments required the EPA to erhtrec SWTR. Since 1996, the SWTR has been
modified several times to balance the risks betwm@robial pathogens and disinfection byproducts
(DBPs). The enhancements were included becausmraferns about waterborne disease outbreaks
associated witkCryptosporidium, specifically the Milwaukee, Wisconsin, outbreakl®93 that resulted in
over 100 deaths and approximately 400,000 incidentgastrointestinal illness (MacKenzsteal., 1995).
Modifications to the SWTR were achieved throughgoessive rulings for the long-term treatment of
surface waters. These rules include the InterimgL®erm Enhanced Surface Water Treatment Rule
(IESWTR), the Long Term 1 Enhanced Surface Wateaiiment Rule (LT1), and the Long Term 2
Enhanced Surface Water Treatment Rule (LT2) (Ralmer2011)

The IESWTR was enacted in 1998 and became effeat@@02. This rule included maximum contaminant
level goals (McLennagt al., 2009) of zero foCryptosporidium, and 2 logy removal ofCryptosporidium

for filtered systems. The IESWTR requirements iggpto systems serving greater than 10,000 people.
The LT1 was enacted in 2002 and became effecti2®@%b. The LT1 expanded the IESWTR to include
public water supply systems serving 10,000 or fepemple (AWWA, 2006a; U.S. EPA, 2010a)

The LT2 promulgated in January 2006 addresses higdiepublic water systems, including filtered et
systems with high levels @ryptosporidiumin their water sources and all unfiltered watestegns. Water
systems initially monitored their water sourceslébermine specific treatment requirements. Moiitpr
involves 2 years of monthly sampling f@ryptosporidium. Small filtered water systems are allowed to
monitor first forE. coli, which is less expensive to analyze, and then wditor for Cryptosporidium if

the E. coli results exceeded regulated concentration levelS.(BPA, 2010a)The systems are then
classified based on the results. The classifinatietermine the amount of additional treatmentired
with the majority of systems expected to requiradditional treatment. All unfiltered systems srguired

to provide 99 percent (2 lagy or 99.9 percent (3 lag) inactivation ofCryptosporidiumbased on the results.
Filtered systems are required to provide 90 per¢eribgo) to 99.7 percent (2.5 leg reduction in
Cryptosporidium based on the monitoring results. Treatment anthigement are then accomplished with
a variety of strategies, termed “a toolbox apprbach

2.2.3 Groundwater Rule

EPA expanded the control of microbial pathogensi¢tude water systems with groundwater sources by
implementing the Groundwater Rule (GWR). Grounawaburces were previously regulated under the
1989 Total Coliform Rule. The primary goal of tB&VR is to identify groundwater systems that are
susceptible to fecal contamination and to removeairtivate pathogens in these waters (U.S. EPB6RD
The GWR was promulgated in 2006, and implementategan in 2009. A reduction in groundwater
outbreaks is expected similar to that seen witlirtigementation of the SWTR for surface water syste
(Craunet al., 2010)

The GWR was developed in response to the 1996 SRWAndments that required the EPA to develop
regulations that require disinfection of groundwagstems “as necessary” to protect public he&tls (
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EPA, 1996). The EPA determined that extensive mplaater source protection be included in the SWDA
after several documented outbreaks of waterborti@gans in drinking waters from groundwater sources
The EPA specifically identified over 20 cases inuad outbreaks associated with onsite wastewater
treatment systems, wastewater collection systerastewater effluent, stormwater infiltration, animal
waste, and water storage and distribution sys{éh$. EPA, 2006c).

The EPA included several components in the GWR. GN¢R includes periodic sanitary surveys of
groundwater systems, source water monitoring fdlsweth positive fecal indicator results, complézn
monitoring to ensure disinfection treatment, anllintary actions including hydrogeological assesgmen
to identify wells sensitive to fecal contaminatioSource water monitoring is included for all sysse
Systems with significant deficiencies or fecal @nination must eliminate the contamination source,
correct the deficiency, use an alternative soufceaier, or provide treatment which achieves astlea
99.99 percent (4 lag inactivation and/or removal of viruses (U.S. ERAD6C)

2.2.4 Total Coliform Rule

The Total Coliform Rule (TCR) was enacted in 1988 amproved upon the 1975 EPA Total Coliform
standards, which were based on total coliform dgnEhe goal of the TCR is to deliver safe drinkimgter
both by detecting potential issues with drinkingevasupplies and infrastructure, and also by enguhe
integrity of drinking water. Detection of total @olrm indicates the potential for fecal contamipatiof,
breakdowns in the integrity of, or bacterial growvttihe distribution system. The TCR applies tegablic
water systems, including systems with surface watdrgroundwater sources. Total coliforms arezetili

as an indicator because they are more prevalent&hali or fecal coliforms, and the detection methods
are relatively simple and inexpensive (U.S. EP/AQA.

The TCR requires public drinking water systemsatuatinely monitor for total coliforms. The frequgnc

of testing is determined by size and type of syst&ystems that serve fewer than 1,000 people asiy t
once a month or less frequently, while systems ®@/000 customers test 60 times per month and those
with 2.5 million customers test at least 420 tippes month. Each system is required to have a sagnpl
location plan that monitors the water quality thgbaut the entire system. If total coliforms aréedeed,

then the public water supplier (PWS) must condepeat sampling. If repeat sample tests are pediiiv
total coliforms, then the positive samples testeddcal coliforms ané. coli. The TCR also set the MCLG

for total coliforms at zero and the MCL at no mthran 5 percent of the required monthly sample#nigst
positive (AWWA, 2006a).

The TCR includes a public notification processa PWS has a monthly MCL violation, they must notif
the state by the end of the next business day atify the public within 30 days. Systems with rioetor
repeat samples that are fecal coliformEorcoli positive must notify the state by the end of thy dnd
notify the public within 24 hours (U.S. EPA, 1982h;

There are several issues with implementation offtbR. The local utility typically has limited cant of
coliform entry pathways, and water quality can depromised by construction, main breaks, or househo
plumbing. In addition, the total coliform resuétee sensitive to frequency of sampling and timifithe
sampling. It is possible for a water supplierdket extra samples in order to avoid incurring a thign
TCR violation, termed “sampling out” (Bennestiral ., 2009). Results can be impacted by the day they a
collected, for example, if there is temporary coungion, or if there are sudden population changdse
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rule requirements are complex and include varigniod®ew up sampling, and the notification process.
There are also laboratory issues with weekend atiitly, laboratory locations in relation to remaiées,
sample holding time, and lack of a specific timanie for laboratories to report results (U.S. ER¥,0L)
There are also public health concerns with thecgdince TCR indicators may not be suitable for som
fecal contamination such &ardia, Cryptosporidium and non-fecal pathogens suchLagionella (U.S.
EPA, 2006a).

The EPA published the Revised Total Coliform RURTCR) on February 13, 2013. The revisions
incorporate recommendations from a Federal advismmmittee comprised of a broad range of
stakeholders and consider public comments recadueithg a public comment period held in fall 2010.
The RTCR stipulates that all of the 155,000 pulstider systems in the U.S. that provide drinkingewab
over 310 million people must take steps to pree@pbsure to pathogens suchkagoli. Under the revised
rule, public drinking water systems have to notig public if a test exceeds the maximum contantinan
level forE. coli in drinking water. Public water systems and tla¢esand local agencies that oversee them
must comply with the revised rule from April 1, Z)Lintil then, public water systems and primacynaggs
must continue to comply with the 1989 version @& thle (U.S. EPA, 2013).

2.3 WATERBORNE DISEASE OUTBREAKS

For an outbreak to be defined as a waterborneshismatbreak, two or more persons must have expeden
a similar iliness after exposure to water and tseake agent needs to be epidemiologically linketihte
and location of exposure to water. In addition, ¢épégdemiological evidence must implicate waterhaes t
probable source of illneg€raunet al., 2010) Contamination in drinking water systems can odour
systems with surface water and groundwater souftescontamination may be a result of lack of treatt
or to inadequate treatment. In addition, contationanay be traced back to the distribution systestead
of the source waters.

The Centers for Disease Control and Prevention (OD&intains data on waterborne disease outbreaks
and has data dating back to 1971. State and jpoddic health offices are responsible for detecting
investigating outbreaks. These agencies volugiteeport these outbreaks to the CDC. Many watewdor
disease outbreaks go undetected, and for thoseealitbthat are detected, a causative agent is often
identified (Hrudeyet al., 2007) Most outbreaks go undetected on account of sebasit limitations in
public health monitoring. There are occasions wihendetection methods are insufficiently sensiéae
cannot capture a full range of pathogens; in sasks, monitoring is generally not in real timeaddlition,
monitoring methods cannot directly determine irfétst of most pathogens (Hrudey al., 2007)

In 2006, the National Research Council estimatatidhly a small portion of outbreaks were repoeed
that reporting does not address total possibleraiwdiéiness risk. This estimate is based on themgpgion
that if low levels of contaminants enter a systemw affect small numbers of persons, an illness tnigh
be recognized and investigated as an outbreakrefidne, the possible detection of an outbreaksrisely
proportional to the population of an area (NatidResearch Council, 2006).

In the 20th Century, there have been several warteebdisease outbreaks caused by viral pathogens in
drinking water systems for which coliform testirggults were negative. The absence or low concamtrat
of fecal bacteria in source waters does not nedgssarrelate to the absence of enteric virusess(,
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1998; Jiangt al., 2007). Although bacterial presence is commongdus evaluate drinking water quality,
disease causing pathogens in developed countreesnare often viruses or protozoa than bacteria.
(Barwick et al., 2000; Blackburret al., 2004; Leeet al., 2002; Levyet al., 1998). Many more outbreaks
like this may occur the United States and go uruleteowing to the inconsistencies Bf coli as a
representative of viral presence (Craual., 2010).

In the period from 1971 to 2006, the CDC confirnT@) waterborne disease outbreaks associated with
drinking water supplies in the United States. Tkalth outcomes attributed to these outbreaks declu
acute gastrointestinal illness (87.8%), hepatBi3%), acute respiratory illness (3.1%), and umehefior
mixed illnesses (5.4%). The origin of the diseasesetiology, was determined for 432 (55%) of the
780 outbreaks. The etiologies include parasit@s3¢d), bacteria (16.6%), chemicals (11.5%), viruses
(8.2%), mixed agents (0.8%) and the remaining aehown (45%). The outbreaks caused by viral
pathogens were mainly attributed to norovirus (%3.and Hepatitis A (45.3%) (Crawhal., 2010).

The factors contributing to outbreaks included fexavastewater contamination, inadequate knowledge
of source waters, inadequate disinfection, extrammather events, filtration failures, distributicailfires,
and operation and maintenance failures (Hruetegl., 2007). During the period from 1971 to 2006, the
CDC identified 801 deficiencies in 780 outbreakbeTmajority of the outbreaks involved the use of
contaminated groundwater with no treatment or rofeed treatment (52.7%). The other major types of
deficiencies included contaminated surface wat8t5%) and contamination within the distribution or
plumbing system (18%) (Crawet al., 2010) Many of these events occurred during heavy pretipit.
Approximately, 50% of outbreaks were associatetl precipitation events above the 90th percentiid, a
68 percent were associated with outbreaks abov8atiepercentile (Hrudegt al., 2007) This 36-year
time period also featured a decrease in the ammuaber of drinking water outbreaks as a result of
improved drinking water standards, changes in watstem management, and improvements to drinking
water infrastructure. The decrease in the propomiooutbreaks associated with untreated or impigpe
treated surface water occurred after the promugaif the SWTR and associated amendments(Gaiaun
al., 2010).

2.3.1 Surface Water Source

Contamination of surface waters by pathogens ismi@ggnt upon the surrounding watershed. Watertguali

is impacted by several watershed qualities, indgdand uses (such as impervious surfaces), surface
elevations, soils (type/slope), and populationdwarihrans and animals. This knowledge motivated New
York State to embark on comprehensive watershecahgament with treatment measures ranging from
discouraging birds from roosting on the source vedie upgrading wastewater treatment plants witftén
watershed to include tertiary treatment. In additibie occurrence of pathogens in surface watsigtdy
variable, depending on heavy rainfall events (R&dswi al., 2008) This is often a result of combined and
sanitary sewer overflows (CSOs and SSOs, respggtiiaring wet weather conditions, which correspond
to high loads of indicator organisms and pathogemsiring dry weather conditions, effluents from
wastewater treatment plants represent a major adargathogen contamination (Astraaral., 2009)

The majority of the reported outbreaks associatétl surface water have been in small community
systems, and the absolute numbers of outbreaksdeoreased since 1982. The decrease in numbers of
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waterborne disease outbreaks per year is signifarash attributable to improved water treatment icas
stemming from SWTR compliance (Blackbuatral., 2004; National Research Council, 2006).

The largest waterborne disease outbreak documentdtle United States occurred in Milwaukee,
Wisconsin, in 1993. The outbreak was caused Qoyptosporidium, with over 400,000 cases of
gastrointestinal illness (MacKenze al., 1995) and over 100 deaths associated with crgptadiosis
(Hoxie et al., 1997). During the outbreak, the water supply alestandards for coliform bacteria. The
outbreak was associated with both deterioratidgherraw water quality and a simultaneous decreetiei
effectiveness of the coagulation and filtrationgasses, which together led to an increase in tality

of treated water and inadequate removalCofptosporidium oocysts (MacKenziet al., 1995) The
epidemiological report indicated that the dischdrgm the sewage treatment plant was responsiblkiéo
contamination of the southern raw water intake (&iat., 1996). At the time, water quality standards did
not include testing foCryptosporidium (Hrudey, 2004) SDWA was amended to prevent future similar
outbreaks, as discussed in Section 2.2.

Additionally, viral outbreaks in drinking water $gms with surface water sources have occurred in
developed countries. This is despite compliandh wiinking water regulations that included regular
testing for coliforms. A Finnish municipality, Heivesi, experienced an outbreak in 1998 of 542 poefi
primary cases and an estimated 1,700 to 3,000 casesite gastroenteritis. Retrospective epidergipl
was conducted to find the source of the infectiding investigation identified norovirus group lltneated,
untreated, and tap water samples. The same siraiarovirus was found in fecal samples of infected
individuals. The drinking water source was LakerKajarvi, a body of water local to Heinavesi, ahd t
treatment processes included sand filtration afatictation. The contamination source remains umkmo
although coliform bacteria were routinely examiireen environmental laboratory and were found tetme
requirements. This outbreak occurred despite t@gipal water samples being continuously negdtive
fecal coliforms prior to the outbreak (Kukkuwgal., 1999).

Similarly, an example of a viral outbreak causexhfra drinking water system that complied with water
guality regulations occurred at a ski resort in N@aland in 2006. There was an outbreak of gagiedts
with 48 and 83 resort staff members absent fronkwwih acute gastrointestinal illness on July 28 a8,
2006, respectively. The resort complied with dngkivater standards with the presence of total ol
andE. coli monitored weekly. Testing produced a positive ltefeu total coliforms on July 27; however,
E. coli were not detected in this sample. Both the estiadf and the resort’s visitors during this period
were surveyed, and 218 cases of gastroenteritie wientified (115 ski resort staff and 103 visijors
Virological investigations identified norovirus gno | (GI/5) in fecal specimens from affected pessand

in the water supply, thereby establishing a linkbgeveen infection and the source water, a susgect
contaminated surface water (mountain stream) sotlifée outbreak indicates that despite complianitie w
regulations (including required monitoring of colims), norovirus was able to contaminate the ressort
drinking water (Hewitet al., 2007).

2.3.2 Groundwater Source

Groundwater supplies were historically thought éofiee of pathogenic microbes because the subsurfac
environment would naturally filter pathogens. Mioral contaminants leach into groundwater in many
ways, including poor wastewater management or depdources include effluent from septic tanks,
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underground storage tanks, landfills, or even ahwaate from sources such as poor management @f lan
application of manure (Reynoldsal., 2008) Borchardt al. (2003) studied the probably of contamination
in the subsurface environment by testing househ@llis compliant with state well installation codes.
Results showed that 8 percent of wells were \passtive; these wells tended to be in coarse textspils
and were all located in subdivisions served byiseyystems (Borchardt al., 2003)

Outbreaks in groundwater systems emphasize theriemme of maintaining adequate, continuous
disinfection. The GWR was promulgated in 2006ddrass groundwater outbreaks such as those igehtifi
in the occurrence studies identified by the EPAhim GWR data availability notice such as Pennsy&/an
(1978), Georgia (1980), Arizona (1989), Alaska @Q%nd Wyoming (2001) (Belleet al., 1997;
Goodmanet al., 1982; Lawsoret al., 1991; Parshionikagt al., 2003; Wilsonet al., 1982). The GWR
focuses on identification of deficiencies, protentof wells and springs from contamination, andjating
disinfection where necessary to protect againstebat and viral agents. When fully implementecs th
GWR is expected to reduce groundwater associatibdeaks, similar to the decreases observed incrfa
water outbreaks after enactment of the Surface Wateatment Rule (1974) and its subsequent
amendments (Brunkasd al., 2011).

Outbreaks associated with viruses in drinking waystems have been identified in groundwater system
in compliance with regulations. An outbreak of Natkvlike virus occurred in 2001 in Wyoming after
contamination of the groundwater supply. The 35stgiat a snowmobile lodge, who had recently stayed,
were identified with acute gastroenteritis. Theboeak was attributed to geological conditions ia déinea
and an overloaded sewage disposal system at the.ldtle sandy, porous soil had poor adsorptiontegsal
and permitted rapid water percolation, which desedathe soil’'s ability to filter pathogens (Andersd

al., 2003)

Similarly, 229 patrons and employees of a new weatd in Door Peninsula in northeastern Wisconsin
were affected by acute gastroenteritis in June 200¥e restaurant had opened 3 weeks prior andihad
newly constructed drinking water well and septisteyn in compliance with Wisconsin State Code. An
epidemiological investigation identified norovirimsthe source water, which resulted from contanibmat
by construction anomalies in the septic systematimated zones are assumed to protect groundwarer f
contamination by pathogens, but the Door Penirmutlareak occurred despite a 35-meter thick unsistdira
zone beneath the septic system demonstrating therability of karst formations. A dye tracer teBbwed
that the septic system did not significantly ategeuhe dyes, and viruses were observed in grousdwa
down gradient of the septic system (Borchatdt., 2011)

2.3.3 Distribution System

Waterborne pathogens can enter into the distribugistem as a result of low water pressure, baokflo
cross connections, and contamination of municigakwstorage tanks. Little is known about the rebxbé
distribution system inadequacies and whether theyporadic or continually occurring. Outbreaksgeha
been documented following external contaminatiorthi@ distribution system despite the presence or
requirement of residual disinfectant (Craetnal., 2006; Reynoldst al., 2008) Distribution system
outbreaks have been attributed to chemicals (coppardane, ethylene glycol, and others) and rbiaio
contaminants, including enteric protozdaidrdia, Cyclospora), enteric bacteriaSadmonella, Shigella,
Campylobacter, andE. coli O157:H7) and enteric viruses (noroviruses and kigpA virus) (Crauret al .,
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2001; National Research Council, 2006). While cesikis attributed to distributions systems constigute
relatively small proportion of total outbreaks, h@vas no statistically significant change in tineal
number of distribution system deficiencies in pabliater systems since 1971. This signals the niégess
of additional efforts in order to reduce this r{€kaunet al., 2010).
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3.0 INDICATOR SYSTEMS FOR VIRUSES

As a result of outbreaks despite compliance withrezu drinking water regulations, a new indicat®r i
necessary to better characterize water qualityicodarly in terms of potential viral contaminatioif here

are several qualities required for a new indicat@mtem to be considered useful. An effective iatdic
needs to be relatively inexpensive, reliable to moonsafe to work with in the laboratory and dét¢elc
when pathogens are present. Identifying a new atdicrequires the development of a standard assay,
monitoring of the incidences of the indicator, amghntification of the indicator in several diffeten
environments or ecosystems. Once a standard matibdjuantification of the indicator is complete, a
potential indicator should be evaluated for thespree in drinking water sources, and assessedjthoat

the unit processes of drinking water treatmentalyinthe usefulness of an indicator is dependenthe
occurrence of the indicator when pathogens areeptd&DWG, 2010; Griffinet al., 2008; Yates, 2007).

3.1 INDICATOR AND PATHOGEN ALTERNATIVES

Several researchers have suggested either coliplagmtential indicators of viral risk or direetipogen
monitoring using adenovirus or norovirus (Abbaszaahest al., 2008; Jianget al., 2001; Kopeckaet al .,
1993; Metcalfet al., 1995). Viruses have been shown to correlate mioeetly with other enteric viruses
than fecal bacteria do in the environment and thindneatment processes (Cardugtcil., 2008; Jianggt

al., 2004). Coliphages resemble many enteric virus#seir physical structure and morphology, and can
be detected by plaque assay (Ashbidi., 2001). Some groups are rarely found in individuahan feces,
and some can replicate in the environment (Leaeat., 2000; Longet al., 2005; Muniesat al., 2004).
Coliphages are considered potential indicators umeaf their high population counts in wastewades
their relatively high resistance to chlorinationa@deret al., 1993). Male-specific coliphages are present
in much lower concentrations, can vary by speciesl are capable of distinguishing between fecal
pollution of human and animal origin (Lecleet al., 2000). Noroviruses have also been proposed as
markers of fecal pollution on account of their jience through chlorine disinfection (Sletral., 2008);
however, noroviruses can exhibit seasonal fluabnatiand epidemic spikes (Paatkal., 2011). Some
investigators have proposed human adenovirus (HA/a marker of fecal pollution as a result of its
culturability, resistance characteristics, and latkeasonal variability (Chet al., 2005; Grabow, 2007;
Jianget al., 2007). However, in a study of urban waters,giral. (2002) found that adenovirus did not
correlate with Hepatitis A virus or enterovirus.

Although viruses have been shown to correlate miveetly with other enteric viruses as compareftal
bacteria (Carducat al., 2008; Jiangt al., 2004), it was until recently both difficult anidie consuming
to test for viral infectivity. In addition, thereeamore than one hundred fecal viruses that eithienot be
detected with conventional cell culture methodsglse they exhibit poor detection efficiency (Harsza
al., 2011a; Metcalét al., 1995). However, compared with the case of utigjZraditional indicators such
as coliforms, research demonstrates less experiasiog fecal viruses in monitoring and interpreting
results (Ashboltet al., 2001). Cell culture (also termed tissue cultisea commonly used method of
detection for enteric viruses. Several primatetaunmdan cell lines are used to detect the presdramgeric
viruses in water samples. Commonly used cell laresbuffalo green monkey kidney (BGMK) and fetal
rhesus monkey kidney (FRhMK). Cytopathic assagdratially used to qualitatively indicate the peese

of enteric viruses. A plaque assay procedurees tised to quantify the viruses (éiral., 2002).
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The options for the application of molecular tecjugs have increased (Giroreésl., 2010). Molecular
techniques, specifically polymerase chain reaci®@R) methods, provide sensitive and rapid anallytic
tools with which to study such pathogens (Metaalfal., 1995). In some cases, they facilitate the
identification, genotyping, enumeration, viabilignd source tracking of human and animal contamnoimat
Additionally, recent improvements in detection teclogies have allowed the simultaneous detection of
multiple targets in a single assay. However, tlidegular techniques available today and those under
development require further refinement in ordevecstandardized and applicable to a diversity dfioes
(Gironeset al., 2010).

PCR has many advantages such as reduced detéetirnigh sensitivity and the ability to detectegitt
viruses that do not replicate in cell culture. P&l§b has some disadvantages such as possibleretaré

of inhibitory substances; moreover, PCR does nstirgjuish between infectious and non-infectious
viruses. PCR may be used in conjunction with celture to determine virus adsorption versus virus
inactivation in transport studies (Jhal., 2002). PCR procedures may also be used to anabmples
guantitatively. PCR semi-quantitates the level specific DNA. RT-PCR is reverse transcriptase RGR

is used to semi-quantitate the levels of a spenifftiNA (such as a viral RNA) in an RNA mixture (such
as a cellular lysate). The total RNA is isolateainira sample and cDNA is synthesized from the RNA
mixture using reverse transcriptase and eitheraangrimers or oligo-dT primers. Then regular PCR is
performed on the cDNA using message-specific psmauch as those for a specific virus. Quantitative
PCR (gPCR), also known as real-time PCR (real B@G& on DNA it is gPCR and real time PCR on RNA
(cDNA), it is called gRT-PCR), is a technique thaes fluorescently labeled primers to conduct PCR i
real time. QPCR is more quantitative than RT-PCBahee non-fluorescently labeled primers can have
amplicon endpoints that are identical even whentéhaplates are different in concentration (Albinana
Gimenezet al., 2009; Haramotet al., 2010; Rywet al., 2010).

Methods vary widely between molecular methods aaditional culture-based methods. Culture-based
methods often take several days to complete, wheredecular methods take hours or less. However,
hybrid approaches employing brief culture periadefsure the culturability or infectivity of thdarobe)
coupled with rapid molecular detection, have theéeptal to rapidly detect and quantify culturable
microbes in environmental samples. This has beeticplarly useful in decreasing the time for virus
detection in cell culture (Gironesal., 2010; Reynoldst al., 2008).

3.1.1 Bacteriophages

Bacteriophages have been studied as possible tadicaf viral pathogens since the 1970s (Kebtal.,
1974; Yeagert al., 1979; 1977). Bacteriophages, specifically caigds (viruses that infect coliforms),
have potential as indicators of human enteric @isubecause they resemble viruses in their physical
structure and morphology. The detection of coligsag achieved by a simple plaque assay, and egigsh
are more easily and rapidly detected than enteuses (Gerbat al., 1985; Yategt al., 1985). In addition,
they are found in higher numbers than enteric eisua wastewater and other environments are (\ates
al., 1985). Groups of bacteriophages that have bempoped as indicators include somatic coliphages,
male-specific coliphages, and phagesBafteroides fragilis (Leclercet al., 2000), based on their
similarities to human enteric viruses in morphologycleic acid composition, sources, and occurr@mce
contaminated water.
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There are several drawbacks to using coliphagesl@stors. Coliphages can replicate in the envirent,
have a small percentage of carriers in a given jppggtilation, and according some research featwédo
no correlation to viruses (Ashbeattal., 2001; Borreget al., 1990; Longet al., 2005; Vaughmt al., 1975).
While viruses are excreted only by infected indixts for a short period, coliphages are excreted by
certain percentage of humans and animals morestently. For example, in a study of four Frenclersy
Hot et al., (2003) found that there was no statistical catreh between somatic coliphages and
enteroviruses, human adenovirus, or Norwalk | etrlises (Hogt al., 2003).

The U.S. EPA standardized the single-layer metijddthods 1602). The methods can be used to detect
somatic coliphages (hod, coli CN-13) and male-specific coliphages (h&stcoli F-amp) in an aquatic
environment. The method includes the use of thet, HdgCh, and appropriate antibiotic, and a host
bacterial lawn. In Method 1602, a 100 mL water senp supplemented with Mgglhost bacteria, and
double strength agar. The mixture is poured oeta gishes, and the plaques are counted aftenmrer
incubation (U.S. EPA, 2001c; b). Method 1602 igHar explored in the Section 5.0 Research Methbds o
this report. Bacterial phages can also be detdstedeverse transcriptase-polymerase chain cea(®T-
PCR) technique as shown for male-specific coliphagecal contaminated marine waters (Friedraan

al., 2009; Roset al., 1997).

Havelaar and Hogeboom (1983) studied the enumerafi@oliphages utilizing multiple biotypes &f
coli. The enumeration of coliphages was found to beaotgul by host biotype and strain, plating method,
agar composition, and the addition of an antibicfice methodology for enumerating coliphages ierriv
water, sewage, and secondary effluent (15 totapksmhwas studied becauBecoli does not reflect the
possibility of contracting viral disease from watg@vhile coliphages are found in low numbers irvidlal
fecal samples, they are prevalent in sewage arsidemed to be a possible “sewage” indicator. Astiagl
analysis was carried out on the decimal logaritbfiee number of plaque forming units per mL. Ta¢a
was compared using a two tailed t-test (P = 5%)e umbers compared were the relative efficiency of
plating (E.O.P). E.O.P. was defined as the ardilibigm of the mean lagdifference between two methods
and was expressed as the percentage of the higkastplague count. The straindgotoli studied were

B (ATCC 11303), C (ATCC 13706), CN (Mutant of C) 310N, C-600, SC181, N205, HB101 and WG21
(ATCC 23631). Each of these strains are F negéfie except WG21. The strains are of rough amise
rough laboratory biotypes because wild type biosypEE. coli were found to be poor hosts of naturally
occurring coliphages. Wild type. coli normally have an O-antigen that can mask the ritajof phage
receptors. The Single Agar Layer method (SAL) amdilide Agar Layer (DAL) method were compared
using various media. The media studies include fisatiScholten’s agar (MSA), Nutrient Agar (NA),
Phage Assay Agar (PAA), Modified Nutrient Agar (MINAEscherichia Agar (EA) and Tryptone yeast
extract glucose agar (TYGA). In the first expenrnasing DAL and an overnight culture of host sisai
the E. coli C biotype produced 5 to 6 times more plaques tihar strains. In the second experiment,
which employed SAL, log phase cultures of the sbitin identified 8 times more plaques on the C and
CN strains when compared to the B strain. Theremueasignificant difference in the plaque countgten

C strain and on the nalidixic acid resistant str&@N. This indicates the possibility of utilizirge CN
strain with nalidixic acid to suppress bacterialdl in the samples (Havelagral., 1983).

The study did not identify one best method for earating coliphages, but instead found that a pdsdic
group of phages may be observed preferentiallydoaseghe method. It also suggests that the righihoae
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depends on the objective of the research. Insteadesearch identified a maximum production afjpes
for detecting sewage pollution. A two-fold risetle number of plaques were found using the SAL otkth
and the MSA and PAA medium composition performeghificantly better than the other media tested, in
this case MSA exhibited larger plagues with mosginict margins. The SAL was found to be the more
efficient method because the plate used allowadater distance between plaques, the thin layeriveul
visibility, and a more limited amount of nutriersthe single layer may reduce the growth raténefttost
strain (Havelaaet al., 1983).

3111 Somatic Coliphages

Somatic coliphages are DNA viruses Bf coli and perhaps related bacteria. They infect via a
lipopolysaccharide on th&. coli cell outer surface and have been examined as fedalators in
wastewater and drinking water treatment studieer@hare four taxonomic families in the somatic
coliphage group: Podoviridae, Microviridae, Myodae, and Siphoviridae. Somatic coliphages can be
distinguished in standard plaque assays by thdityato infect the cell wall of F-minu&. coli hosts such

as strains C and CN-13, which lack the ability tynf pili. However, somatic coliphages are a
heterogeneous group because they belong to diffemeonomic groups with different morphologies and
other characteristics. This diversity might accdantthe lack of the correlation of somatic coligkaand
enteric virus occurrence in environmental wateesegt al., 2011; Paymerdt al., 2011).

Somatic coliphages have been used as indictoneinqus research including indicators of fecal yotidin

in water systems, such as fresh surface waterangveater, and salt waters (Astramal., 2009; Franke
etal., 2009; Locast al., 2010; Martiet al., 2011). They have also been used as biotracérso@nganisms
used to model fluvial and microbiological charaistiies of a target population) to identify pollutisources
in surface waters and aquifers (Borreggal., 1990). In addition, they may also serve as irtdisafor
assessing viral removal efficiency during the tresit of water and wastewater (Bitton, 1987). Samat
coliphages are further discussed in Section 3.3tRekships between Indicators and Pathogens.

3112 Male-Specific Coliphages

Male-specific coliphages are a group of icosahepghages that are morphologically similar to several
human enteric virus groups; on account of thislginty they have been proposed as enteric virusatsod
(Havelaar, 1991). Male-specific coliphages inféctoli that contains the male-specific plasmid, which
codes for the sex pilus for the phage to attackyTre also known as F, F+, and FRNA coliphage2 MS
is a type of male-specific coliphage. Male-specifidiphages resemble human viruses, in morphology,
including their inability to multiply in water emonments (Ballestest al., 2005; Ryuwet al., 2010). Male-
specific coliphages are considered indicators bexafi their high population counts in wastewated a
their relatively high resistance to chlorinationa@deret al., 1993). Male-specific coliphages are further
discussed in Section 3.3 Relationships betweerdtalis and Pathogens.

3113 Phages of Bacteroides Fragilis

Bacteroides fragilis is a Gram-negative bacillus bacterium species waliphages that specifically infect
this species; therefor®acteroides fragilis phages have a narrow host randgacteroides fragilis is an
anaerobe found in high concentrations in the huimistinal tract, and there are more than 100rstrai
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Bacteroides Phages. The group of phages that infectragilis strain HSP40 have been proposed as a
potential model for the study of viral contaminatiaf fecal origin (Gantzest al., 1998; Jofreet al., 1995;
Payanet al., 2005) Bacteroides phages have potential as fecal indicators becabhes wompared t&.
coli, Bacteroides are more abundant in fecal matter, provide higlest Bpecificity, and are anaerobic and
thus less likely to reproduce in aquatic environtadhanE. coli (Gantzeret al., 2002)hey are considered
an index of human fecal pollution because thisrstoé coliphages is human specific and are notisol
from the feces of other warm-blooded animals. Téeyconsistently isolated from sewage, fecal pedlut
waters, and their sediments, but not from unpallsi@mples. In addition, the levels of phages stedl to
the degree of pollution, the phages are founddghdr numbers than human enteric viruses are, amd th
is no replication of these phages under simulatett@mental conditions (Lucerghal., 2004; Lucenat

al., 2003). They are more resistant to water treatipesdesses than bacterial indicators and othergzhag
(somatic and male-specific) (Het al., 2003). They are also more resistant to naturattimation in
freshwater environments than fecal coliforms arophages (Duraegt al., 2002).

The low prevalence of these phages in waters withdnd moderate levels of fecal pollution and the
complex methodology for their recovery are the ntiwbacks for the general use of these viruses as
indicator group (Lucenet al., 2003).Bacteroides fragilis phages are much more persistent than somatic
coliphages and approximately as resistant as npaleific coliphages. HoweveBacteroides fragilis
phages are detected in lower concentrations thzar phages in fresh water; thus, it is more diffitol
correlate the levels ddacteroides fragilis phages with the levels of human enteric viruseféX:t al.,
1995). In a study of two wastewater treatment tpédituent lines, Gantzeegt al. found thatBacteroides
fragilis phages were statistically significant indicatdrgectious enterovirus and the enterovirus genome
although theBacteroides fragilis phage concentrations lead to fluctuations in ttfectious enterovirus
concentration (Gantzet al., 1998).

3.1.2 Direct Monitoring of Viral Markers

Direct pathogen monitoring of specific human vigibas been proposed as an alternative to indidators
the control of drinking water quality. Until recgnit was challenging to test for viruses in wadamples,

but technology has improved to make detection ptssind more cost effective. Molecular techniques,
specifically polymerase chain reaction (PCR) meshpdovide sensitive, rapid, and quantitative ainzdy

tools with which to study such pathogens, includiegv or emerging strains. PCR methods can provide
identification, genotyping, enumeration, viabil@gsessment, and source tracking of human and animal
contamination. Additionally, recent improvementsletection technologies have allowed the simultaseo
detection of multiple targets in a single assayrd@@set al., 2010). Pathogens suggested for direct
monitoring include human adenovirus, enterovirusl @orovirus.

3121 Adenovirus

Adenoviruses belong to the Adenoviridae family, ethiincludes human (49 serotypes), simian
(27 serotypes), bovine (10 serotypes), equine idhgee), porcine (4 serotypes), ovine (1 serotypajl
canine (3 serotypes) viruses (AWWA, 2006b). Adénmis a medium-sized, double-stranded DNA virus
in a non-enveloped icosahedral capsid, and is &ppadely 70 to 100 nm in diameter (Grabow, 2007). A
adenoviruses with human or mammalian hosts arsifies under genus Mastadenovirus (Ishibashi and
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Yasue, 1984). At least 51 adenovirus serotypes{Billin six subgenera (A—F) have been described in
humans. Most human adenoviruses are readily détedig cell culture propagation (Grabow, 2007).

Human adenoviruses (HAdV) are non-enveloped icalrahe/iruses containing double-stranded DNA
(Jiang, 2006). Human adenoviruses can cause ayafiauman diseases including gastroenteritisteacu
respiratory disease, pneumonia, epidemic kerataaoetiyitis, meningoencephalitis, myocarditis, and
acute febrile pharyngitis. The viruses are shedeitended periods in feces, urine, and respiratory
secretions of infected persons. (Crabttea., 1997). Investigators have proposed that humanadrus
(HAdV) can serve as an indicator of fecal pollutipom human sources as a result of its culturahilit
resistance characteristics and lack of seasonalbititty (Choi et al., 2005; Grabow, 2007; Jiarej al.,
2007).

Adenoviruses have been found to be significantlyenstable than fecal indicator bacteria and othesre
viruses during UV treatment (Kai al., 2005; Nwachukwt al., 2005). Carduccét al. (2008) details that
HAdV samples demonstrated the most appropriateéioethip to other enteric viruses. However, in a
study of urban waters, Jiargal. (2002) found that adenovirus did not correlatévdepatitis A virus or
enterovirus.

3.1.2.2 Norovirus

Norovirus (NoV) belongs to the family Caliciviridamd the genus Norovirus. Caliciviruses are sn2a (

30 nm in diameter), non-enveloped, icosahedralsesucontaining a single stranded, positive-sense
ribonucleic acid (RNA) genome, approximately 7,000 nucleotides in length (Atmar, 2010). Viruses
in the Caliciviridae family are divided into fouegera: norovirus (NoV), sapovirus (SoV), lagovirassd
vesivirus. They are genetically and antigenicallgieerse group and comprise five genogroups (GGI-
GGV); of these, genogroups |, 1, and IV infect rama (Glasst al., 2009; Wanget al., 2013).

NoVs are the most common cause of acute nonbadaestroenteritis worldwide, infecting all age gpsu
Infections occur around the globe and throughost ytear but may be more common in winter. The
emergence and detection of new strains often aténeith the increase in NoV outbreaks (Parashatr.,
2012). Human NoVs have been difficult to charagtehiecause they do not grow in cell culture ankl dac
suitable animal infectivity model (Atmar, 2010)hd development of RT-PCR has increased the accuracy
of disease surveillance for NoVs to the point thatmajority of gastroenteritis cases that othexwisght
have been considered to be of “unknown etiology’ mow attributable to NoVs, with an estimated 23
million cases per year in the United States (AWVEB06D).

3.1.23 Polyomavirus

Polyomaviruses is the sole genus in the family ®wolgviridae. Polyomavirus genera identified in hama
include JCV and BKV human polyomaviruses (HPyV)thbof which have similarly structured genomes
(S4enz-Roblest al., 2001); Kl polyomavirus, WU polyomavirus (Gaynet al., 2007) and MC
polyomavirus (Fengt al., 2003). These viruses have a double-stranded B&h¥me surrounded by an
40-50 nm icosahedral capsid that consists of tta@sid proteins, and a double-stranded, covaleluged
circular DNA genome (Belleet al., 1997; Saenz-Roblegt al., 2001). Viral persistence occurs in the
kidney and can show remarkably high levels of virlgase (Dorries, 2002). Polyomavirus infection is
primarily asymptomatic, with latent renal infectsoim immunocompromised individuals (McQuail .,
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2011). Inthe late 1990s, researchers began tengeat the presence of the human polyomavirus (HPyV)
species BKV and JCV in urban raw sewage (Bofill-M&al., 2000).

3124 TTV

TTV is a small, non-enveloped DNA virus that wascdivered in 1997 (Nishizaweh al., 1997). Torque
Teno Virus (TTV), familyanelloviridae, is an unenveloped, single-stranded, DNA virust8.8.9 kb in
length and circular, with a negative polarity diaeneof 30-32 nm (Desatt al., 1999; Itohet al., 2000;
Okamoto, 2010). TTV's genome is a circular, sirgjtanded piece of DNA of a negative polarity,
approximately 3.8 kb in length; it is a non-envadgirus with a virion of about 40 nm in diameter.

TTV is classified in the genus and famégellovirus circoviridae (Diniz-Mendeset al., 2004). The virus
has considerable genetic diversity with at leagt/fgenotypes, classified in at least five group tould
theoretically have different levels of virulence gl et al., 2009). Human TTV is classified in
29 genetically distinct species, which clusteriue foranches in phylogenetic trees (Magoal., 2011).
TTV was first discovered in a search for potent@lisative agents of non-A to G hepatitis (Nishizatva
al., 1997).

3.1.3 Abiotic Particle Monitoring

Abiotic spheres are very small beads that are &jlgpicnade from latex, such as polystyrene with rjVi
benzene crosslinking. They are spherical in shaygkease available in a variety of sizes from several
suppliers such as Bang Laboratories, Interfaciahddyics Corp., and Polysciences. The beads can be
prepared with a variety of functional groups on tler surface, for example, carboxylated microsghe
have a functional —-COOH group conjugated to thaifage (Pangt al., 2009). Latex spheres are used in

a variety of filtration experiments, from benchlsc@ full-scale water systems. The potential udatex
spheres as surrogates for viruses in treatmentestisl desirable given the hazards and difficulties
preforming challenge tests with human viral patmsg@ontiust al., 2009).

Panget al. (2009) studied the potential of latex spheresembai casein protein to exhibit zeta potentials
similar to E. coli and bacteriophage, MS2. Zeta potentials wererméted using laser Doppler
microelectrophoresis fdt. coli, MS2, casein (purified and non-purified) and therospheres, 20 nm and
1 um, (uncoated and protein-coated). The zeta potentiere measured in a 2@nol/L NaCl background
electrolyte at various pH values adjusted witF fibl/L NaOH or HCI. Over a range of pH values fram
to 8, the charge characteristics of the uncoatettaspheres did not correlate to MS2Ercoli. The
uncoated microspheres had greater negative changthe charges were more constant over the pkrang
when compared to the microorganisms. The zeta paterof MS2 ranged from 10 mV at a pH of
approximately 3 to a zeta potential of -30 mV @thof approximately 7.5, while the zeta potentiaihe
uncoated latex spheres remained at a -40 mV (+m\¢Pthroughout a pH range of 2.51 to 11.33). The
zeta potentials of the microspheres covalentlyambatith purified casein were correlated to thos¢hef
microorganisms. The zeta potentials of the 20 oatexl latex spheres ranged from 30 mV at a pHtof 2
a -30 mV zeta potential at a pH of 9 with a negasibope similar to the MS2 phage with a zeta pateot

10 mV at a pH of 3 and a -25 mV zeta potential piHaof 7.5. This study shows that the surface ahafg

a microorganism can be closely mimicked by micresph that are covalently coated with a proteinrdgavi
a zeta potential similar to that of the microorgams (Panget al., 2009). Abiotic particles are further
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described in Section 3.3 Relationships betweencatdis and Pathogens, and Section 4.3 Particle
Interactions.

3.2 TTV PRESENCE AND PERSISTENCE

This research focuses on the possibility of the Tdd/a viral marker that exhibits similar transport
characteristics to pathogenic enteric virusesortfer to be considered a good indicator of watedity)
the virus needs to be present in the human popualatimportantly, TTV infections have been ideiifi
throughout the world, with 70 to 90 percent of ¢femeral population is infected, although highefgtation
rates have been identified in countries with p@oitstion (Magget al., 2011).

TTV was first isolated in Japan and was later detein blood samples from patients in several other
countries, including the United States, Francdy,lend Brazil (Bassiét al., 2002; Bendinellet al., 2001,
Biagini et al., 2000; Devalleet al., 2005; Diniz-Mendest al., 2004; Learyet al., 1999; Magget al., 2001).
Research suggests that TTV may cause chronic,ijhpdidelong viremias in most people regardless of
age, health status, and other variants. TTV appedrs present ubiquitously in humans, elicits sagin
innocuous infections, and does not appear to exhkédasonal fluctuations or epidemic spikes. TTV in
humans can be found throughout the body, includingiood and feces, and replicates actively in most
tissues and organs (Magei al., 2009; Okamoto, 2009a). In addition, TTV appearexhibit similar
physical characteristics and transport mechanismpstinogenic viruses (Aleeal., 1999; Bendinellet al .,
2001).

Vasilyevet al. (2009) researched TTV distribution in a healthpylation of Russian Olympic Athletes in
Moscow, Russia. Out of a population of 512 heaitigyviduals, 485 (94%) had a TTV viral load of more
than 1,000 copies per 1 mL of blood. There weraigaificant differences between men and women or
between age groups (Vasilyetval., 2009). A separate study conducted in Japanifaghthe presence of
TTV in approximately 50 percent of patients witlucor chronic hepatitis and 12 percent of bloodods
(Nishizawaet al., 1997; Okamotet al., 2000).

Alavi et al. (2011) researched clinical outcomes of torque tens-infected thalassemic patients with and
without hepatitis C virus infection in Tehran, Irahhe research identified that 50.5 percent of the
thalassemic patients and 27.1 percent of contrele WTV infected. Although, the research indicated
Thalassemic patients had a greater chance of Tieétion (Alaviet al., 2011).

Ergunayet al. (2008) researched the detection of TTV (TTV) bsethPCR methods targeting different
regions of viral genome in children with cryptogefiepatitis, chronic B hepatitis, and asymptomatic
hepatitis carriers in Ankara, Turkey. TTV occuriedhe patients at a rate of 64.7 percent for thofseted
with cryptogenic hepatitis, 47.1 percent for thogected with asymptomatic hepatitis B, 55.6 petden
those infected with chronic hepatitis B virus, &¥d5 percent for the control group. Differenced iV
DNA detection were not statistically significantieen the study groups with all methods. No sigaiii
correlation was detected between presence of TTVARNd liver enzyme levels. TTV detection rate
increased with age, suggesting a non-parenteraifommental exposure to the virus among the study
population (Ergunagt al., 2008).

Pinho-Nascimentet al. (2011) studied TTV in fecal samples of patientdwjastroenteritis. In this study,
three PCR methods, including two conventional and eal time assays were used to investigate the
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presence of TTV DNA in fecal samples from 135 Bliaripatients with gastroenteritis ages 0 to 90yea
old. The three PCR methods included single-rounaventional PCR, nested conventional PCR and
TagMan real-time PCR. Of the samples, 123 (91.W¥)e positive with at least one method, and
37 (27.4%), 27 (20.0%), 57 (42.2%), 29 (21.5%), 8Bd24.4%) fecal samples contained TTV isolates
belonging to genogroups 1-5, respectively. Fiftp-samples (38.5%) contained than one TTV genogroup.
Viral loads ranged from 2.6 to 6.5 leggenome equivalents per gram of feces (Pinho-Nastinet al.,
2011). This study indicates both a high prevalemmaa diversity of TTV isolates in feces of patsewith
gastroenteritis.

Infection with TTV is not restricted to humanshé#s also been detected in certain animal spenidading
non-human primates (Comgal., 2000; Okamotet al., 2000; Verschooet al., 1999), farm animals (pigs,
chickens, cows, and sheep) (Brasshal., 2010; Devallet al., 2005; Langet al., 2011; Learyet al., 1999;

Liu et al., 2011a; Martinez Guinet al., 2010; Sibilaet al., 2009), companion animals (dogs and cats)
(Biagini et al., 2007; Okamoto, 2009b; Zhet al., 2011), and wild animals (wild boar and sea lions)
(Martinez et al., 2006; Ng, 2009). These studies identify animal/T&frains with the similar genomic
structure, although there is also great variabiliithin these strains.

In China, a study of 158 fecal samples collectedhfdogs younger than 1 year old with diarrhea preta
clinic, established 20 s TTV presence in the emvitent. Hamzat al. (2011) evaluated pepper mild mottle
virus, human picobirnavirus, and TTV as indicatof$ecal contamination in river water in North Ré&in
Region, Germany. They found that TTV was not #asle indicator of fecal contamination in wateraas
result of low detection rate. In a similar stusfgcchia (2009) quantified TTV and fecal pollutionthe
Arroio Dilavio, a waterstream that crosses the dfyPorto Alegre, RS, Brazil. TTV was present in
approximately 10.7 percent (3/28) of the samplescftia, 2009). Occurrence of TTV was sporadicén th
environment and not considered to be a consisteitraarker when compared to other viral agents.

Lanetal. (2011) found that 20 out of 158 specimens (13%gwesitive for Torque Teno canis virus DNA
using detection with PCR. Zhet al. (2011) undertook a molecular detection and sequeanalysis of
feline TTV in Pet Clinic, Shanghai, China. Twolees (SH-F1 and SH-F2) of Torque teno felis virus
(feline TTV) were detected in 2 of 16 (12.5%) sersamples. Full-length genomes were cloned and
sequenced. Phylogenetic analysis showed thatwleeg clustered with the strain of Japan (Fc-TTV4,
AB076003) and the strain of France (PRA4, EF5388ZBlet al., 2011).

Sibilaet al. (2009) researched TTV infection in sows and sagkpiglets in Madrid, Spain, to identify the
role of the sow in transmitting TTV to piglets. Audy was conducted of TTV infection in 44 sows 248
piglets. The study included the infection dynanafdwo swine TTV genogroups (TTV1 and TTV2).
TTV1 was detected in higher percentages than TTv&oivs (75% positive TTV1 and 43% TTV2) and
piglets (at 3 weeks of age, 32% positive TTV1 a@&1TTV2). TTV1 and TTV2 co-infections were
observed in higher percentages in sows (34%) thaiglets (at 3 weeks of age, 4%). These resuigest
that while there may be some transmission from &owiglet, infections also occur through additional
transmission routes (Sibi& al., 2009).

Martinez-Guincet al. (2010) also investigated swine TTV in aborted sladighterhouse collected fetuses
in Girona, Spain. The researchers collected 98tiabocases and fetuses from 55 pregnant sows at a
slaughterhouse. The prevalence in aborted swinsdstwas 17.0 percent for TTV1 and 29.6 percent for
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TTV2. Fetuses were also 10.9 percent TTV1 PCRipesiind 40.0 percent were positive for TTV2. There
were no statistically significant differences whamparing prevalence of swine (Martinez Guaal.,
2010).

TTV presence in the environment has also beenlesttatl. Haramotagt al. (2010) studied real-time PCR
detection of adenoviruses, polyomaviruses, and TiRvdver water in Tamagawa River, Japan. The
research included 18 samples with only one posftiveT TV (1/18, 5.6%). TTVs were detected in one
sample at a concentration of 1.58 &6pies/Il, suggesting that an increased volumétcte is needed for
successful detection of TTVs in river water samplégramotoet al., 2010). In a similar study, Vecchia
et al. (2009) quantified TTV and fecal pollution in theushern region of Brazil. TTV was present in
approximately 10.7 percent (3/28) of the samp{@scurrence of TTV is only sporadic in water considie

to be contaminated compared to other viral agsots) as adenovirus and enterovirus (Vecchia, 2009).

Although it is the case that TTV presence has lestablished in the environment, researchers hawelfo
that it may not be present frequently enough toassa marker in the environment. Harezal. (2011)
evaluated pepper mild mottle virus, human picobiimes, and TTV as indicators of fecal contamination
river water in North Rhine Region, Germany. Theyrid that TTV was not a suitable indicator of fecal
contamination in water because of its low detectaia. In a similar study, Vecchia (2009) quandifier vV
and fecal pollution in the Arroio Dilavio, a watstream that crosses the City of Porto Alegre, R8ziB
TTV was present in approximately 10.7 percent (Bf2&8he samples (Vecchia, 2009). Occurrence of TT
was sporadic in the environment and not considerée a consistent viral marker when comparedtierot
viral agents.

3.3 RELATIONSHIPS BETWEEN |NDICATORS AND PATHOGENS

While bacterial indicators are important factorsdimking water quality standards, bacteria andisés
have many differences, and often epidemiologicatliss fail to show a relationship between viral
pathogens and bacterial indicators in both envirmal systems and treatment processes (Ashballt,
2001). The susceptibility of indicator organismsréonoval or inactivation in treatment processeans
important consideration in the suitability of adicator for assessing public health risk in drimgkimaters.
Numerous studies have investigated removal of &idis and pathogens in bench, pilot, and full-scale
drinking water treatment facilities, and assesdeal relationships between pathogens and indicators.
Individual treatment processes provide varied reahoates for viruses and bacteria. In additiomalvi
removal rates are compared to virus inactivation.

3.3.1 Environmental Systems

The survival of microorganisms is a complex functaf exposure to light, temperature, moisture aante
soil type, and the specific organisms. Scandaral., (1997) found that higher groundwater pH was
associated with greater virus frequency (Scandura., 1997). Azadpour—Keeley and Keeley (2003)
conducted a literature search and determined \drweee transported more easily through naturalfaqui
systems when compared to coliforms (Azadpour-Keelegl., 2003). Overall, virus persistence and
mobility generally exceed that of bacteria in eamimental systems. Bacterial and viral indicatospoad

to sunlight in different ways. Enteric virusesdliding poliovirus, echovirus, coxsackievirus) and
coliphages are considerably more resistant to glinthanE. coli and E. faecalis (Fujiokaet al., 2002).
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Viruses survive aeration and sunlight during spregation as well as percolation through 1.5m oil s
(Gerbaet al., 2005).E. cali is not well suited as an indicator of human enteiriuses in recreational water
because of the rate of inactivation in sunlightigka et al., 1985).

Temperature and seasonality are another importartors for pathogens. At the lower temperatures
characteristic of the groundwater in most areab®fUnited States, both poliovirus and echovirusipe

in very long period, up to 28.8 days before onadogduction (Yatest al., 1985). In surface waters in
Finland, no correlation was found between seasahramovirus, while bacterial indicators experience
seasonal variation (Hormahal., 2004). Sampling of Beaverdam Creek Tributary eétt&ille, Maryland,
identified an increase of fine particles, and orgararbon led to slower inactivation & coli and an
average inactivation of 1.98 for 2 compared to PL and a 4.68 ratio of inactivation for’Clcompared

to £°C indicating a lower inactivation rate at lower fmaratures (Garzio-Hadziek al., 2010). In addition,
lower densities oE. coli in a watershed in Ontario, Canada, were founchduhe winter and early spring
months (Dorneet al., 2007).

Schijvenet al. (2000) found in solutions of high pH with sandyisaviS2 was found to be a conservative
tracer virus; however, in the presence of multimatations®X-174 attached less than MS2. These results
demonstrate that in soils near neutral pH and wotal high concentrations of multivalent cations,
bacteriophag®X-174 may be the better choice for a relativelysmmative tracer virus in field and column
studies (Schijvesrt al., 2000b).

Bacterial and viral indicators correlate differgnttb water turbidity. Cizelet al. (2008) researched the
behavior of two pathogen€i(yptosporidium, Giardia) and several common indicator organisms (fecal
coliform, E. cali, Enterococci, and coliphage) in natural waterseatth dry and wet weather conditions.
Samples were collected in the winter and spring086-2007 and collected in the summer of 2007 fiom
different locations from the Kensico Reservoir. fatsstical analysis of the pathogen and indicator
correlations was conducted using the Spearman Bamé&lations. Coliphages exhibited association with
settable particles, in a reservoir, especially ynivet weather events, while bacterial indicatdéesd]
coliforms, E. coli, and Enterococci) were consistent with amount thbke particles under both wet and
dry weather conditions. A weak correlation of baeleindicators toGiardia and Cryptosporidium was
identified in reservoir samples during dry weathed wet weather events with correlations betwetal to
concentrations of fecal coliform a@lardia andCryptosporidium of (R of 0.167 and 0.231 with p-values
of 0.35 and 0.19, respectively, indicating conficke levels around 65 and 81%) (Cizatlal., 2008). This
was confirmed by another study of the Grand Rivatewshed in Canada, whee coli correlated to
turbidity, but pathogenic viruses did not correlatgh a Spearman rank correlation analysis over the
duration of wet and dry weather (Dorretial., 2007).

Viruses have also been found to survive over greliséances within fresh water river systems (Asted
al., 2009). For example, poliovirus persists &ith well water for 3 to 5 days before onestogeduction
(Yateset al., 1985). Coliphages also have longer survival timben compared to bacterial indicators in
natural aguatic environments (Borregial., 1990). Borregogt al. (1990) concluded that fecal coliforms
as a result of their low survival in natural riverstems could not be considered good indicatofeaaf
pollutants.
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Somatic coliphages have been reported to replingEecoli under environmental conditions (Borregio

al., 1990). Therefore, one of the potential drawbawfksomatic coliphages is their potential replicatio
outside the gut, which does not adequately reflecviral contamination in aquatic environmentyrant

et al. (2011) found that non-fecal indicators, total faslins, and aerobic endospores were found more
frequently than coliphages in virus positive sarapl§omatic and male-specific coliphages wereamotd

to be a good predictor of virus presence or abskacause they were present only in low humberdessd
frequently than bacterial indicators (Paymetrdl., 2011).

Male-specific coliphages have also been identifig@n indicator for human enteric viruses; howeaws,
research suggests the somatic coliphages aresjuatumble. The use of thecoali strain C (ATCC 13706)
allows for the use of a nalidixic acid resistaming to detect indigenous coliphages. This clormwaltl for

the incorporation of the nalidixic acid to contmergrowth of bacteria in the concentrated samples,
particularly the river water samples. In addititthe enumeration of male-specific coliphages ufiliftee
WG49 Salmondlla strain. This strain is genetically engineered véthplasmid, which codes for F-pili
production and removes the potential interferenoefsomatic coliphages counts. However, strictigual
control is required for the production of the W@&3&in because this plasmid can be lost duringumroah.
This production variability can be controlled bygtead using somatic bacteriophage enumerationhend t
parentSalmonella strain, WG45 (Paymeret al., 1993).

Yateset al. (1985) found no significant differences in the alecates of poliovirus, echovirus, and MS2
coliphages in contaminated groundwater, and inf@mfthis that MS2 coliphages may be a model for
animal virus survival. In addition, inactivationiea of MS2 were equal or slower than those of theal
viruses (Yatest al., 1985). In another study, several groundwater sesnphere no bacterial indicators
were identified, but were positive for human adénms/and male-specific coliphages (Ogorzetyal.,
2010). Grabow (2001) also found that detection alerspecific coliphages by plaque assays is neasg
and simple as in the case of somatic coliphages.male-specific fimbriae are produced only by host
bacteria in the logarithmic growth phase; thusiurek for plaque assays have to be timed carefully
(Grabow, 2001).

Okohet al. (2010) studied inadequately treated wastewater ssurce of human enteric viruses in river
water downstream of wastewater treatment faciliidhe Eastern Cape Province of South Africa. Hom
adenoviruses were detected in about 22 perceitesfwater samples and about 6 percent of treatgdrw
samples in South Africa (Okodét al., 2010). In a study of a two groundwater aquiferd-fance, raw
samples were spiked into groundwater microcosm&#ad90 days no bacterial indicators were idexdif
while several (7/60) samples were positive for haradenovirus (Ogorzalgt al., 2010). Groundwater
samples with no bacterial indicators were iderdifiszhile several samples were positive for human
adenovirus (Haramotet al., 2007).

Pathogen retention in soils and groundwater is miggret on several variable including physical, cloani
and bacterial (Bradfordt al., 2008). For example, soils high in sand or a sgagel mix do not achieve
high rates of virus removal, and fissured limestageifers under shallow soils allow virus transpmser
great distances (Metcadf al., 1995). Saturated column experiments with pacledd §oil, demonstrated
much greater transport potential for somatic calgeh than bacterial indicators (Bradfaetdal., 2009).
Gerba, et al. (1987) also found that following applications ofchlorinated secondary effluent by an
irrigation system to a sandy soil, poliovirus amti@virus were detected in drains well below thdemr.
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According to Gerbat al. (1981), MS2 behavior is similar to the adsorptehavior on soil of animal
viruses, such as coxsachkievirus B4 and echovirugHe survival times of adenovirus in groundwater
were found to be longer than that of bacterialaatbrs (Yatest al., 1987).

Ogorazalyet al. (2010) studied viral loads in surface water saspled compared them to groundwater
samples. They found that 11.7 percent of the greatel samples and 75 percent of the surface water
samples were adenovirus positive. The hydrogedabgitaracteristics of the groundwater studied eémpla
the difference because a low permeability layerl@seconfined aquifers, commonly limiting the migoa

of bacterial contaminants into the aquifer. Suavitimes of adenoviruses in groundwater may be
attributable to detection of their genomes in tieddfiand may not be a result of recent contamination
(Ogorzaly et al., 2010). While, confined aquifers were once thoughtprotect the water quality of
groundwater sources, viruses found in a confinedf@gin Wisconsin were able to penetrate the gwegl
aquitard; there were no fecal coliform bacteriaedtgd in the virus positive water samples (Borchetrd

al., 2004).

3.3.2 Wastewater Treatment

In treatment systems, bacteria and viruses hatereiit removal and inactivation patterns (Nasset.,
1995). In a wastewater treatment facility with wated sludge and final chlorination, no significant
correlation was found between bacterial indicatom the presence of viruses or their abatement(Cer

et al.,, 2008). In treated drinking water samples fromesefull-scale plants, no correlation was found
between presence of viruses and indicator bacfBagmentet al., 1985). Physical removal of viruses
through membrane systems is more challenging thiaoval of bacteria. For example, ultrafiltratiordan
microfiltration can provide an absolute barrietbgicteria and protozoa; however, virus removal thinou
membranes is dependent on the specific membramaatbdstics (Jacangelg al., 2008; U.S. EPA,
2001a). Inactivation kinetics also differ, as mamyeric viruses are more resistant than bactemadoe,
chlorine, and ultraviolet radiation (Blatchletyal., 2007; Leeet al., 2011; Mamanet al., 2007; Shiret al .,
2008; 2003; Thurston-Enriquegal., 2005; Thurston-Enriquest al., 2003).

Scandurat al. (1997) analyzed onsite wastewater treatment sysserd viral transports. They found that
the removal rate for enterovirus decreased betwestd 6 log units in 3 to 5 days in a seeded septic tank
(similar to a constantly stirred tank reactor), dimak viruses were discharge with septic effluarb the
system drain field. They also found relatively weakrelations between the levels of viruses andlfec
coliforms in the tested waters (Scandeiral., 1997).

Boudardet al. (2012) studied the enhancement of conventionatrtrent with ultrafiltration membranes
with spiked river water during a pilot scale tddte object of the study was to assess the remates for
male-specific bacteriophages, represented by M$2.aQd GA by a conventional pretreatment process
(coagulation-flocculation-settling-sand filtratidi@jlowed or not by an ultrafiltration membrane SRlwas
used because it is often used as an indicatorroes in the United Statesf@as used for the same
purposes in Japan. Both are similar in charag¢iesiand thought to be a “worst case scenariogims of
virus removal. GA was selected as a potentialcetdr because it has not often been studied and the
physical characteristics may make it a model, widgghost difficult to remove in drinking water pexses.

The bacteriophages presence was measured witletbetidn of infectious phages (PFU) by double agar
layer method and reverse transcription polymerhagaeaction (RT-PCR) method to detect phage rcle
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acids. RT-PCR detects bacteriophages regardlegwinfinfectivity. The water was pretreated at tpi
scale by sequential coagulation, flocculation, lamisettling, and sand filtration (filtration veityc2.3
m/h, sand height 80 cm, column inner diameter 10 amd sand volume, 6.3L). The pretreated water
progressed to 4 mm inner diameter hexa-canal tiitadiliration membranes at a flow rate of 0.84 kfd

0.3 bars pressure. The three analysis campaigres @aamh completed with triplicates per phage; assays
were conducted in triplicate. The raw water sampliel00 L were each spiked with bacteriophages to
concentration of 1 x P(PFU/mL. Samples were taken from the raw wateksafter both clarification
and the filtration process. The process was agailenged in the same manner for the ultrafilbratvith
samples from the raw water tanks and after thefilttation modules. Three different membrane medul
were tested. Membrane A was external-internal poigidene fluoride membrane with 100 €mctive
surface area, 0.Q&n cut off pore size, and 300 L per hout-bar permeability. Membrane B was external-
internal polyvinylidene fluoride membrane with 16@¢ active surface area, 200 KDa cut off pore size,
and 300 L per hour-frbar permeability. Membrane C was internal-extepudyethersulfone membrane
with 100 cn? active surface area, 100 KDa cut off pore size, @00 L per hour-fabar permeability.
Chlorine disinfection assays were also conductedbanch scale. Demineralized water and treatéerwa
samples were subjected to a target residuals &#v@B mg/L for chlorine after 30 minutes contaoie.

The chlorine assays were also completed in trifdic#/hile the concentrations were not the same, the
pattern of removal behavior was similar betweeredtibus and total bacteriophages throughout the
processes (Boudawtlal., 2012).

Hotet al. (2003) conducted an analysis of 68 surfacevas®ples obtained from four rivers located in
the north of France (Nord-pas de Calais, Cote d@paance) and were sampled monthly or semimonthly
between February 1999 and January 2000. For @amh the sampling site was located before thetpoin
where treated wastewater was discharged. Theydfthat there was no statistical correlation between
somatic coliphages and enteroviruses, human adeispwr Norwalk (1 and I1) virus (Hadt al., 2003). On

the other hand, in a study of two wastewater treatmlant effluent lines, Gantzetral. (1998) found that
somatic coliphages were statistically significamdicators of infectious enterovirus and the enteoav
genome.

These removal rates were similar in order of magi@tto a study conducted by Simmaensl. (2011).
They analyzed the removal rates of enterovirugvinrs, and adenovirus throughout the treatmertqs®

of the Traverse City, Michigan, Wastewater Treatmelant (WWTP). Eight sampling events were
conducted approximately monthly (between JanuadyAugust 2008). The treatment process included a
membrane bioreactor (MBR) combined with biologicaltrient removal. There were four sampling
locations: primary settling (influent and efflugrapd membrane bioreactor (influent effluent). fEheere
32 total samples collected with (32/32) samplesngpositive for enterovirus and adenovirus arii32)
samples testing positive for norovirus. The virehaentrations were similar from the influent to the
primary effluent. Adenovirus and enterovirus coricaions increased from influent to membrane inflye
while norovirus concentrations reduced. Thedogmoval rates for removal through the MBR were 4.1
6.3 for adenovirus, 4.1-6.3 for enterovirus, art88 for norovirus, while the removal rates throogt
the entire process were 3.1 for adenovirus, 3.6 daterovirus, and 4.7 for norovirus. The virus
concentrations were associated more with the dettigige as compared with the filter supernatanndu
secondary biological treatment. Norovirus and adins removals did not have seasonal correlatiounts,
enterovirus removal was found to vary by seasoh higher concentration during the winter monthgsTh
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may indicate that during the winter months entate/attachment to the floc could be reduced masityea
than warmer months (Simmoatsal., 2001).

Kuo et al. (2010) researched a full-scale MBR system (alsulus Simmonst al. 2001) by using the
previously described samples to focus on adenaviragy found that viral particles could be remotbgd
MBR systems via direct capture by microfilter memrgs, biofilm growth on the membrane, or by
absorption into the biomass, and then indirectiyaeed by the membrane. Adenovirus concentrations f
the raw sewage and primary sedimentation effluemtewelatively stable at approximately® haral
particles per liter. The adenovirus concentrationshe membrane influent were significantly higkee-
10°) than those of the raw sewage and primary effeiéfite membrane influents samples were allowed to
settle and the adenovirus concentrations of thikededtctivated sludge were always much higher thase
for the supernatant portion (1.07 x°Ifbmpared to 2.5 x 2Qirus particles per liter) with the viruses
mostly associated with the solids. The removagdor the MBR was 5.0 legremoval and 2.9 lag
removal throughout the wastewater treatment plant €t al., 2010).

Katayameet al. (2008) studied six wastewater treatment plantiapan but did not observe removal rates
comparable to those observed in the studies mesttiabove. These treatment plants were sampled year
round and were from different prefectures of Jagath plant was sampled once a month for 72 sagplin
events. Samples were collected at the plant infjusfter secondary treatment, before chlorinataomg
effluent after chlorination. Triplicate assays &elone on a series of three dilutions and in soases
where positive results were obtained among the aibge series, further decimal dilution was domélu

all three were virus negative. Samples were tdstefiécal coliforms, norovirus 1 and 2, enterovjraad
adenovirus. Each of the four tested viruses wegectid in all of the influent samples, with oneeption:
WWTP-A in October was negative for norovirus 1. Theearchers found a 3.04 ipgeduction in fecal
coliforms through secondary treatment, while thveas not a significant decrease in the presenceusdeas

in the samples from secondary treatment to finfllerit. Norovirus 1 was identified in 94 percehtlte
secondary effluent samples and 92 percent of thed &ffluent samples; norovirus 2 was identified in
92 percent of the secondary effluent samples anue83nt of the final effluent samples; enterovings
identified in 65 percent of the secondary efflusminples and 57 percent of the final effluent sam@ed
adenovirus was identified in 99 percent of the sdaoy effluent samples and 100 percent of the final
effluent samples. The mean concentrations of feoiforms reduced from 7.7 x 1@CFU/mL after
secondary treatment to 7.9 x%10FU/mL after chlorination, while the concentratiofi viruses after
secondary treatment and after chlorination was sighificantly different. They found that while
chlorination was effective in removing fecal cotifits, viral concentrations were not impacted. Initaidl
noroviruses (group | and Il) had similar seasonalfiles and were more abundant in the winter
(approximately 100 times more). Enteroviruses weoastant year round, and adenoviruses were
statistically affected by month, although they didt exhibit a clear seasonal profile. The ratio of
concentrations in the influents for each of theis&s to that in the effluent was mostly stableughmut

the year for all viruses, which showed no seaseffaelct on the removal of viruses in the wastewater
treatment. The adenovirus had the highest condemtréhroughout the year (a preferable feature of a
potential indicator) (Katayam al., 2008).

Carducciet al., also studied virus removal rates in wastewagsatiment in two separate studies (2008 and
2009) of the Pisa, ltaly wastewater treatment plahhe first study included sampling from April to
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June 2007, with twenty sampling events with sampt#kected at the influent and effluent for a tatél
40 samples. The process is activated sludge fotldwechlorination. All samples were run in trigie
with positive and negative controls. Each sample pracessed for adenovirus, torque TTV, and hepatit
virus. The adenovirus was identified in all 40 s&wpvith no seasonal profile demonstrating 2.Q4dog
reduction through the treatment plant. The torqli¥ Was identified in 90 percent (36/40) of the séaBp
with a 1.58 logp reduction through the treatment plant. Adenovand torque TTV indicated a resistance
to chlorine disinfection with exit concentrations24 x 1¢ gc/mL and 6.71 x F0gc/mL, respectively.
There was no correlation identified between thases and bacterial indicators (Cardwetal., 2008).

The second study was conducted between March 200idne 2007 and November 2007 to April 2008,
with 29 sampling events at the influent and efftufen a total of 58 samples. The samples were apdly
for adenovirus, torque TTV, hepatitis A virus, natas, enterovirus, norovirus (groups | and Il)rsdic
coliphagesE. coli, and Enterococci. The bacterial indicators andpbalges did not significantly correlate
to any of the pathogens, although when considerémgoval rates between adenovirus and somatic
coliphages, the somatic coliphages may be an itaticd treatment efficiency. Adenovirus was shown t
have a high resistance to chlorine disinfectiord arile the TTV also showed resistance and high
correlations, attributable to the great variability DNA copy counts, reduction rates, and virus
unculturability, it precludes the torque TTV asideal indicator (Carducet al., 2009).

TTV seems to exhibit several qualities that wouldkm it a good indicator of fecal and wastewater
contamination. The prevalence in humans is higl,the serotypes are different in humans and asimal
which would be a component of the identificatiortef contamination source. It is also potentiadlyrhless

to humans, so it may be safer to use on a labgratdting compared to using a pathogenic agent asich
adenovirus (Sidhet al., 2010; Vaidyaet al., 2002). Carducciet al. (2009) studied viral removal by
wastewater treatment by monitoring indicators aatth@gens at the wastewater treatment facility gaPi
No significant correlations were found between &aat indicators and the viruses considered, corifig
their inadequacy for virological risk. TTV DNA waletected in 72 percent (21/29) of the raw sewagde a
in 62 percent (18/29) of the exit samples, with@amremoval of 1.6 lagwith a standard deviation of
1.16 (Carduccet al., 2009).

In 2008, Carduccét al. also researched the use of TTV as an indicateraistewater treatment facilities.
They determined that there are issues with virdlucability, which prohibits the valuation of actua
survival rates. Thus, TTV should be subjected ditamhal analysis, and additional research is nexlito
assess the gPCR of TTV as a viral indicator. Thene also several issues with the use of gPCRfioede
TTV, including variability in DNA copy count, theneduction rates, and the virus’ unculturabilityhigh
precluded the evaluation of actual survival rateaddition, further analysis should include a corigoa
of TTV to bacterial indicators in order to demoasgtrpotential resistance of TTV to treatment effeatd
to determine additional relationships of TTV toatlenteric viruses and indicators (Cardweteil., 2008).

TTV seems to exhibit several qualities which womldke it a good indicator of fecal and wastewater
contamination (Haramotet al., 2008). Samples were collected from a wastewedatrnent plant in Japan,
and TTV DNA was detected in all 12 influent samplested, with a geometric mean concentration of
1.7 x 10 genomic copies/liter. The concentration of TTV DMAthe influent samples showed no clear
seasonal pattern, suggesting that TTV infectiorsioconstantly throughout the year. The high praved

of TTV in wastewater suggests that TTV may be agregriate indicator of fecal contamination.
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3.3.3 Drinking Water Treatment

In 1995, Jofreet al. compared viruses and bacteriophages in raw watatsdentified bacteriophages in
treated water samples of full-scale conventiongdttnent facilities. The study included bacteriogsag
infecting B. fragilis, somatic coliphages, and male-specific coliphagss potential indicators of
enteroviruses in full-scale conventional treatm@ihiree drinking water treatment facilities in Bdore,
Spain, were used: two plants (A and B) drew wkitan the Llobregat River (with known heavy pollutio
of human origin) and the third plant (C) drew wdtem the Ter River. Each plant supplied drinkingter
that met water quality criteria based on bactedndicators. The three plants all had prechlorimatio
coagulation-sedimentation, and filtration (planh&d both sand and activated carbon filtration, tHamad
sand filtration, and Plant C had activated carhibrafion). All three of the plants had postchlaiion as

a final step, and Plant A had an ozonation stewdxat sand filtration and activated carbon filtratidhe
study compared phage counts identified by the doalgiar layer (PFU) method to the infectivity of
enteroviruses in buffalo green monkey (BGM) cdiacteriophages were identified in 100 percent (@4/2
of the 10 mL raw water samples for each of the &8lI4A and B) drawing from the Llobregat River.
Bacteriophages were identified in 31.8 percentitd percent of the 20 raw 10 mL water samples fitzen
plant drawing from the Ter river (Plant C). Entarases were identified in 55 percent of the samfrlas
Plant A, 50 percent of the samples from Plant Bl mone of the samples from Plant C. The number of
enteroviruses detected in the raw waters of Plaramyed from less than 20 to 630/1,000 L, and HBant
ranged from less than 20 to 158/1,000 L. In addljtiarger samples of 100 mL were analyzed for
bacteriophages throughout the treatment proced#iezeng a presence-absence test (% positive pér 10
mL). The 68 samples of finished waters resulteddir’ percent were positive for phages infectiig
fragilis, 2.8 percent for somatic coliphages, and 1.4 mérice male-specific coliphages. The removal of
enterovirus could not be calculated as a resulh@iminimal presence in the raw water samples lad t
absence in treated water. In the conventionalrtreat, phages infecting. fragilis were more resistant to
treatment than somatic or male-specific coliphddeeet al., 1995). This study found that bacteriophages
were present post treatment while infectious entarses were unable to be detected, demonstrating
bacteriophages can be a more conservative repagisentf infectious viruses.

Paymentet al. (1985) did not find a direct correlation betwede indicator bacteria and the viruses
measure, although the study did identify benefistiie use of bacteriophages as surrogates. THg stu
included the removal of viruses and indicator bdatduring the treatment process of seven fullescal
treatment facilities. The facilities were sampladgce a month for 12 months. The study allowed far t
comparison of traditional bacterial analysis toitifectivity and cytopathic effects of viruses.afis 1 and

2 treated water with pre-chlorination, coagulatiamd sedimentation, filtration, ozonation, and
post-chlorination. Plant 3 had similar treatmavith the pre-chlorintaion being only seasonal. nBiat
and 5 had similar treatment to Plants 1 and 2 witlo@aonation. Plant 6 treated water with filtratiand
post-chlorination, and Plant 7 treated water witty@hlorination. The plant capacities ranged fl@®to
100 x 10 m*/day. Samples were obtained through treatmentdivaduraw water, post-chlorination, post-
sedimentation, post- filtration, post-ozonationg &inished (tap) water (Paymeettal., 1985).

The raw water quality of the Paymei985) study was generally poor with total coliferexceeding
1¢° CFU/L and the average total virus count of 3.3 MRMC (with several samples of over
100 MPNCUI/L). Total plate counts were also evaldas a measure of total bacterial populationstlaad
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finished water had lower counts results rangingnftaverages of 2.6 to 3.8 kgCFU/L. Viruses were
detected in 11 of 155 (7%) of the finished watemgles (1,000 L) with an average density of
0.0006 MPNCUV/L (with the highest density measured.@2 MPNCU/L). The average cumulative virus
reduction was 95.15 percent after sedimentationd&@l7 percent after filtration, but remained cetsit
after ozonation or final chlorination. The overaliserved virus reduction was approximately 4 |dde
viruses, which were isolated from the samples, vedirenteroviruses including poliovirus Type 1,32,
coxsackievirus Types B3, B4, and B5; echovirus T¥pad untyped picornavirus. The presence of viruse
in raw water was weakly correlated with some of pa@ameters, including total coliforms and fecal
coliforms with r-values in the 0.5 to 0.7 range eTtheated water samples did not have any corrakatio
between the presence of viruses and the measuraugizrs. While coliphages were not found to cateel
directly with enteric viruses, multiple regressianalysis showed that somatic coliphages were an
explanatory variable for viruses in settled wat&#hile somatic coliphages are not normally in high
numbers, it is easier to maintain their host ctiln it is to maintain the host cells of male-sfieci
coliphages (Paymest al., 1985).

In a later study, Payment and Franco (1993) evadliarge volume samples (100 to 2000 liters, wttau
20,000 liters for selected finished water sampleshiree full-scale conventional water treatmeutlitées

in Montreal. All three plants used river water smg that were contaminated with sewage, thus isitrga
the likelihood that indicators and pathogens wdmdpresent in the raw waters. All had conventional
treatment, with one plant also having biologicéttdtion and one plant also having ozonation. Human
enteric viruses were found in all raw waters, @t dia cysts were found, depending upon treatment plant,
in 80 to 100 percent of sampl€&syptosporidium oocysts were more variable, ranging from 0 todé&@ent

of samples depending on plant. Regarding indicaganatic and male-specific coliphages were dedecte
in all raw samples, with concentrations rangingrfriens of thousands to hundreds of thousands ier 10
L. Indicator and pathogen levels were reduced tjindueatment, with levels consistently lower frogmvr

to settle to filtered to finished waters. Overedimoval of both indicators and pathogens was orottier

of 5 to 7 logo, with calculated values dependent on raw wataresabnd detection limits (Paymel .,
1993).

In a limited study by Gerbet al. (2003), removal oE. coli, Encephalitozoon intestinalis, feline calicivirus,
and coliphages (fr, MS2, and PRD-1) was evaluateal ¢onventional pilot plant. The intent of thedstu
was to provide additional information about orgams(microsporidia ak. intestinalis , and calicivirus)
on the U.S. EPA Drinking Water Contaminant Canaidast (CCL) (EPA, 1995) Three challenge studies
were conducted in which microorganisms were seéutedraw water at concentrations ranging fromd 10
to 1C¢ per mL. Overall removals for the indicators anthpgens were 1.85 to 3.21 lagwith filtration
accounting for the majority of the removal tarcoli, E. intestinalis, and PRD-1, and sedimentation being
more important for calicivirus, MS2, and fr. Thackteria and phages were detected using traditayeal
methods, and the calicivirus was propagated imédtidney cells and assayed by the T&lDethod. A
detailed statistical analysis of the data was pnotlacted (Gerbat al., 2003). This study again identifies
MS2 and PRD-1 as suitable representations of vemmvals, with PRD-1 exhibiting the least incidence
of removal of any microorganism and serving as estw@ase example prior to disinfection.

Xagorarakiet al. (2004) also researched MS2 through filtration. Pphepose of the study was to identify
removals of emerging pathogens and pathogen imdi&dh conventional treatment by pilot scale
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coagulation, flocculation, sedimentation, and gtanunedia filtration. Seven challenge tests were
performed to investigate the effects of water qualhd unit process condition on pathogen removakse
pathogens were spiked at concentratiorS.qfarvum (1 x 10 oocysts/L)E. intestinalis 2 x 1G spores/L,

E. coli O157:H7 (6 x 10 CFU/L), A. hydrophila (2 x 10 CFU/L) and bacteriophage MS2 (5 X BFU/L).
The pilot plant received raw water from Lake Meradimt Madison, Wisconsin, and included two parallel
treatment trains. A detailed statistical analygs completed and Tukey’s test was used to conpeaas
removals and correlate turbidity (Xagorarekal., 2004). The results did not show any strong catiah
between the indicators (MS2 and turbidity) andrdraoval of pathogens.

Mayer et al. 2008 studied enhanced coagulation in jar testh \ilman enteric pathogens and
bacteriophages. The optimization tests demonstratati that bacteriophage removal increased as
coagulant dose increased and also that bacteriepbagpval improved slightly with reductions in pHhe
enhanced coagulation conditions were optimizedanhd/L ferric chloride and a pH of between 5 arl 6.
The enteroviruses were each tested twice withaaj@iassays, and the bacteriophages were testaa twi
with triplicate assays. At a coagulant dose of 4fiLiferric chloride and a pH below 6.5 the maximum,
removals were achieved with legremovals of coxsackie B virus (3.0 lgg echovirus (1.75 log),
poliovirus (2.5 logp), fr (1.8 logo), PMS2X-174 (1.3 logy), MS2 (0.36 logy) and PRD-1 (0.29 lag
(Mayeret al., 2008).

Abbaszadegamt al. (2008) studied the removal of adenovirus, calicsj and bacteriophages through
bench and pilot scale testing of conventional inegit. Though the objective of this study was tdaite
removal rates of microorganisms from the second ERA (U.S. EPA, 2005), the study needed to provide
sufficient data on virus and bacteriophage remoata correlations, in order to only use bacteriggsan

the later stages of the research. Adenovirus Tygred4feline calicivirus (surrogates for entericramgrus
Type 40 and 41, and human caliciviruses, respdgjiwgere evaluated along several bacteriophages,
including MS2, PRD-10X-174, and fr. Abbaszadegas al. identified bacteriophage as an indicator
because the double layer agar assay used to gqu#mifmicroorganisms was less complex, and less
expensive, than the standard in vitro cell cultaethods used for animal viruses; in addition, Hlotiauses

had an available in vitro cell culture techniquéaszadegaet al., 2008).

The source water for the Abbaszadeghral. (2008) study was raw water from the Chandler Water
Treatment Plant in Chandler, Arizona. This raw whted an average water turbidity of less than OTRIN

a pH of approximately 8.0, and alkalinity rangimgrh 200 to 220 mg/L as CaGQOrerric chloride was
dosed from 0 to 50 mg/L. The raw water was seed#diwx 16 PFU for each bacteriophage and 1 £ 10
50 percent tissue culture infective dose (T&)[Per mL for each virus. This seeding methodoldipywneed

for the comparison of bacteriophages in the doldyer agar method to the infectivity and cytopathic
effects of viruses. The coagulant was tested irements of 10 mg/L in doses ranging from 0 to 56Lmg
The jar tests to identify the concentration thrégdiavere conducted with 5 experimental runs andichip
assays. Concentrations of 20 and 40 mg/L ferrioralé were selected as the low and high thresholds,
respectively. The jar tests to identify averagadogmovals were conducted with three experimentas ru
and duplicate assays. MS2 was reduced by 1.63 temoval at 20 mg/L ferric chloride and 2.13 1pg
removal at 40 mg/L ferric chloride. The MS2 remaval 20 mg/L were followed by fr (1.45), PRD-1 @).4
and®X-174 (0.40) (estimated from Figure 3 of the studyith the same trend for removals at 40 mg/L,
supporting studies that find male-specific bacghages (MS2 and fr) are removed to a greater extent
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through coagulation and settling when comparedioasic bacteriophages (PRD-1 abX-174) (Gerba
et al., 2003; Jofreet al., 1995). At 40 mg/L, removals for adenovirus andvFRfgere 1.4 logy and 1.5,
respectively with removals for PRD-1 a#X-174 at 1.0 and 0.65 leg respectively (Abbaszadegeiral .,

2008). This study suggests that PRD-1 @xd174 may be appropriate surrogates (process itatggsfor
both adenovirus and FCV in removal studies.

Abbaszadegaet al. (2007) conducted a bench scale analysis to ewstuditanced coagulation and settling.
Conventional drinking water treatment includes edaijpon, which focuses on turbidity removal, while
enhanced coagulation focuses on the removal batlrimtity and of natural organic matter. The foofis
the study was to determine the balance betweeriske of bacterial and chemical contamination. DOC
was measured as a potential precursor to DBPssasilded in the ESWTR and D/DBP rule. While the
purpose of the study was to determine optimizatibenhanced coagulation for the reduction of natura
organic matter effects as indicated by the DOClland the removal of emerging pathogens, the shlsty
included removals for adenovirus Type 4, felingabatus, MS2, PRD-1dX-174 and fr (Abbaszadegan
etal., 2007).

In order to optimize conditions for the enhancedgtdation, Abbaszadega al. (2007) conducted jar
tests in order to adjust ferric chloride dose aHdnth respect to DOC removal. The turbidity oé ttaw
water ranged from 3 to 20 NTU, a pH from 8 to & alkalinity ranging from 125 to 200 mg/L as CaCO
Ferric chloride was used in as a coagulant bedaisenore efficient than alum in the removal otural
organic matter. The raw water was seeded with @°PEU for each bacteriophage and 1 2 3@ percent
tissue culture infective dose (TGP per mL for each virus. Separate jar tests weredacted for the
bacteriophages, surrogate viruses, and DOC bedauses found that the nutrient media for the stock
cultures distorted the DOC concentrations. Thedragihages were studied with one jar test anddets
assays, and the two jar test experiments were @etpfor the surrogate viruses with duplicate assay
Coagulant doses ranging from 0 to 120 mg/L fernioade were tested in increments of 20 mg/L, dvel t
pH values ranged from 5.5 to 7.5 and were testattmements of 0.5. The bench scale testing demratesit
that the optimal conditions were 40 mg/L Fe@hd a pH between 5 and 6. These conditions resurte
maximum removals of 2.58 lagof adenovirus type 4, 2.50 lpgf feline calicivirus, 2.49 log of fr, 2.32
0910 MS2, 1.75 logy of PRD-1, 1.52 log of ®X-174, and 56 percent of DOC (Abbaszadegah., 2007).
These removals indicate that bacteriophages amnsecvative representation of viruses with enhanced
coagulation.

Nasser (1995) used jar tests to optimize flocomtedioses and bench scale high rate filtration cogi(h00
cm) to observe virus removals. In the first pdrthe study, enteric pathogenic viruses, represebye
hepatitis A and poliovirus, were compared to malee#fic bacteriophage in coagulation and floccolati
tests. The MS2 was enumerated by double agartagtirod, while poliovirus and hepatitis A (HAV) were
enumerated by the plaque assay method. Tests wedeicted to find to optimum doses of coagulant for
use in the filtration test. HAV, poliovirus, and K$oliphage were seeded to concentrations 6100
PFU/mL. The initial removals were 49 percent (M3 percent (HAV), and 47 percent (poliovirus), ehi
optimized removals were 99 percent (MS2), 93 pdarfidAV), and 91 percent (poliovirus). Throughout
the testing, the removals of MS2 were similar tdiguirus and were often less than the removals of
Hepatitis A, making MS2 a, appropriate indicatoviotises (Nassest al., 1995)
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While studying enhanced coagulation, Magtead . (2008) identified removal rates for multiple virgsand
bacteriophages in a bench scale analysis. Remewatls identified DOC, coxsackievirus, echovirus,
poliovirus, and bacteriophages as potential indisaincluding MS2, PRD-1pX-174, and fr. The series
of jar tests was conducted in a similar fashiorAbbhaszadegasmet al. (2007). The source water was
untreated central Arizona surface water with tuitigig of 9-22 NTU, pH of 7-8, and alkalinity of 1-48®0
mg/L CaCQ. The samples were seeded with final concentratbbths< 16 PFU/mL for the bacteriophages
or 13° 50 percent TCIg per mL for the viruses. The analysis resulted @mavals of 3.0 log
coxsackievirus B6, 1.75 legechovirus 12, 2.5 lagpoliovirus 1, 1.8 log fr, 1.3 logo ®X-174, 0.36 logo
MS2, 0.29 log PRD-1 and 41 percent DOC. Coxsackievirus B6 wasoved more efficiently than the
bacteriophages, indicating these may be suitabieators, with fr andbX-174 being more representative
of the viruses and MS2 and PRD-1 being more coasige/than fr andX-174. Echovirus had the lowest
removal rates of the viruses and was most suitaligated by MS2 and PRD-1 (Mayetral., 2008). In
addition to also identifying bacteriophages asagates, this study suggests that different virusag be
represented by different bacteriophages, indicatiag one bacteriophage may not able to represent a
viruses, but instead multiple bacteriophages maynbee well suited to indicating enteric viruses.

Abbaszadegaset al. (2007), as previously discussed, continued withlat study using the optimized
coagulant dose and pH from the jar tests. Thetewsse conducted using only the bacteriophagese si
the use of animal viruses were not permitted afdbiity. The pilot plant processes include coagjoin,
flocculation, sedimentation, and filtration, as gared to the jar tests, which did not includediiion. The
pilot test was performed at a fast flow rate of @an and a slow flow rate of 0.25 gpm. The filtesesre
multimedia including gravel, sand, and GAC. SaraphMere collected from three separate treatment
locations: the influent, after sedimentation artgfed water. The pilot plant was challenged witeded
samples with a final concentration of 1 x®1@FU/mL for each of the bacteriophages. There was a
statistically significant difference between thenmvals of the bacteriophages at the high and low fl
rates, except for PRD-1. At the low flow rate d®gpm, the greatest removal was for PRD-1 (666 |
removal), followed by MS2 (4.60 legremoval), fr (4.54 log removal) andbX-174 (3.94 logo removal).

At the high flow rate of 0.5 gpm, the greatest reatovas for fr with 7.87 log removal, followed by PRD-

1 with 6.87 logo removal, MS2 with 6.87 lag removal, and®X-174 with 4.47 log removal
(Abbaszadegad al., 2007).

Abbaszadegamt al. (2008) found similar results expanding on Abbasgathet al. (2007) identifying
removal mechanisms. The pilot testing included MBRD-1,®X-174, and fr, and were conducted at
20 and 40 mg/L ferric chloride. The pilot treatmeruded coagulation, flocculation, sedimentatiandg
filtration. Three runs were conducted, and dupiisavere completed for each test. The virus remaxas
trended as (MS2 and fr greater than PRD-1 @Xd174) for both the jar and pilot tests, althougie t
removal rates for the jar tests were more consee/dhan the pilot testing. The removal rates were
generally higher at the 0.5 gpm flow rate, but ahly MS2 removal was impacted by the coagulant dose
with the higher removals at the 40 mg/L ferric ctde. The bacteriophages had maximum removal rates
of 5.1 logo for MS2, 4.9 logp for fr, 3.5 for PRD-1 and 1.3 fabX-174. MS2 and fr were removed with
the greatest removals during filtration and PRDnaH &X-174 showed the greatest removal during
sedimentation. The mechanism for virus removalrduphysical and chemical separation processes was
found to be adsorption and charge neutralizatidlovi@d by gravitational separation; this was found
despite the fact that individual factors of ads@mtsuch as hydrophobicity, surface charge, aneléstric
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point, cannot fully explain the adsorption procedshese mechanisms may not be enough to meet the
SWTR minimum 4 log reduction in viruses. While the MS2 and fr met tniteria of removal credits
without disinfection, PRD-1 an@®X-174 did not, meaning that full-scale treatmerdgasses may not be
efficient at removing some viruses (Abbaszadegjah, 2008). The type and dosing of coagulant typically
affects the extent of pathogen removal and the Waagtype may affect removal of bacteriophage by
subsequent filtration. While filtration is an impant step in the treatment process, this studygatds that

the steps prior to filtration impact removal rates.

Nasseret al. (1995), as described previously, studied high féietion, by determining the removal
efficiency of enteric pathogenic viruses. Pilot$esere conducted for high rate filtration usinga® cm
sand bed. The alum was added in line at the apiintoncentration of 20 ppm, and kaolin and hurid a
were added for turbidity. The viruses and phageewadded in-line to a final concentration of
10*10°PPFU/mL. The removal of turbidity and MS2 coliphagesre minimal by high rate filtration without
the addition of the alum. The alum enhancemeneased the removal of viruses and turbidity, and the
addition of the alum and the 1 mg/L of a cationityplectrolyte further increased the removal otisis
and turbidity. The removals observed were 99.%qu@rfor turbidity, 99 percent for MS2, greaterrtha
93 percent for hepatitis A and 91 percent for pafies. This study indicated that turbidity removeds
greater than the removal of viruses and is theeafiot a suitable indicator for viruses (Nassed., 1995).

Noroviruses have also been proposed as markerscaf pollution; however, noroviruses can exhibit
seasonal fluctuations and epidemic spikes. Frora 2003 to June 2004, Haramet@l. (2006) researched
noroviruses, total coliforms. coli, and male phages in raw sewage, secondary treateage, and final
effluent at a wastewater treatment plant in Tokyapan. The concentration of human noroviruses,
determined by gPCR, in raw sewage varied from @1260 copies/mL for Genotype 1 and from 2.4 to
1,900 copies/mL for Genotype 2, showing much higredues in winter, while the concentration of total
coliforms, E. coli, or male phages in raw sewage was almost con#tamighout the year. Human
noroviruses of Genotype 2 were removed most effelgtivith an average removal of 3.69 {gdollowed

by E. coli with an average removal of 3.37 lggtotal coliforms with an average removal of 3.084,
Male phages with an average removal of 2.810)J@nd human noroviruses of genotype 1 with an aeera
removal of 2.27 log. No correlations were identified between the t&tacteria and human noroviruses
in final effluent (Haramotet al., 2006).

Shin and Sobsey (2008) studied the inactivationnafovirus (NV) in drinking water by chlorine
disinfection. The objective of the study was toedetine the inactivation of purified and dispersed
norovirus by bench scale free chlorine disinfectiotypical water treatment condition using RT PGral
assays. The inactivation of poliovirus (PV1) and2\#8liphage were also included in the study to camap
the rates of the enteric viruses and to deterntigerélationship between virus inactivation based on
infectivity assays and based on RT PCR assaysrus vhixture of PV1 (1.3 x ®dl..6 x 16 PFU/mL),
MS2 (1.2 x 169.2 x 16 PFU/mL), and norovirus ($.(° polymerase chain reaction units per mL) were
added to the bench scale batch system. Valuesther@verage of duplicate cultures or assays. The C
values were calculated for 2-4 lggnactivation. The inactivation of MS2 based orettivity assays was
very rapid and reached the detection limit withs Zontact time. The inactivation of PV1 based on
infectivity assay was also rapid and reached thectien limit within 10 minutes contact time. Meamie,

the inactivation of norovirus was 2 lp@t 3 minutes contact time, which was slower tha&g2Nbut faster

3-22



than PV1 (Shiret al., 2008). This demonstrates the persistence of irai@and poliovirus, and suggests
that MS2 may not be a suitable surrogate for humiggtious viruses.

Norovirus was further studied by Paatkal. (2011) for the effects of ultraviolet (UV) irradian in spiked
samples. The study determined the inactivationilpofof three surrogates of norovirus, and MS2
coliphages using bench scale tests. The infegtdfimurine norovirus (MNV), feline calicivirus (RQ,
and echovirus 12 was determined by cell culturedtivity, and MS2 infectivity was determined by qplee
assay. All data was averaged from at least fodicegp of two independent experiments. The virugese
tested at tires of £01C® and 16° for MNV, FCV, and echovirus 12, respectively. Artarpolation of
linear regression for first-order inactivation itiied UV doses to achieve 4 log inactivation of 29, 30,
and 70 (mJ cr for MNV, FCV, echovirus, and MS2, respectivelyhelTreaction profiles for MNV and
echovirus were statistically similar, while thedtigation rates of FCV with echovirus and FCV antli¥
were statistically different. A UV dose of 30 mJ-tmwas able to achieve 4 lageduction of the three
mammalian norovirus surrogates, and thereforelikédy that human norovirus is effectively contea
by UV disinfection recommendation for viruses of #0 cn? (Parket al., 2011). While norovirus was
more persistent than MS2 in the Shin and Sobse§8)2€tudy, norovirus was found by Patlal. 2011 to
be suitably inactivated by UV.

Hijnen et al. (2010) utilized a pilot plant with granular actigd carbon (GAC) adsorption filters, and
calculated removals for indicators MR,coli, and spores df. bifermentans; and pathogenic oocysts of
C. parvum, andG. lamblia. The plant had with two parallel GAC filters--owéh fresh GAC and the other
with loaded GAC--and each was backwashed priorheo test to create proper hydraulic conditions
(mimicking full-scale beds). The influent for thitggp plant was water from River Meuse (The Nethedls)
after the impounded reservoirs, coagulation, apitirsand filtration. The influent to the pilot ptawas
inoculated with MS2, resulting in influent conceations of approximately 1.2 x 1@FU/L for the fresh
GAC and approximately 7.2 x 4BFU/L in the loaded GAC columns. The influent inlations forE. coli
resulted in average concentrations of 1.1 ¥ @BU/L; spores ofC. bifermentans of 2.0 x 16 CFUI/L;
oocysts ofC. parvum of 1.6 x 10; andG. lamblia 9.8 x 18 cysts/L . The sampling was conducted over 4
consecutive days, and effluent samples were celleat 0, 10, 30, and 60 minutes. The removal fates
E. coli removal ranged from 0.1 to 1.1 lggemovals, with doseH. coli through the fresh GAC being the
lowest and removal of indigenois coli through the loaded GAC. The removal of the indicdiacteria
was attributed to attachment. The removal for M&2ge was below the level of detection, and the
removals fotE. coli and anaerobic spores were limited ranging from fean 0.1-1.1 log. Conversely, the
removals were significant for oocysts ©f parvum with 1.3 logo removal ands. lamblia with 2.7 logo
removal (Hijneret al., 2010). This study showed that GAC adsorptioeifitas a separate unit process are
not an adequate barrier for viruses, as represégtpdesence of MS2 bacteriophages and limitedaigpa
to eliminate pathogenic bacteria, as representgudsence of. coli (Hijnenet al., 2010).

Hijnen, et al. (2010) continued the GAC analysis in full-scaleilfaes with MS2 phages (representing
viruses),E. coli, and G. lamblia in granular activated carbon (GAC) adsorptionrdtibn. The study
investigated the performance of eight water treatrptants during different seasons and was aldédoa
that “fresh” (i.e. recently backwashed GAC) GAGrétion media, was less effective at removing béte
than “loaded” or late-cycle GAC. Their study fouttmét whileG. lamblia was significantly removed, the
phage anckE. coli removal was limited (Hijnemt al., 2010). The results highlighted the variability in
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performance of granular media filtration to remds&cteria and viruses, and that removals may be
dependent on several operational and design paeesnétdditional performance considerations foritytil
operators include the effects of filter shut-down.(stop-start events), ripening and increasiow ftate
during high demand periods (Hijnehal., 2010).

Several filtration experiments have been condutd@dmpare the transport of microsphereS.tparvum.

Dai et al. (2002) used microspheres as a surrogat€.fparvum oocysts in filtration experiments. A bench
scale filtration system was used to compare freskdianremovals of microsphere to the oocysts. The
column was packed with 0.55 mm spherical glass $éac depth of 25 cm and a porosity of 40. The
research included comparing the zeta potentiakdpjtbbicity, and filterability of mm carboxylated latex
microsphere and oocysts for a variety of solutionditions.C. parvum oocysts had a slightly negative zeta
potential (-1.5 to -12.5 mV) at a pH 6.7 over aswdnge of calcium concentrations €16 10! M) while

the microspheres were more negatively charges (6/-460.2 mV). The results suggested that when
groundwater is hard or high ionic strength (grettan 1& M Ca'’) microspheres mimic the transport of
oocysts. The microspheres also consistently hadrloemovals that the oocysts and were a conseevati
estimate of oocyst removal in filters containingdtgphilic negatively charged filter media (Datial.,
2002).

Emelko et al. (2004) conducted pilot scale filtration studieghwmicrospheres an€. parvum. The
comparisons between the microspheres and oocysisdveuring operating conditions and process
challenges. In-line filtration experiments werendocted at two pilot facilities, the city of Ottavaad
University of Waterloo; the loadings rates wereghd 4.3 gpm/f respectively. The filters were 28 inches
deep, and the filter material was varying heigtitarthracite, sand, and garnet. Seeded samplas wer
added at the filter influent for 1-hour periodstiwa minimum of 10 replicates at concentrationslof:1¢
oocysts per L and 2,500 oocysts per microsphe@®01oocysts per L and 500 oocysts per microsphere;
and 100 oocysts per L and 50 oocysts per microspGeparvum removals ranged from 0.2 log during no
coagulation experiments to 5.7 logs during staplkrations, and microsphere removals ranged frono0.2
5.1 logs. Oocysts and microsphere removals wererghy similar thought the operating conditions. A
statistical analysis was conducted and the liceeafficients of determination ranged from 0.74 860
(Emelkoet al., 2004).

While size and shape of microorganisms and micresgghcan be similar the surface characteristics of
the microspheres limit their ability to represenitmorganisms, and Harvegt al. (2008) observed
through a limestone column the differences in tlobifity and recovery oCryptosporidium parvum
oocysts and carboxylated polystyrene microsphefesimilar sizes, even though their diameters,
aspect ratio of length to width, and buoyant déesitvere similar. Microspheres were more negafivel
charged { = -18.7 at pH = 7.0, anf= —-21.0 mV at pH = 7.8) compared with the oocy&§ts —3.6 at

pH = 7.0, and, = —6.7 mV at pH = 7.8). Harvegt al. (2008) determined that the surface charge of
particles had the greatest impact to transportoilo The researchers also determined that these
observed transport differences were attributabletite difference in surface charge, and thus
appropriate to identify a surrogate with surfacaraleteristics more similar to microorganisms (Harve
et al., 2004).

Latex spheres have also been used as a potendiedwirogate in low-pressure membrane studiestilo
et al. (2009) conducted a challenge study of microfitnatand ultrafiltration membranes using two
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bacteriophages (MS2 and PRD1) and two fluoresedex lspheres of representative sizes comparee to th
bacteriophages (26 and 67 nm). The study evaluhteduitability of fluorescent microspheres aslvira
surrogates, taking into account both size and seréharge. The microspheres were carboxylatedavith
point of zero charge of less than 2, while the lstiec points of MS2 and PRD1 were 3.9 and 4.2,
respectively. Rejection experiments were conduatethg 0.22 um hydrophilic and hydrophobic
polyvinylidene fluoride (PVDF) MF membranes, a 1RD hydrophilic regenerated cellulose (RC)
ultrafiltration membrane, and a 100 kD hydrophopatyethersulfone (PES) ultrafiltration membrane.
Surface characteristics were studied, such aspogémtial with a ZetaPlus analyzer, contact angta &
goniometer, and membrane thickness and roughnéssedanning electron microscope and atomic force
microscopy (Pontiust al., 2009). Challenge studies were conducted at ffferent pH levels (6.5 and
8.5) for the four different membranes, with initilage concentrations of 1BFU/mL and microsphere
concentrations of #610' per mL. The phage concentrations were assayddtivit Adams soft agar
overlay method, and the microsphere concentratimre determined by florescence spectroscopy with a
fluorescence spectrophotometer. This study founad tluorescent microspheres were an inconsistent
surrogate when compared to phages in membranesstadd found that further study on the impact of
surrogate surface characteristics was necessangdict rejection (Pontiugt al., 2009).

3.3.4 Bacterial and Viral Association

Bacteria and viruses have many differences, arehafpidemiological studies fail to show a relatiops
between viral pathogens and bacterial indicatorsoith environmental systems and treatment processes
(Ashboltet al., 2001; Hamzat al., 2011a; McQuaigt al., 2011). The differences in the fate of bacteria
and viruses may be expected because of differancstsucture and transport mechanisms. Viruses are
10 to 100 times smaller than bacteria and requiresafor replication, while bacteria replicateaihgh cell
division. Viruses and bacteria also vary in genamze(for examplée. coli is 4.2 Mb and Hepatitis B is
0.0032 Mb), and the bacterial genome is made of DAe the viral genome can be made of DNA, RNA,
or both (Upadhyagt al., 2010). Another factor is that bacteria are selitained and viruses cannot survive
without a host; in other words, bacteria can sgfflicate, while viruses need host cells in ordeetdicate

their genomes(Yates al., 1985).

The size and structure of the microorganisms ap®itant factors in fate. Viruses consist of a pgroteat
that holds a coiled string of nucleic acid. Viruses tiny geometric structures that can only repced
inside a living cell. They range in size from 202860 nanometers. Bacteria, however, are prokaryotic
singled celled organisms and do not have a celengavhich consist of ribosomes, nucleoid (DNA}el
wall, cytoplasm, and a flagella. The average basters 1,000 nanometers long (Upadhghawgl., 2010).

A single virus particle (virion) is primarily madap of nucleic acids and protein capsomeres, which
surround the genetic code. The external surfadheiscapsid (or the coat protein) and may have the
morphology of helical, icosahedral or complex. Ener also a distinction between enveloped and non-
enveloped viruses. The surface properties ofiarvis determined by the characteristics of theswhp
Enveloped viruses have an additional external carapbderived from the host cell and consists ofging

and lipids, and determines the surface propeiesmportant factor in the terms of quality as adicator

is the ability to move multiplying in the environmteln terms of motility, viruses do not possess&tres
that enable them to move purposefully through therenment. Bacteria, on the other hand, are @ble
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move through the environment using a structure knaw the flagellum. (Giddings, 1998). Viruses are
intracellular parasites which enter host cells, thigehost cell machineries to replicate their gemoand
synthesize their proteins to produce additionalses that are then released.

Viruses bind to the membrane of a host and cantbiadspecific receptor, or multiple receptorsthaugh
viruses can initially bind to non-specific sitesiglhare not capable of direct virus entry and thsiiss can
provide initial adhesion sites. This binding alkwor viruses to accumulate at the capsid based on
electrostatic attractions. It is possible for thhascumulations to allow for the virons to intenaith specific
receptors (Villanuevat al., 2005). Bacteriophages are referred to by theptec types that initiate
bacterial entry to host cells. Somatic phages apalgle of binding to components of the cell wah.
contrast, male-specific phages attach to filamenappendages (sex-pili) attached to bacterialvealls
(Leclercet al., 2000).

Coliform bacteria are insufficient indicators ofrali pathogens because these microorganisms cannot
designate viral pathogen risk in the environmerdréthotoet al., 2007). Although total coliforms are
normally present in the waste of warm blooded afsirthey tend to be poor indicator microorganisms
through treatment processes because of their shorival and susceptibility to water treatments éyio
2004). Also, pathogenic viruses have been foundiaters in which the number of coliforms had not
exceeded water quality standards (Fend., 2005). Moreover, these bacterial indicators artespecific

to feces and have the ability to grow in naturaless(Ashbolit al., 2001; Fonget al., 2005; Toranzost

al., 2007).

Most bacteria are removed in the soil surface lnafion, sedimentation, and adsorption while v@sisre
removed primarily through adsorption (Gilbettal., 1976). However, salt concentrations, pH, organic
matter, soil compaosition, infiltration rates, andmatic conditions may affect the degree of retemtof
bacteria and viruses by soil. Furthermore, theigakand movement of the retained bacteria andses
are influenced by soil moisture, temperature, pid, mutrient availability. The ability of some calins to
grow in the environment, lack of correlation betweeoliforms and pathogenic microorganism
concentrations, and detection of atypical straitake coliforms unsuitable as indicators of pathsgen
(Figuerast al., 2010).

Male-specific coliphages are present in much laveeicentrations, can vary by species, and are capébl
distinguishing between fecal pollution of humargariand fecal pollution of animal origin (Leclegtal .,
2000). It has been found, however, that somalipltages have higher concentrations than male-fpeci
phages in wastewater and raw water sources (Gre2@ft).

Longet al. (2005) studied the use of male-specific coliphagegotential indicators of fecal contamination
and their use in fecal source tracking. While colifs are utilized as indicator organisms, they Emkrce
specificity. Water suppliers utilize a multi-barri@pproach to providing drinking water with souveater
protection as one of the barriers. In order togobthose sources, a method to identify potentiatces of
fecal contamination is required. Male-specific pblages may provide this information not only toeass
relative risk but also to provide information tisah develop appropriate corrective actions. Thidystoes
not focus on the use of coliphages as a surrogateufnan enteric viruses, but instead proposesdbaf
coliphages as their own indication of fecal contaation. The study identified DNA versus RNA genasp
of coliphages and compared the genotypes and teeatp use of specific genotypes as source indisat
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The densities were representative of previouslyiglibd studies of similar indicators. Male-specihiNA
coliphages were identified in statistically sigoéiht numbers of samples supporting their poteatidécal
indicators. In addition, male-specific DNA colipleegwere more prevalent in the wastewater influadt a
effluent samples when compared to animal wasteolago Liquid composite waste samples such as
wastewater samples and waste lagoons indicateathighiels of male-specific RNA coliphages when
compared to individual sources, such as septicstamkl grazing animal fecal samples. This may occur
because the host cells in wastewater allow thepleaie from individual fecal sources to multiply in
wastewater liquids. The male-specific RNA coliphagéso demonstrate more statistical significance in
identifying differences in coliphage isolates. Thajority of groups | and IV male-specific RNA cdiigges
were associated with animal sources, while groli@nd 11l were more often associated with human
sources. These results indicate that coliphagespmayde additional information concerning fecalisme
tracking, and should be considered as a tool imkdrg water quality assessment (Lazigl., 2005).

Havelaar, etl. (1990) studied the occurrence of somatic colipbag®le-specific bacteriophages, &hd
coli strains sensitive to infection by male-specifiagbs. The study included samples from humans
(n = 33), pigs (n = 36), cattle (n = 31), and cki& (n = 28)E. coli was identified in all of the untreated
samples of human feces and not often detected aidriotics were used. Pig feces samples were lysual
positive forE. coli, cattle samplé&. coli counts were usually low, artl coli was found in high numbers
(3.9 x 1Gto 8.0 x 18 CFU/qg) in chicken feces. Somatic coliphages weteated in high numbers (greater
than, 168 PFU/mL) in all feces types. However; male-spegifiages were rarely detected in the feces of
humans (6%) and cattle (10%) and were more frequepigs (47%) and chickens (64%). Phages were
detected in very low numbers (13 -22 PFU/g) in dnlg of the 33 samples of human feces. Despitg thi
male-specific phages are often detected in domestitewater samples, identifying male-specific jgisag
as a possible indicator of wastewater pollutionrimitof fecal pollution (Havelaat al., 1990).

However, research provides a sufficient amouniéd tb allow for the use of coliphages as represienet

of viruses in unit process studies without the akdéuman viruses. This is important, because while
coliphages are similar to viruses in size and &ttdk points, they are less expensive and easiasgay.
These studies confirm the use of bacteriophagesua®gates for viruses. In most instances, the
bacteriophages have lower removals than virusesnimg they could be considered a conservative
indication of virus removal through drinking wategatment.
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4.0 PARTICLE CHARACTERISTICS

As described in Section 3.0, viruses and traditiordictors have different fates in treatment pis=s and
environmental systems. Often, viruses are moreigtens. Traditional physical treatment methods gisin
gravity and size exclusion are unreliable in regaalviral pathogens. Treatment and removals et th
nanoscale are instead dependent on the interaaftfonces impacting physicochemical attachment.

4.1 LIGHT SCATTERING

Light scattering (LS) is an optical method of azalg particle characteristics and dynamics. LS aan
be used to study the stability of an aqueous swiutiLS methods include a light source (often argas
through a sample and an analysis of changes iinthasity of the scattered light. Experimentallys L
intensity fluctuations are a function of size oktparticle, the shape of surface structures, partic
concentration, and the type of ions in solutionr(tget al., 2000; Brarwt al., 2011; Kaszubat al., 2008).

Particles undergoing Brownian motion produce flatitns in scattered light intensity, |, which LShca
guantify. The light source at wavelengthhits particles, the light scatters in all direas. When the laser,

incident beam khits a particle in the sample, the beam is seattend sampled at a scattering argleith

a detector. The measurements can be analyzepecifis wave vectors. The wave vector is the déffece

in the incident beam vector and the scattered besstor, k. A wave vector is a function of the wave
length, viscosity and scattering angle, as showiguation 4-1.

| c_i | _ 4nnd/slin(§)

(Equation 4-1)

Where |G| is wave vector) wavelength,n, refractive index (for aqueous samples, viscosiayd 0
scattering angle. The wave vectqi is the difference between the incident beam ve(@tyrand the
scattered beam vectors{k These variables are outlined in Table 4-1.

Table 4-1: Light Scattering Definitions

Light Scattering Definition
Variable
<|> Quantity Of Scattered Light Intensity
A Laser Wavelength
Ki Initial/Incident Beam Vector
0 Scattered Beam Angle
Ks Scattered Beam Vector
Q Wave Vector
<I>(q, t) Relative Total Intensity
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Light Scattering Definition
Variable
F Fractal Dimension (Models Shape)
Re Effective Radius (Models Size)
RMSD Root Mean Square Difference

The set up for a generic light scattering experinshown in Figure 4-1.

Incident Beam

k; @
L EII
aser Lens | Scattering
Angle
ks
Scattered I'l'"".'
Beam E
Wave Vector: §j = k; — k; Lens

Detector

Correlator

Figure 4-1: Light Scattering Components

Dynamic light scattering (DLS) is also referredPdmton Correlation Spectroscopy or Quasi-Elastititi
Scattering. DLS provides data based on the parsichttering in a system on a time scale rangmm fr
tens of nanoseconds to seconds. The measurentéstiotensity correlation function allows evaluatiaf
the diffusion coefficient, D, of the scattered paes. The DLS measurements can demonstrate tliy ab
of the particles to aggregate over time by deteertime impacts or increases of the hydrodynamiiusad

For example, Pasquimet al. (2012) used static and dynamic light scatteringlétermine the structural
morphology and aggregation state of functionalisetle walled nanotubes (fSWNTs). Static light
scattering (SLS, ALVGmbH, Germany) was used to iobthe fractal dimension, Df, of the patrticles.
Measurements were taken every 1° using eight adeteand collected every 20 seconds time over tingera
of 0.00516 < q < 0.03397 ni corresponding té of 17-153°.

To compare the extent of dispersion of the fSWNiysiamic light scattering (DLS) measurements were
collected. DLS measuredAtl), the autocorrelation of the scattered lightmsigy ato. Diffusion of particles

in the sample causes fluctuations in the scattagietintensity, and g{t) decays exponentially as described
in Equation 4-2.

—At
glAt)y =et

(Equation 4-2)
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WhereAt is the time lag and is the diffusive time scale in the system. Thdugdibn coefficient, D, is
determined from the measured diffusion timehrough Equation 4-3.

_ 1
T_ZqZD

(Equation 4-3)
The hydrodynamic radius (jrcan be calculated from the diffusion coefficietilizing the Stokes—Einstein

equation, as shown in Equation 4-4.

R, — kgT
B 6nnyD

(Equation 4-4)

Where k is the Boltzmann constant, T is the absolute teatpee, and, is the solvent viscosity. Although
DLS is typically used to determine size of sphénpzaticles, in this experiment, it was used tcedgine
the relative size of rod-shaped materials. Bygi§ihS the experiment was able to analyze the asptot
and the diffusion coefficient of the particles (Baisi et al., 2012).

As demonstrated, an analysis of intensity fluctradi provided a quantification of the velocity okth
Brownian motion and then the particle size usirgy$ttokes-Einstein relationship. Brownian motion was
guantitatively characterized by the diffusion caséint, D. The diffusion coefficient depends ontjude
size and shape, as well as on the ambient temperatd solution viscosity. By converting a diffusio
coefficient into a hydrodynamic radius (the radifis hard sphere with the same diffusion coeffican
the scatterer), temperature and viscosity are fiadtout (Bernet al., 2000; Braret al., 2011; Holzet al.,
1978). While this demonstrates physical charadtesisf the particle, water quality research, gafarly
research focused on adhesion, primarily utilize St measure electrostatic characteristics.

4.2 H.ECTROSTATIC CHARACTERISTICS

Electrophoresis is the movement of charged pasticdach that when an electrical field is applieduto
aqueous environment, the charged field inducesuallddayer around each particle. The thicknessief t
double layer depends upon the concentration ofifpaslution the available valence electrons. Niegly
charged colloids move toward the positive chargd,the speed of the particles, electrophoretic fitpbi
is calculated based on the applied voltage gradieratcharge on the particle, and the viscositywater.
(Hendricks, 2010).

Zeta potential Q) is the energy potential of the particles, ana ig/pical measurement of electrostatic
interactions of colloids. Zeta potential measuhescolloidal charge at the point of the slippidane. It
indicates the degree of repulsion between similahgrged particles and the magnitude quantifies the
potential stability of the system (da Sileal., 2010). The zeta potential of a virus can be nmeasto
predict electrostatic interactions impact the baranf a virus in a particular environment and wivéiich
water quality parameters alter the virus (Malverstiuments, 2012; Tanneetal., 2012).

The zeta potential is calculated by converting #ectrophoretic mobility using the Helmholtz-
Smoluchowski or the Henry Equation.
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4.2.1 Isoelectric Points

The pH at which the net surface charge is newrtdide isoelectric point (IEP) and is a characteristthe
particle in equilibrium. This charge determinestigle mobility and contributes to the sorption pess.
Biotic nanoparticles, such as viruses and bactk&ages, have a pH dependent surface charge inmetha
and in the case of non-enveloped viruses, the ifumaitgroups of the coat protein determine thesneace
charge. IEPs of viruses are found in pH range fto®nto 8.4 and are most frequently in the range. 5f

to 7. Michenet al. (2010) fitted virus IEPs to a Gaussian functiathva mean value of 5.0 and a standard
deviation of 1.3. Unfortunately, the literature icates that a range of IEPs is attributed to eanksv
dependent on the research methodology.

The Michenet al. (2010) literature review included ten citations fite IEP of MS2 bacteriophage with a
mean IEP value of 3.5, a standard deviation ofdh6é,a difference between highest and lowest HPR)

of 1.8. Values shifted from 3.1 to 3.9 by incregsiime concentration of NaN@om 1 to 100 mmol. The
study determined a representative value of MS2 Xwluding measurements with undefined purity,
different strains, and those conducted at highciatiengths to focus the IEP towards the pointesb z
charge. The resultant value was an average val8elpé standard deviation of 0.8, antlBP of 0.8. In
the case ofbX-174 bacteriophage, a representative value wasréeted with a mean IEP of pH 6.6, a
standard deviation of 0.05, and\HEP of 0.1 (Micheret al., 2010).

Michenet al. (2010) also found that isoelectric points varigchbst, species, and strain. Strains within a
single species may vary because of differencdsicdat proteins because the coat can define theaege

of amino acids with other peptides. The variatioroag a single species can also be caused by laltimgn
including the purification of virus stock is incastent. The review determined that IEP values reloin
literature should only be used in estimations gpton in waters of comparable chemistry.

Langletet al. (2008) studied the alteration of IEPs by chandimg water chemistry of solutions. The
research included bench scale analysis of thereleaetic properties and size variations for foualea
specific bacteriophages including MS2, GA,@nd SP with diameters ranging from 21-30 nm @aver
range of pH values 1.5 to 7.5 and NaNgectrolyte concentration (1-100 mM). The reskadentified
significant aggregation of MS2 phages in systenth wH < pl. The pl measured at 1 mM ionic strength
were MS2 3.1+ 0.1, GA 2.1+ 0.1, B 2.7+ 0.1, and SP2.% 0.3 and at 100 mM ionic strength were
MS2 3.9+ 0.3, GA 2.3+ 0.1, B 1.9+ 0.3, and SP 2.6 0.1. The size analysis identified trends in
aggregation. For MS2, aggregation was not depermteioinic strength. This may be a result of MS2geha
being one of the most hydrophobic phages (Lsttld., 1995). MS2 aggregation did vary with pH with a
mean hydrodynamic radius gRof 9 unt/s for neutral pHs and at lower pHs near the plRhavas
0.3 unt/s, indicating aggregation at the high pHs. Thimdaiggests a potential bias for PFU assays based
on water quality caused by PFU counts less thasuheof its constituent particles (Langsetl., 2008).

While electrostatic forces have been shown to irhpdsorption, they the only driving force in adganp.
Chattophadhyawgt al. (1999) conducted experiments in order to exantieeatisorption of bacteriophages
(T2, MS2 anddX-174) on four different clays in 0.01 M NaCl at pH The different phage types were
observed to adsorb to the clays in decreasing ralad2, MS2, andX-174. This research showed that
hydrophobic interactions drove the adsorption pseaather than electrostatic forces. (Chattopadbyay
al., 1999).
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An IEP is able to provide a measurement of a garticaracteristic. Yet IEP is highly dependent ufian
specifics of the particle and the environment imohlit is measured. While specific IEPs were notlaited
to each phage, when particle interactions are relsed, IEPs and zeta potentials are frequentlizetto
define a particle and its potential to interactwather particles.

4.3 PARTICLE INTERACTIONS

Derjaguin, Landau, Verwey, and Overbeek (DLVO) tlyemccounts for van der Waals and electrostatic
interactions between colloidal particles and isiutsedescribe sorption behavior (Hendricks, 20Im)VO
theory is based on the stability of a particlealuson being dependent on total potential eneRgrjaguin
etal., 1941; Ryaret al., 1996; Verweet al., 1948). For a system to be considered stablesldntrostatic
(double layer) repulsive forces must be greaten ttiee van der Waals attractive forces (Malvern
Instruments, 2012).

DLVO theory provides a method to quantify molecutdaeraction profiles, by summing electrostatic and
van der Waals interactions (Hendricks, 2010). Blartsurfaces become charged when placed into an
electrolyte solution. For example, if the particbesne into contact with oxygen molecules, then dgdn
atoms in the water will be attracted to the chargedecules. Oxygen molecules will interact with the
hydrogen molecules, leaving a net negative charge¢he particle. The net negative charge attracts
positively charged ions in the solution that wontdmally have been dissociated (Ryhial., 1996).

While DLVO theory is used to describe colloidalerdctions, it is not able to consistently descable
particle relationships. Non-DLVO interactions, Bues hydrophobic interactions, are included in some
models that are known as extended DLVO theoriesL@). Many non-DLVO interactions are not
completely understood, and a comprehensive thexybt been uniformly applied (Bradfcetchl ., 2008).
Interfacial potential energy modeled with XDLVQOdalculated by summing the forces contributed by van
der Waals ¢vdW), electrostatic double laye®Edl), and hydrophobic interaction®tfydrophaobic).
Wonget al. (2012), includes steric interactions as showndgodtion 4-5 (Wongt al., 2012).

®XDLVO + steric =dvdW + ®EdI + dhydrophobic +dsteric
(Equation 4-5)

Hydrophobicity is a result of the interaction oethqueous solution with the particle. Current aede
includes the measurement of interactions betweeamnopobic surfaces, such as biological molecules
exposing hydrocarbon groups, and hydrophobic sesfeare attracted to one another. Hydrophobic
interactions have been suggested in the adhesidraggregation of particles including proteins and
collagen (Li, 2009).

Hydrophobic interactions can be described thealyi¢vVan Oss, 1995) or empirically (Yo@hal., 1996).
Contact angle is used to empirically determine bgtpbicity of an aqueous solution by measuring the
water contact angléd) on a solid surfaced(refers to hydrophobic character). The solutiomsdascribed

by their relationship to the surfaces as wettihg ©0°) and non-wettingd(> 90°) surfaces. Hydrophobic
interactions are defined 8s> 65°, and hydrophilic surfaces hav& 65° (Vogler, 1998). The impacts of
hydrophobic interactions on colloid transport reman open area of research (Liab@l., 2006).
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Batch, column, and field studies of colloid tranggwovide information about the applicability of BO
and XDLVO theories for particle interactions. Ind#ttbn to DLVO, studies of environmental and
groundwater transport have found that many facaffiect the subsurface transport of biotic and abiot
particles including soil properties such as mirnaygl grain size, surface roughness, and organitengn
water properties such as pH, ionic strength; afididgroperties such as isoelectric point, surfelcarge,
surface morphology, and size.

Knappettet al. (2008) utilized replicate column experiments taufify the impacts of ionic strength and
grain size on the transport of colloids. Colummut$ers met the minimumgdgldio ratio (the ratio of 50 that

is recommended to minimize wall effects. Bacteragpy MS2, and 0.025m carboxylated microspheres
were used as surrogates for bacteria and virusesated columns of crushed silica. MS2 was quandtifi
using the double layer agar method in duplicateipiicate with 30-300 PFU per mL. Microsphereseve
Flouresbrité" carboxylated polystyrene with a mean diameter.6fuin and a particle density of 1.055
gram per cm and enumerated with fluoresce. Micremgghwere used because of the ease of enumeration,
absence of possible inactivation, and potentialvgftaassociated with microbial surrogate. Graire $if

the media, angular silica sand of 99.7 percenttguans varied from medium sanddD.70 mm) to fine
sand (6=0.34 mm). In column experiments, bromide conegitn was analyzed with an ion
chromatograph and used to estimate hydrodynanpediion coefficient (D). Surrogates were suspended
in artificial groundwater (AGW) containing a iorstrength (5nM) of 1mM C4, 2 nM N4, and 4 nM Cl

and a high ionic strength (34 nM) of 4.8 nM2Gd9.5 nM N4&, and 29.1 nM ClI. Increasing the Ca
concentration from 1 to 4.8 mM resulted in complateenuation. The microspheres were found not to
accurately model MS2 as evidenced by the greasar 8hog reduction of MS2 in C{@vhile only a one

log reduction in the concentration of microsphdkasappettet al., 2008).

The results from Knappe#t al. (2006) found that at high overall ionic streng8# (\M) MS2 had no
breakthrough in columns with either grain sizejaating total removal of the virus colloids fronetfree
liquid. While at the low ionic strength (5 nM), M®2hibited a complete breakthrough in the mediundsa
and a 5 log reduction in concentration in the aad. Effluent concentrations were decreased thrthey
fine sand for the MS2 with a 5 log decrease andaspheres with a 2.5 log decrease. Changes in ioni
strength or grain size influenced virus removasaturated porous media. This model was comparead to
literature review of research of natural systemd was found to under predicted colloid retention by
angular sand over distances as short as 20 cm fi€ttapal ., 2008).

Knappettet al. found an increase in attachment consistent witiiOltheory as represented by the increase
in ionic strength consistent with a compressiorthaf double layer of ions for the particles, medid a
colloids. The compression reduced the double Iegulsion and allowed the colloid to approach tke |
charged grain. The researchers found that whepattiles were proximate, the colloid was held/ag

der Waals forces in a low net potential energyesthappetet al., 2008). The increase in retention was
found to be a result of attachment efficiency, eoltbid retention in porous media increases whendhic
strength is increased.

The transport of bacteriophage PRD1 in groundwiteugh a natural sand aquifer was studied by Ryan
et al. (1999). Zeta potentials were measured for the @laagl soil types throughout the aquifer. The soils
with heterogeneous surfaces were negative andvaitiiderric oxyhydroxides and clay mineral edgesl h
positive charges. Attachment of phage, were PRDd identified in positive charged sites in the aguif
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When NaOH was injected to reverse the charge omadnéer, the phages were released, indicating that
electrostatic forces dominated the attachment &P® aquifer soils (Ryae al., 1999).

You et al. (2005) used iron particles to study the removal2Mghd $X-174 in batch and column
experiments. MS2 had a higher adsorption rate cosapt ¢X-174 in the batch experiment. While the
phages were found to have similar removals in col@rperiments with groundwater at pH 7.5, the
recovery of both adsorbed viruses was 0.1 peragr¥i52 andpX-174, indicating that the phages were
either irreversibly adsorbed or rendered non-imbest In columns filled with a mix of sand and iron
particles both phages were retained at 4ologmoval. Sterile artificial groundwater was coobasly
pumped through the filtration bed for 10 days, #reah column removal of the phages improved to »log
removal. The increase in removal was potentiathyfthe formation of iron oxides during the continso
wash cycle. (Yout al., 2005). The improved removals also identifiesdbminance of electrostatic forces
in attachment.

Dowdet al. (1998) performed transport experiments in 73 crenfSnner diameter) columns injecting five
different bacteriophages (MS2, PRD1, @X-174, and PM2). Their purpose was to test theetation
between viral transport and isoelectric points.e Porous material was from a sandy aquifer (95%l,san
7% silt, and 2% clay). The experiment included gxperimental set ups: one using a conventionahbatc
flow through column and the other was a continutms through column in which the column effluent
was re-injected into the influent end. This wasealto simulate longer distances of travel throughguifer
(Dowdet al., 1998).

For the column experiments, Dovedal. (1998) injected 2.1 pore volumes of virus seededimdwater
into the influent and measured the effluent virogaentration over 10 pore volumes of flushing wititer
free of bacteriophage. The phages were injectedratgly into the column (except MS2 ad®X-174,
which were introduced concurrently). Influent baicighage concentrations {Qranged from 16to 10
PFU/mL. With the large diameter (approximatelyrs), bacteriophage PRD1 (69% adsorbed with a pl
of 4.2) has a higher removal than PM2 (30% adsomitl a pl of 7.3). Similarly with the phages
(approximately 24 nm), MS2 (46%, 3.9) has a higleenoval than®dX-174 (2.5% adsorbed with a pl of
6.6). An exception to this trend was Q (53% adsdnbith a pl of 5.5) (Dowet al., 1998). The result was
that the IEP of a virus determined efficiency obVadsorption within aquifers.

Porubcan and Xu (2011) researched colloids withiumal heterogeneous porous media. They conducted
column experiments to investigate the transpdedtek particles of 0.46 um, 2.94 um, 5.1 um, afé f.m
diameter latex particles through mixtures of 0.48,8.46 mm, and 0.23 mm diameter quartz sandssGlas
chromatography columns of 2.5 cm diameter and 1tdength were used with an acrylic end fitting th
featured a 0.051 mm stainless steel membrane. dlhenns were set up vertically and sand was layered
using wetted sand mixtures. Colloid attachment wasimized by suspending the microspheres in
Nanopure water to maximize the electrostatic repalbetween the colloids and the sands. The smhalles
(0.46 pm) particles traveled through the media. fEseilts showed minimal physicochemical filtratmm
straining attributable to the repulsive chargesvben the latex particles and cleaned sands. Taigisy

of the larger particles was modeled and the partitaining was found to correlate the ratio ofdbkoid
diameter to the average grain size and empiriciiyved straining capacity term)((Porubcaret al.,
2011).
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Xu et al. (2006) examined the straining kinetics of colldigarticles in saturated porous media. Column
experiments were conducted with 0.5, 1.1, 3.1 ahdqufn latex particles with carboxyl surface functb
groups. The columns were filled with high purityagiz sand in five class sizes: 0.71-0.85 mm,
0.3-0.355 mm, 0.125-0.15 mm, 0.106-0.125 mm an@-0.006 mm. The sand was prepared by boiling the
for 24 hours in concentrated nitric acid, washirithvd.1 M NaOH on a shaker table for 12 hours, and
rinsed with deionized water. The sand was therddriean oven at 8C and stored in Pyrex beakers until
used in experiments. The research identified eskimid value of dp/dg less than 0.008 for the trartspf
colloids as a result of straining. Above this litiie straining rate coefficient increased lineavish the
ratio of colloid diameter and the average diameteand grains and below this value straining aseimed
negligible. Xu continued this research (2008) axtéreded the relationship to non-spherical partialigh
impact from straining determined by the minor sizggibutable to their orientation along the flow
direction. Therefore, with a particle diamete26fnm and a mean grain diameter of 0.45 mm thegdp/d
0.00006 and straining was assumed to be negligible.

Johansonet al. (2012) conducted saturated quartz sand columnriexgets to study the impact of
Entrococcal surface protein (esp) on the transpiH. faecium. The sand used in the experiments was
cleaned in concentrated nitric acid to remove mieyaroxides, soaked in dilute NaOH to remove clay
particles, and boiled a second time on the nitrid éo remove any metal residues. The zeta potsrifja

of the sand were analyzed in ionic solutions of pB with strengths of 1, 2.5, 5, 20 and 50 mM. The
solutions were buffered with 0.2 mM NaHg@énd the total ionic strength was adjusted usinGIN&he
zeta potentials were measured with a ZetaPals KBeoen Instruments) analyzer. Sahatlentified an
increase as ionic strength increased likely a tesfuthe compression of the electrostatic doubleida
(Johansomt al., 2012).

Research demonstrates that removal of colloid$ofdal size is 1 nm to 100 nm and biotic colloidslude
protozoa, bacteria, and viruses) consisted of tamdntion of several forces resulting in physicoohoal
attachment. Fate and transport of biotic and abimoicroparticles and colloids in saturated poroeslian
were affected by heterogeneity of media, solutiohemistry, and colloid surface properties. Pagticl
properties such as zeta potentials and electros&#itionships were complicit in nanoparticle sam

4.4 EQUILIBRIUM ANALYSIS

An isotherm is a model of adsorption at equilibridincan be generated from data obtained during an
adsorption process run at constant temperaturd eqtillibrium is achieved. Experimental data for
equilibrium are often model by the Langmuir isotheand the Freundlich isotherm (LeVanal., 1981;
Schijvenet al., 2000a; Yatest al., 1987).
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The Freundlich model represents the isothermaatiar of adsorption of a quantity adsorbed by or@ss
of solid adsorbent. The Freundlich model equatiossi shown in Equation 4-6.

1
qe = Kfceﬁ
(Equation 4-6)

Where ¢q is the uptake of contaminant adsorbed per unibrbdst (mg/g), Ce is the equilibrium
concentration (mg/L), Kis the Freundlich Coefficient, and n is an empirmoefficient.

The Langmuir model assumes a uniform surface, glesitayer of adsorbed material, and constant
temperature. In addition, the rate of attachmerthéosurface as proportional to a momentum foroegi

an area. The momentum force is the concentratidhé fluid, and the area is the amount of avaglabl
surface (Bungay, 2000). The Langmuir model depenus both the rate at which molecules cover the
surface of the adsorbent and also the rate at vdif@r molecules leave the surface. At steadg staith
rates equal such that the rate of molecules attgdbi the surface equals the rate of moleculesietig
from the surface.

At equilibrium, the Langmuir model is describedbyuation 4-7.
KLCe(l - 9) = KL 9
(Equation 4-7)

Where: K is the Langmuir rate constant, Ce is the equilitriconcentration (mg/L), ar@ is a ratio of
amount of adsorption in units of moles adsorbatanmess adsorbant, and the maximum adsorption. When
Kv is much less than 1, the Langmuir equation malyneerized (Schijvert al., 2000a). While Langmuir
isotherm is derived directly from the equilibriumuation, the empirically derived Freundlich isothes
often used in practice because it may be appti@dses of limited data (Hendricks, 2010).

4.4.1 Batch Experiments

In batch experiments, a solute such as water gontpa known number of viruses is mixed with media
such as soil, and the change in concentration rofsgs remaining in solution particles is measured.
Removals are measured as virus concentrationsydegith time, and after a period of time equililoniis
achieved between the solid and liquid phase. Baigieriments can provide estimates for adsorption
parameters.

Batch experiments provide attachment rate coeffisiedetachment rate coefficients, and a distinuti
coefficient for equilibrium adsorption, assuming@dtivation of viruses is neglected. Since theescdl
time for a virus batch system study is often a fewrs, the inactivation of viruses is assumed to be
negligible. In batch experiments, the concentratibthe solution is assumed spatially uniform.
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Virus concentrations in batch experiments are desgrby Equation 4-8 (Schijvest al., 2000b).

_ kaet + kaer exp[—(kaee + kger)t]

Cc/C
/Co kate + Kaet

(Equation 4-8)

Where C is the number of viruses per unit voluméhim aqueous phase L and k: and keare the
attachment and detachment rate coefficients fokithetic sites, respectively,{t The rate coefficient of
k4 Mmay be evaluated from early measurements of & lejgeriments, ankl;., may be determined as a
function ofk,;; and the concentration at equilibrium. The kindhavior in batch experiments prior to
equilibrium is used to calculate virus attachmemty virus detachment. Batch analysis providesainiti
parameters for a lab scale analysis but the atteshmtes can be much higher in batch analysisuseca
constant stirring provides access to additionaéssible sites for adsorption.

Schijven,et al. (2000) modeled adsorption of MS2, PR®X-174, (B, and PM2 in batch and column
experiments. Batch experiments were performed usSihgiL centrifuge tubes containing 5 grams of
aquifer material, 9 mL of groundwater with countk I0°-10'° plaque forming units (PFU) of
bacteriophages. One mL of the groundwater dilutedkswas then added to a time zero tube, which
was vortexed, serial diluted, and the virus enumeer&o provide an initial phage concentration)(C
The remaining tubes containing groundwater andnsedi were inoculated and placed in a shaking
incubator at 29C. One tube at a time was removed at 10, 20, 4@,98nminutes and centrifuged at
1000 x g for 2 minutes in order to sediment thé. §die supernatant was then sampled and assayed to
determine remaining virus concentration. Batch chitaent decreased in the order of C/Co 0.0015
MS2, 0.015 PRD1, 0.19f80.20X-174 and 0.21 PM2 (estimated from graphs). Higiteachment of
negatively charged viruses may be found in the gares of positively charged sites. The results
indicated that under conditions of high pH in sasdjys, MS2 is a conservative tracer, while in the
presence of multivalent cations, bacteriophagée-174 may be more conservative. The research
determined that for soils near neutral pH, with thigoncentrations of multivalent cations,
bacteriophag&@X-174 may be the better choice for a relatively semvative tracer virus in field and
column studies than MS2 (Schijvenal., 2000a).

Goyal and Gerba studied the adsorption of virusasrte different soil types with varied percentagés
sand, clay and silt. Several viruses and phages stadied including echovirus Types 1 to 8, 113p22,

24 to 28, 29, and 31; poliovirus Types 1 to 3; anasackievirus Types Bl to B6. In addition, several
enteroviruses isolated from groundwater beneatlastawater land disposal site were studies including
five strains of echovirus Type 1; two strains oxsackievirus type B4; three strains of polioviruges 2;
and 4 strains of poliovirus Type 3. Other virusssdiwere isolated from estuarine water included\ols
Type 1 and poliovirus Type 2. Finally, to compaharmcteristics several phages were also includétkin
study MS2®0X-174, T2, T4 and f2.

In the batch tests test tubes were used with 2 gjafrtest soil, 2 mL of test solution and countd @fto

10’ PFUs of test virus. The test tube was stopperaa lshaken, and then placed on a rotary shaker at
200 rpm for 30 minutes. The soil was then removedhfsuspension by centrifugation for 5 minutes at
2,500 x g, and the supernatant was assayed. Mtst efruses adsorbed very well to the sandy ldast (
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soil FM), with more than 90 percent of the addedsiadsorbing to the soil. Although, there werew f
viruses with lower attachments to sandy loam indgechovirus 1, 12, and 29 and rotavirus (SA-d1),
which only 55.0, 78.0, 14.0, and 51.6 percent dmtsibr These results indicate that sorption of vicua
given soil is very strain dependent. In batch testompare results in varied ionic strengths gutgmr of
all of the viruses appeared to be enhanced inNd.GaCL but not in 0.001 M Cagl These results indicated
there was not one specific single phage or virukhvmodeled adsorptive behavior of enteric viruses
soils (Goyalet al., 1979).

Syngounat al. (2010) studied batch sorption of bacteriophage® @lay particles, kaolinite and bentonite.
The effect of temperature was investigated at 425%¢€. Interaction energies between viruses angscla
were calculated using DLVO theory. The bacteriggsaused were MS2 (hydrophobic protein coat), and
®X-174 (hydrophilic protein coat). Test tubes witheail were used to represent virus inactivation.

The batch tests were conducted in 50 mL glass it#gertubes containing 0.5 grams of the clay at a
concentration of 10 mg clay per mL of PBS solutidth virus concentrations of @ 1¢ PFU/mL. Batch
tests were conducted both under static conditioisuander dynamic conditions at which samples were
agitated with a small benchtop tube rotator. Sasplere enumerated every 24 hours for 7 daysr terio
sampling, tubes were centrifuged at 2000g for 30uteis. For each deposition kinetics experiment, one
equilibrium adsorption value was obtained. Theildgium adsorption data where fitted to a linear
isotherm with Kd (mL/mg sorbent) as the distribotmpefficient. Distribution coefficients for thmatch
tests are included in Table 4-2 (interpreted fraapys).

Table 4-2: Equilibrium Adsorption Data for MS2 and ®X-174
Initial Ka
Temperature | Concentration (mL/mg)
Phage Clay (°C) (PFU/mg) Static Dynamic
25 4x 16 0.078 0.068
Kaolinite 4 8x 16 0.019 0.021
25 9x 10 0.016 0.038
OX-174 Bentonite 4 9 x 10 0.021 0.024
25 10 x 18 0.041 0.076
Kaolinite 4 15 x 10 0.046 0.054
25 15 x 160 0.084 0.095
MS2 Bentonite 4 10 x 10 0.050 0.057

Kd values were higher for the dynamic than statjpeeiments (excepbX-174 on kaolinite at 2&) owing
to agitation; this is because the number of acbkessites for attachment is much higher in dynatimén
static experiments. Adsorption was higher onto <lay 28C when compared to°@ and Kd values
increased with temperature (Syngoehal., 2010).

Zhanget al. (2007) studied the impact of the air-water irded influences on estimated adsorption
removals. Batch sorption experiments were condusiéh sorption of MS2 on to sandy fluvic sail, red
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loam soil, and red clay soil. Glass vials of 50 miLwith 10, 25 or 50 mL of lab water seeded at
10%-1C° PFU/mL were used with 10 g of each soil type. Thmles were placed on a 300 r/min shaker
table at 4C for 3 hours. Samples were analyzed with nonisted and sterilized soils. Virus recovery
efficiency in a blank experiment (no soil) was ats@luated for inactivation. The presence of aitewva
interface altered the results of virus adsorptiondifferent soils because of different soil projsest
associated with virus inactivation, and the preeesicair-water interface significantly decreasediwi
recovery efficiency (Zhang al., 2007).

4.4.2 Microbial Adhesion to Hydrocarbon

Microbial adhesion to surfaces interactions andsdhat microorganisms play in the natural andhstict
environments are associated with bacteria adhemighcell surface hydrophobicity (CSH). There are
several techniques utilized to measure bacteriaodpyabicity, including the Microbial Adhesion to
Hydrocarbons (MATH) test and the contact angle meament (CAM) test. The MATH test utilizes
partitioning of aqueous and hydrocarbon phasegnQfthe method consists of vortexing microorganisms
with a hydrocarbon (n-Dodecane) in 4:1 ratio, allayfor phase separation and measuring the absmeban
of aqueous phase.

Absorbance is then compared with the initial abaode of the bacterial suspension and the difference
used as the measure of bacteria suspended indhecaybon phase. MATH test result is usually exqeds
as % cell surface hydrophobicity, where A contsothie absorbance of a control culture not subjeitted
MATH test and A MATH is the absorbance of agueoliage of cell culture subjected to MATH test and
is determined by Equation 4-9.

% hydrophobicity = lOO*(AONTROL-AMATH)/ (ACONTROL)
(Equation 4-9)

Hori et al. (2008) researched adsorption of bacteririmetobacter sp. strain to a hydrocarbon surface.
Bacterial cells were harvested at the stationaoywtr phase by centrifugation, washed with steriéden,

and resuspended to an optical density at 660 nebiasal salt medium (pH 7.0) or fresh ultrapureswat
(pH 6.1). Aliquots (1 ml) of the cell suspensionrevdransferred to test tubes and 10 to 1,000f
hexadecane was added. After vigorous vortex mifongn interval between 5 and 60 seconds, thealptic
density of the aqueous layer was measured. Fatdtahment test, the aqueous layer was removed afte
the MATH test, leaving the emulsion layer containimexadecane droplets. The same volume of pure wate
as that removed was carefully delivered along timeii wall of the test tube. After vortex mixing fan
interval between 5 and 60 seconds, the two phasesallowed to separate, and the OD660 of the agueo
phase was measured again to determine the cono@mubithe cells detached from the hexadecanaserf
Results of adsorption were confirmed by scannirectedbn microscope and analyzed. The research
indicated that adsorption of bacterial cells to degdrbon surfaces can be described by the Langmuir
adsorption isotherm. (Hoet al., 2008).

Saini et al. (2011) measured bacterial hydrophobicity with Merobial Adhesion to Hydrocarbons
(MATH) test. Glass culture tubes had 4 ml of celiture suspended in 10 mM KCI and vortexed 1 ml of
dodecane for 2 minutes. The phases were then altaveeparate at room temperature for 15 minutes. A
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aliquot was carefully removed from the aqueous phesing a disposable pipette, and its absorbanse wa
measured at 600 nm using a UV=VIS spectrophotomé&lter control cultures represent the cells washed
and suspended in the aqueous phase and were fettedito the MATH assay (hydrocarbon addition).
The MATH samples represent the cells that wereestq to the MATH assay and were used to determine
the hydrophobicity of bacterial cultures as wellthe change in cell size attributable to hydrocarbo
exposure during the MATH test. Bacterial culturesavshown to be weakly hydrophobic, particularly th
E. coli strains (Sainet al., 2011).

Gargiuloet al. (2008) studied the role of water quality and beatsurface hydrophobicity in bacterial
transport and deposition under unsaturated flovditmms using column experiments. Hydrophobicity
of D. radiodurans and R. rhodochrous was quantified using the microbial adhesion to lgdrbon
(MATH) approach. The microbial cultures were cotextat different growth stages and centrifuged at
7100 xg for 10 minutes at 25°) and resuspendedlioi’aM NacCl solution. A glass test tube was filled
with 3 mL of the bacteria suspension, and the aptiensity of the bacteria solution was measured at
600 nm in a spectrophotometer (DU800, Beckman @ouRullerton, CA). A sample of 3Q of n-
hexadecane was added to the suspension, and ggetgle was vortexed for 2 minutes. The mixture
was allowed to separate, and a sample of the agueloase was analyzed for optical density at 600
nm. The relative hydrophobicitigr was then calculated from where @Ienotes the optical density of
the original suspension and @B the optical density of equilibrated aqueousgghafter partitioning,

as shown in Equation 4-10.

Hr = (1 ODf) X 100%
"= ODi °

(Equation 4-10)

The research included researching removals threogimn experiments in addition to the MATH tests
and found that removals for hydrophobic bacterithgnsand increased with decreasing water sataratio
(Gargiuloet al., 2008).
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5.0 RESEARCH METHODS

The objective of this research was to examine atdrs of viruses in waters systems and identify
characteristics of indicators critical for predigfivirus behavior. This research is unigue in thatludes

the investigation of viruses at multiple-scales]uding full-scale water systems, lab scale bagstirig,

and nanoscale particle investigation. The full-saeaéter systems included fecal, wastewater, stoterwa
surface water, groundwater, and distribution systérhe lab scale analysis included batch adsorpesis

for comparisons of water quality on the efficierafyvirus removal as modeled by abiotic hanospheres.
The nanoscale analysis included time-dependent $fighttering using the ARGOS method to observe
phage infection of bacteria and particle dynamidhe research methods are described briefly in the
following and the standard operating proceduresramiaded in Appendix A.

5.1 SAMPLE COLLECTION FuULL-SCALE WATER SYSTEMS

The project included an analysis of water qualdyameters in various water systems, including dnimk
water, surface water, groundwater, and wastewgitess. The purpose of this analysis was to aaalyz
specific indicators of water quality. This projaocludes a multiple-scale analysis of water gualit
indicator systems including traditional water gtyapharameters, traditional indicators (total calife and

E. cali), and alternative indicators (abiotic particlesnatic and male-specific coliphages).

Indicators and viral markers were evaluated byectihg and analyzing samples from animal feces,
wastewater, stormwater, surface water (fresh att), sgoundwater, and drinking water distribution
samples. Samples were collected and analyzed bgéster Polytechnic Institute (Worcester, MA, U.S.),
the University of Wisconsin-Madison (Madison, WI,3J), the University of Pisa (Pisa, Italy), and the
Commonwealth Scientific and Industrial Research abization (CSIRO) (Brisbane, Australia).
Appropriate positive and negative controls werelyaeal for all tests. All samples were collected
aseptically to prevent cross contamination. Saswiere diluted or concentrated as appropriatehieae
acceptable detection limits. The samples are suinethin Table 5-1.
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Table 5-1:

Summary of Full System Samples, Unitedt&es, Italy and Australia

Total Individual
Source Location Dates (MM/YY) Samples Samples Sample Type
10 Chicken
15 Dog
22 Equine
3 Rabbit
Fecal United States 06/10 to 04/11 75 25 Ruminant
13 Influent
United States 06/10 to 04/11 25 12 Effluent
12 Influent
04/04 to 03/05 24 12 Effluent
29 Influent
Italy 03/07 to 04/08 58 29 Effluent
22 Influent
Wastewater Australia 01/10 to 06/10 44 22 Effluent
16 Markerston Catchment
Stormwater Australia 01/12 to 03/12 40 24 Fitzgibbon Catchment
United States 05/11 to 03/12 15 15 Fresh Surface Water
Italy 05/04 to 04/05 12 12 River Water
Surface Water| Italy 05/04 to 04/05 12 12 Sea Water
Groundwater | United States 05/11 to 03/12 4 4 Raw Groundwater
Drinking
Water United States 05/11 to 03/12 20 20 Distribution System

In the United States, fecal, wastewater, and dnigpkivater samples were collected from four different
regions (Northeast, South, Midwest, and West) thhout multiple seasons. Samples were collected yea

round from geographically diverse areas of the é¢hibtates to assess spatial and temporal varyabilit
Fresh fecal samples (n = 75) were collected fromwape farms and included five animal groups: chicke
dog, equine (horse and donkey), rabbit, and runtiftanv, sheep, goat and llama). Animals were moado
by the sampler, and feces were collected in steoifgainers immediately after defecation (Figur®) 5-




04/12/2001

Figure 5-1: Animal Feces Samples Collected in Bt€ontainers

Wastewater and drinking water samples were coliefrttem municipal sources (Figure 5-2). Wastewater
samples (1 L) included influent and effluent samagle= 12) prior to disinfection. Drinking watemsples
(20 L) included ground and surface sources andrniiadm distribution systems (Plummetal., 2014).
Drinking water samples were concentrated with helliiber ultrafiltration (HFUF) for primary and

polyethylene glycol (PEG) precipitation for secorydeoncentrations by a factor of up to 25 timesptd
enumerations as seen in Figure 5-2.

Figure 5-2: Drinking Water Samples Collected froraritipal Sources
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In Italy, wastewater and surface water samples wellected by collaborators at the University o$a&i
from the greater Pisa area, localized in the Tuscegion during two separate sampling periods. 3esnp
(n = 24, first sampling; n = 58, second samplingravcollected from the city of Pisa activated skidg
wastewater treatment plant (1L influent and 10flueht). Surface water samples (10 L) were alstectgd
from the river Fiume Morto (n = 12) downstream frtme city of Pisa treatment plant and from a seawat
outfall (n = 12). (Carducadit al., 2006; Verangt al., 2006).

In Australia, stormwater and wastewater samplegwellected by collaborators from CSIRO from the
greater Brisbane area. Stormwater samples (n =w40¢ collected from two sites (Fitzgibbon and
Markerston catchment areas) in Brisbane. Multigiengles were collected during three storm events.
Samples were collected using automated samplimgsificture (ISCO 6700 or equivalent) triggered by
automated flow measurement (Doppler flowmeter ar)w@/astewater samples, influent (1 L) and (20 L)
effluent, were collected from the Luggage Pointlé9xCreek and Bundamba wastewater treatment
facilities (n = 44) (Sidhet al., 2013; Sidhet al., 2010).

5.2 COLIFORM ENUMERATION

Data were collected on three bacterial indicatimtstl coliforms,E. coli, andEnterococcus. In the United
States, total coliforms artel coli were enumerated using Standard Methods 9223 walite@® (IDEXX,
Westbrook, ME) in the multiple well format (Quaiitiay®, IDEXX, Westbrook, ME) (as shown in Figure
5-3) and equated to a Most Probable Number (MPNh®target organisms per 100 mL. Duplicate tests
were conducted and results were averaged. In titedJ8tates, dilutions of fecal and wastewater desnp
were performed via 10 or 100 fold serial dilutioimsappropriate buffer water. Fecal samples were
resuspended in buffer water and serially dilutedgiStandard Method 9050c.1a (APH#al., 2012).

IDEXX Quanitrays® and Colilert® utilize two activeubstrates, o-nitrophenyl-p-D-galactopyranoside
(ONPG) and 4-methylumbelliferyl-p-D-glucuronide (MB), which are combined to simultaneously detect
total coliforms and. coli. Total coliforms produce the enzyifigalactosidase, which hydrolyzes ONPG
and thereby releases o-nitrophenol, which producegellow color. E. coli produce the enzyme
B-glucuronidase, which hydrolyzes MUG to form a flescent compound (APHé# al., 2012). Detailed
procedures are included in Appendix A, Standardr&jpey Procedures.

Figure 5-3: Coliform Enumeration Quantitrays
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In Italy, E. coli (EC) and intestindEnterococci levels present in the samples were determined byRBid
miniaturized methods (Bio-Rad Laboratories, Mil&taly): MUG/EC MicroplatesE. coli and MUD/SF
MicroplatesEnterococcus based on culture in liquid media (Most Probableniar) for the detection and
enumeration of these parameters according to 1SE3-33(1SO, 1998b) and ISO 7899-1 (ISO, 1998a)
respectively (Bofill-Maset al., 2010).

In Australia, fecal bacteriaE( coli and Enterococcus) were quantified using the membrane filtration
technique. Samples (1 and 10 mL) were filteredh\W0id5 pm nitrocellulose (Millipore, Billerica, MA)
filters and placed on respective selective agdeplia triplicateE. coli was enumerated on Chromocult™
coliform agar (Merck, Munchen, Germany) aBdterococcus spp. on Chromocult™ Enterococci agar
(Merck, Munchen, Germany). The plates were incubateernight at 3% and then typical colonies were
counted (Sidhet al., 2012).

5.3 (COLIPHAGE ENUMERATION

The United States samples were analyzed for sormatianale-specific (F+) coliphages by EPA Method
1602, the single layer agar meth&d.coli CN-13 (ATCC 700609; resistant to nalidixic aciadde. coli

FHS (pFamp) RE. coli F-amp; ATCC 700891, resistant to streptomycin angiaillin) were used as hosts
for somatic and male-specific coliphages, respeltiU.S. EPA, 2001c). Samples were supplemented
with magnesium chloride, log phase host bactenid,tgyptic soy agar. Plates were incubated ovetragh
36 °C and examined for plaque forming units (PFU)/10Q as demonstrated in Figure 5-4. A blank, an
ongoing precision and recovery (OPR), and a mafpike were used to evaluate performance of this
method (U.S. EPA, 2001c). Detailed procedures aauded in Appendix A-Standard Operating
Procedures.

Figure 5-4: Coliphage Plagues
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In Italy, somatic coliphages were enumerated biabotators at the University of Pisa using the t&0ble
agar layer plague assay method ugngpli C, ATTC 13706 as host strain (1SO, 1999). Thepa, host
and top layer agar were mixed and added to a plditea hard layer of agar. The plates were incubate
overnight at 38C and counted for PFU/100 mL.

In Australia, somatic coliphages (Microviridae fajiwere enumerated by collaborators from CSIRO
using quantitative PCR (gPCR) with Bio-Rad iQ5 {&ad Laboratories, California, U.S.) using iQ
Supermix (Bio-Rad) real-time PCR kit. Eachig5PCR reaction mixture contained 125 of SuperMix,
300 nM of each primer, 200-250 nM correspondingMap probes and gL of template DNA. Bovine
serum albumin (BSA) was added to each reactionuréxb a final concentration of Qug uL-1 to prevent
PCR inhibition.

54 VIRAL MARKERS

This research is part of a larger project to evtelvarious indicator systems for viruses, includiesting

a potentially new viral indicator, Torque Teno &I TV), and proposed viral targets. While virankers
were not enumerated as a part of this portion ®fpiioject at Worcester Polytechnic Institute, Weteg
MA, the viral presence and concentration were stadilly compared to factors tested as a part isf th
report. The methods for the viral markers usethkypartner universities are included in Appendix An
addition, these methods are further discussedrieculiterature published by these partners (Czoic
al., 2009; Liuet al., 2011b; Longet al., 2010; Verangt al., 2006).

5.5 BoTIC VIRAL SURROGATES

This research project investigated the physicataharistics of viruses by utilizing bacteriophagé4S2
and®X-174 were used because their structure resembdey tmuman enteric viruses; they have in fact
been previously studied as surrogates in sevesahreh applications (Attingt al., 2010; Havelaar, 1991;
Yates, 1988). They are also less expensive amgr¢asandle during laboratory procedures thaeraaric
virus. The surrogates are each described in TaBle

Table 5-2: Biotic Viral Surrogates

Bacteriophage Description Size Isoelectric Point
Icosahedral, single
stranded RNA

MS2 27 nm 3.5

Icosahedral, single

stranded DNA 23 nm 6.7

®X-174

MS2 is an icosahedral phage with a diameter offA7and a low isoelectric point of 3.5 (Schijveral.,
2000b), converselypX-174 icosahedral, single-stranded DNA bacterioghag less hydrophobic than
MS2 and has an isoelectric point of about 6.7 asidenof 23 nm (Dowet al., 1998).
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MS2 (ATCC 15597-B1) an®X-174 (ATCC13706-B1) were purchased from the American Typeauteil
Collection (ATCC, Manassas, VA). MS2 was enumetard the concentration counts were 1.0 ¥ 10
and 9.1 x 10 ®X-174 was enumerated and concentrations were 8 B8 and 2.670 x 10 Coliphages
were prepared according to instruction from ATCIhe concentrations of the phages were increased by
using centrifugal filter devices (Centricon Plus-Rdllipore, Billerica, MA, U.S.). Detailed procedes

are included in Appendix A-Standard Operating Pdoces.

5.6 ABIOTIC VIRAL SURROGATES

Uncoated and coated latex nanospheres were used bégtic model of viruses. The nanospheres,
manufactured and coated by Bang Laboratories, stusbf both uncoated glacial blue fluorescent dyed
26 nm carboxyl-modified polystyrene spheres, anatgim-coated flash red fluorescent dyed 26 nm
carboxyl-modified polystyrene spheres. Each aserileed in Table 5-3.

Table 5-3: Abiotic Viral Surrogates

Nanosphere Description Size Fluorescent Dye
Carboxyl-Modified .
Uncoated Y " 26 nm Glacial Blue
Polystyrene Spheres
Coated - Carboxyl-Modified
Y " 23 nm Flash Red
Casein Protein Polystyrene Spheres

Casein coating was used in order to compare retsuRainget al. 2009 because casin coating provided a
simple IEP to MS2. The characteristics of the nipheres are 15 mL at 1 percent solids (approximatel
10 mg beads/mL), and a density of approximatel$ f@n¥. Concentrations for both nanospheres were
1.0260 x 18 microspheres per mL.

Fluorescent microspheres were prepared with atiytelltioresces at a specific wavelength, allowheg

to be directly counted under a fluorescent micrpsco The concentrations were measured using a
fluorescence spectrophotometer (LS 55, Fluoresc&peetrophotometer, Perkin Elmer, Waltham, MA
U.S.), as shown in Figure 5-5. In order to detegrihre fluorescence spectrum of a sample, concimtrat
curve was used to align the measured readinggsticlpaoncentrations. This spectrum was then aealy

to provide or confirm identification of the sam@etomposition. Several runs of various serial tihg
were conducted in order to identify both the appeip range of sensitivity for the instrument atgbahe
best fit for excitation and emission wavelengthenéntrations of fto 10? were found to be detected
consistently by the instrument, and initial concations of 10 were used. Detailed procedures and product
specifications are included in Appendix A-Stand@gkrating Procedures.
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Figure 5-5: Fluorescence Spectrophotometer

5.7 PARTICLE ANALYSIS

Adsorption and efficiency of removals were modeleg bacteriophages and microspheres during
equilibrium batch analysis.

57.1 Water

Two types of water were used for particle analylsis:water and Sigma water. The lab water exceeded
ASTM Type |, ISO 3696 and CLSI-CLRW Type | standartlab water was treated with a four-stage
deionization process combined with a UV lamp, drafilter, and a 0.2 micron filter. The Sigma watexrs
Grade A water LC-MS CHROMASOLVR from Sigma Aldrichhis water was prepared for high purity
applications including liquid chromatography—maggcirometry (LC-MS). Sigma water quality was
<0.0001 percent non-volatile impurities] ppb fluorescence (254 nm), transmittance 21Camth filtered
through 2um filter.

The solutions used for analyzing the impacts oicigtrength were prepared using lab water and relsea
grade salts, including NaCl and CaClIwo types of artificial groundwater were used: WE at 5 nM
(ImM C&*, 2 nM Nd, and 4 nM C) and AGW?2 at 34 nM (4.8 mM €219.5 nM N4, and 29.1 nM C)
(Knappettet al., 2008). The solutions were analyzed at approxitp&®, 4, 6, 8 and 10 pH. The solution
pHs were adjusted using solutions of 1 N solutimindCl and NaOH immediately before experiments are
carried out.
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5.7.2 Media

The sand used was ANSI/AWWA B100 Filter Sand, 1&@H mean grain diameter of 0.45-0.55 mm with
less than 1.50 UC and 0 percent silt and clay febrifilt Corporation, Wilkes-Barre Twp, Pennsylvania
The sand was washed with a 10 percent soap solotiddPbio ES7X phosphate free soap, and rinsed
thoroughly with distilled water (Thompsahal., 1998). A portion of the washed sand was treatitl av
series of acid/base washes in order to removergdinics and surface metals, such as iron. Theettea
sand was boiled for 24 hours in 70 percent nitcid ainsed with lab water, rinsed with 0.1 M Na@d

12 hours, and boiled dried and rinsed with lab waiil the pH of the water was the same as theviater
(Figure 5-6) (Porubcaet al., 2011; Xuet al., 2006; Xuet al., 2008). The cleaned sand was autoclaved in
lab water, oven dried at 185 overnight, and stored in autoclaved beakers (Tisomet al., 1998).

Figure 5-6: Sand Media Prepared in Concentrated Aci

Then, 10g of sand was pulverized into small pasiakith an agate mortar and added to an autoclaved
50 mL beaker with 20 mL of solution (L&t al., 2009). The particles were suspended for a minirofi
1 hour. Detailed procedures are included in AppeAdStandard Operating Procedures.

5.7.3 Microbial Adhesion to Hydrocarbons

The hydrophobicity of MS2 was analyzed using mi@bbdhesion to hydrocarbons. MS2 was tested in
lab water, AGW1, and AGW2. The literature reviewedisoptical density to define initial and final
conditions for bacteria; this procedure was reviggdevaluate initial and final conditions using the
coliphage enumeration SOP. Samples were prepatied wL of the phage sample to 9 mL ionic solution
at pHs of 4, 6, and 8 and vortexed. A 4 mL samplde colloidal suspension was transferred to agjla
rounded-bottom test tube, and a sample of 1 mLodedane was then added to the sample. The solution
was vortexed for 5 minutes. The solution was thehundisturbed for 15 minutes at room temperature
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allowing a phase separation with an emulsion layetop and an aqueous layer on the bottom. A 1mL
sample was extracted from the aqueous layer wijilpette, and coliphages were enumerated using the
procedure detailed previously. The plates were tteemted and % hydrophobicity was calculated using
Equation 5-1,

% hydrophobicity = lOO*(AONTROL-AMATH)/ (ACONTROL)
(Equation 5-1)

Where, hydrophobicity is expressed as % cell serfaarophobicity, where A control is the absorbance
of a control culture not subjected to MATH test 8a1ATH is the absorbance of aqueous phase of cell
culture subjected to MATH test. Detailed procedusee included in Appendix A - Standard Operating
Procedures.

5.7.4 Batch Analysis

Batch tests were used to assess adhesion tadittnaiedia. Adhesion is considered to be the neimoval
mechanism for colloids (Lytlet al., 1995). The tests were conducted with viral syates (protein-coated
26 nm nanosphere and uncoated 26 nm nanospheirea @ariod of two hours. This research includes
colloid removals in artificial groundwater acrogveral pHs, The removal of viruses was quantifiedg
Equation 5-2,

N
Logio removal = - Iog]—
(Equation 5-2)

Where N is the number of viruses (or surrogatesthenfiltrate, and Nis the number of viruses (or
surrogates) in the challenge solution (Pongtusl., 2009). The removals were analyzed with initial
concentrations of PQarticles per mL at pHs of 4, 6, and 8 for LW, AGWnd AGW for sand and acid-
washed sand. The concentrations were calibrateédhee original methodology was altered to reftaet
range of detection (20102 particles per mL), while Pareg al. found a detection limit of FQarticle per
mL.

The batch tests were conducted in 40 mL glassdsdtitiat are wash in 20 percent sulfuric acid smhyti
autoclaved, and oven dried at $2%or 4 hours (Thompsaat al., 1998). Glass tubes were used to minimize
virus inactivation (Thompsoet al., 1998).

The glass tubes received 9.9 mL of the appropi@te solution (AGW1 and AGW2) and 0.01 mL
solutions of nanospheres combined to final conatintr of approximately F(particles per mL. A 1:1 ratio

of sand to solution was used, and 10g of sand @¢hahd acid/base washed) was added. The inoculated
samples were capped and immediately placed onkaistable at 100 rpm in an incubator at@0

Duplicate tubes were removed at 10, 20, 40, 90,1&@dminutes. Additionally each trial was run with
control samples without media. The supernatantthvas sampled and assayed to determine remaining
virus concentration (Schijveet al., 2000b). Samples were vortexed, serially dilugtt enumerated.
Samples at time zero were used to provide an liptiage concentration (C Glass vials without sand
were also sampled to observe potential impacts fnativation.
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5.8 LIGHT SCATTERING

5.8.1 Zeta Potentials

The objective of measuring the zeta potential isptedict how the surrogate will behave through
electrostatic interactions. The magnitude of the petential gives an indication of the potentiabdity

of the colloidal system. If all the particles inspension have a large negative or positive zetanfiat,
they will tend to repel each other.

The electrophoretic mobility of the bacteriophagescrospheres, and filter media were determined by
Zetasizer Nano ZS (Malvern Instruments, WorcesiersblK). The detection angle of the Zetasizerd$ 9
The electrophoretic mobilities were converted tessing the Smouluchowski equation (Ryaal., 1999).
Duplicate samples were conducted with 5 runs, &satlaring a minimum of 10 trials. The Zetasizenba
ZS utilizes a conversion of the Henry EquationdwaitSmoluchowski approximation in which the Henry
function is assigned 1 for particle sizes less thapm and 1.5 for colloids greater than @rf. The Henry
equation 5-3 is:

Uy = 2£Z£;ka)

(Equation 5-3)

Where Ut is the electrophoretic mobility (charge on iortfidnal coefficient)g is the dielectric constant,
{ is zeta potential (mV), 7 is the viscosity (Pa*s), and f(ka) is Henry’s fiimiec (Malvern Instruments,
2004). Detailed procedures are included in AppeAdBtandard Operating Procedures.

5.8.2 Area Recorded Generalized Optical Scattering

A new method for analyzing time-dependent lightterang was developed by the physics department at,
WPI, Worcester, Massachusetts. While this methosl wged initially to calculate shape and size @Xat
spheres, this research provided an opportunityséothis system to observe system dynamics over time
The area recorded generalized optical scatteriREFAS) approach to light scattering employs largggien
capture array. This method can be used for batitsind dynamic measurements of a wide variety of
sample environments. This process is fully descriip the dissertation by Saad Algarni (2014), Risys
WPI, Worcester, Massachusetts (Algarni, 2014).

The system allows for a well-defined geometry incklimages may be manipulated to extract structure
with intensity at a specific wave vector (I(q)) athighamics with intensity at a specific wave veaioer
time (1 (q,t)) for a wide range of sample typeseTomponents of the ARGOS method, as shown in &igur
5-7, are vary from traditional light scattering meds, owing to the use of the screen detectorbé¢iaen
attenuator, and a camera to save images over fiitmis.allowed for the measurement of total intgnaitd
intensity at specific wave vectors.
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Figure 5-7: Components of the ARGOS Method

The method employs a translucent screen upon vihéhcattered light is converted to diffuse lighd &
then imaged by a camera as a function of time.pldeement and size of the screen determine therang
of the wavevector to be measured, while the carsersitivity, resolution, and speed determine the
intensity of the scattered light. The ARGOS setughiown in Figures 5-8 and 5-9.

Figure 5-8: ARGOS Set-Up Portraying the Laser, | &ilgers, Sample Holder and Front of Screen
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Figure 5-9: ARGOS Set-Up Portraying Camera, BeatarAtator and Camera

The laser (JDSU HeNe Model (1125), Edmund OpticariBgton, NJ, U.S.), was used at 5 mW at
632.8 nm, with random polarization. The CCD canfitadel EO-0813M 1/3, Edmund Optics, Barrington,
New Jersey, U.S.) was an 8-bit monochromatic witsalution of (1024 pix x 670 pix), and the shutte
speed was 1/30 second. The lens also purchased/foai®l 16 MM EO MEGAPIXEL FIXED FL Edmund
Optics, Barrington, New Jersey, U.S.) had a 16mealftength, C-Mount, and working distance minimum
100 mm. The screen was semi translucent (400 mroOxrdm) comprised of optical paper (DuPont,
Wilmington, DE, U.S.). The beam attenuator was enafdmultiple layers of ND filters; the number oéth
layers was selected according to the strengtheotéimtral beam intensity. The programming andalkes

for this method were developed based on LabViev@ Bbit, Assistance Vision program (AVP) version.
Samples were prepared in aseptic conditions. Samm@ee measured in Spectrosil® Quartz cuvettes, 12.
mm (width), 12.5 mm (length), and 45 mm (heighte{her Software & Technology, Beaverton, OR). The
room temperature was maintained at 23°C, unlessrnotbe noted. Detailed procedures are included in
Appendix A-Standard Operating Procedures.
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The light from the laser is scattered onto theeatreThe digital camera captured pictures of tha da
images similar to Figure 5-10.

Figure 5-10:  ARGOS Light Scattering Data

Photographs of the screen were obtained at timafgpimtervals and the light intensities. Theatidight
intensity and the change in light intensity wased®ined for each time interval over the coursehef t
experiment. Each experiment was run several tiamebk reproduced a minimum of three times. The
description of the light intensity analysis is inded in the dissertation of Saad Algarni, WPI Pggysi
Department, November, 2014 (Algarni, 2014).

59 SATISTICAL ANALYSES

Statistical analyses were conducted on the data &ach phase of this research. The statisticdysem
were conducted using analytical software develdpedesearch including SPSS and LabView.

5.9.1 SPSS Analysis

Statistical analyses were completed to review tienttative, binary, and categorical data to firadhb
correlations among and variations between the pdipul sets and various sample sets. These stalisti
analyses were conducted utilizing IBM’s Statisti€dckage for the Social Sciences (SPSS) product,
Version 17.0. A review of the outliers was comgteboth to determine the strength of inferenceadsal

to investigate their impact upon average and mechaures.

5911 Analysis of Variance

Analysis of variance (ANOVA) evaluation was condatton the quantitative data sets. ANOVA is a
statistical technique for dividing the total vaiaet in a population or subset into a number of congmts
attributable to different variables. The mean facteparameter was calculated and compared to the me
of the population or sub group, as shown in Equéiig. The null and alternative hypotheses areided
wherepy, i, ...k are sample set means.

Ho: ma=po=....=uk (Equation 5-4)

Ha: Ho is not true and the means differ from one another.
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5912 Spearman Rank Corréation

The Spearman rank correlation was calculated bec#us nonparametric and does not rely on data
belonging to any particular distribution equivales$ opposed to the Pearson correlation which assum
normal distribution. The Spearman rank correlatoefficient can be used to describe the relatignshi
between nonlinear data and can be used for dalte atrdinal level. The Spearman rank correlatiais w
run for the quantitative data sets for the fecahstewater, and drinking water samples, and defines
relationships within the data. The Spearman ramietation coefficient § is a measure of the strength of
a relationship between two variables. It is calted using the ranks of paired sample data er{tnies
number of paired data entries; d = difference betwbe ranks of a paired data entry) (Larson anbldFa
2003). The function for the Spearman rank corias included as (Equation 5-5):

62 d>

's = nn?-1)

(Equation 5-5)

5.9.2 LabView Analysis

A variety of image processing algorithms were depetl to correct for dead pixels, camera respomsk, a
intensity normalization. Programing and all codest twere used were developed with Lab- View 2009
64bit, Assistance Vision program (AVP) version(9f particular use was the development of the root
mean square fference image to probe dynamic (Algarni, 2014).

5921 Root Mean Square

RMSD was used to calculate the difference in tienisity of the initial condition (in this researthe first
photograph in a series) from that of each subsequerdition. These calculations provided a methbd o
observing dynamic changes in the kinetics of agarand were particularly useful in observing dymnes
when structural or concentration changes were bstived.

The root mean square difference (RMSD) is an aeevatye of the difference for a time varying funati
RMSD is a statistical measure of magnitude of tfferénce of a varying quantity. RMSD used to defi
the difference between values predicted by a maleithe values actually observed, as shown in kgquat
5-6.

zin:l(xobsi - Xmodel,i)z
n

RMSD:\/

(Equation 5-6)
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6.0 RESULTS

Viruses were researched at multiple-scales usirgg markers (TTV and adenovirus), biotic surrogates
(male-specific and somatic coliphages), and absticogates (latex nanospheres). The followintj@es
summaries the results of the research conductbd.d&tailed data is included in Appendix B — Data.

6.1 FULL-SCALE WATER SYSTEMS

Given the limitations of coliforms, this study ayw¢d a new potential viral indicator for describimgter
quality. The data collected were used to analieeuse of TTV as an indicator of wastewater andlfec
contamination in water systems (data as acceptabebyournal of Water and Health, January 2016). |
addition, traditional water quality parametersditianal indicators (total coliforms and. coli), and
alternative indicators (somatic coliphages, malecgr coliphages and microviridae) were reviewed f
correlations to viral markers (TTV, polyomavirusdaadenovirus). Combing data sets from United State

(U.S)), Italy, and Australia provided a unique ogipnoity to expand the original data sets and compar
results from three independent locations.

6.1.1 Bacterial Indicator Results

Bacterial indicator data is summarized in Tablést6-6-3. For the fecal samples with detectablelteof
bacterial indicators, coliforms ari coli ranged from below detection limits to 6.1 X MPN per gram
in chicken samples. The median total coliformgyehfrom 3.7 x JOMPN per gram in rabbit samples to
3.0 x 10 MPN per gram in chicken and dog samples. The amgslicoli ranged from 155 MPN per gram
in rabbit samples to 3.0 x AMPN per gram in dog samples.

Table 6-1: Enterococci Data

Enterococci
sample (CFU/100 mL)

Country | Source Type N Min Median Max
uU.S. Chicken 10 NT NT NT
uU.S. Dog 15 NT NT NT
u.s. Fecal Equine 22 NT NT NT
u.s. Rabbit 3 NT NT NT
U.S. Ruminant 25 NT NT NT
u.s. Raw 13 NT NT NT
uU.S. Final 12 NT NT NT

Wastewate
Italy Raw 29-41 | 7.90E+03 1.00E+(Q6 4.00EH06
Italy Final 29-41 400 1.80E+0#f 9.10E+(4

Australial Stormwater| Stormwaterq 40 180 5.80E+03 3.90E+(H

Italy Sea 12 NT NT NT
Surface -

Italy Water River 12 NT NT NT

u.s. Fresh 15 NT NT NT

U.S. |Groundwat¢r Raw 4 NT NT NT

us. | Prnking | ibution| 20 NT NT NT
Water

NT-Not Tested, BDL - Below Detection Limit
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Table 6-2: Total Coliform Data

Total coliforms
sample (MPN/100 mL or g)
Country | Source Type N Min Median Max
u.S. Chicken 10 BDL 3.00E+06| 6.10E+(8
u.s. Dog 15 5.40E+04 3.00E+0p 1.00EH08
u.s. Fecal Equine 22 50 9.80E+08  4.90E+p7
u.s. Rabbit 3 BDL 3.80E+03 2.60E+(5
u.s. Ruminant 25 BDL 7.40E+0% 2.60E+7
u.S. Raw 13 6.60E+05§ 1.60E+07 1.00E+p8
u.S. Final 12 900 5.50E+04 9.80E+§5
Wastewate
Italy Raw 29-41 NT NT NT
Italy Final 29-41 NT NT NT
Australia| Stormwatel Stormwate| 40 NT NT NT
Italy Sea 12 NT NT NT
Surface -
Italy Water River 12 NT NT NT
u.s. Fresh 15 5.4 190 1.60E+3
U.S. |Groundwatg¢r Raw 4 BDL BDL BDL
us. | PINKING | pictibution| 20 BDL BDL 6.3
Water

Table 6-3:E. coli Data

NT-Not Tested, BDL - Below Detection Limit

E. coli
(U.S.-MPN/100 mL or g,
IT/AUS CFU/100 mL)
Sample

Country | Source Type N Min Median Max
u.s. Chicken 10 BDL 2.30E+06| 3.40E+(8
u.s. Dog 15 6.60E+04 3.00E+0p 1.00E+pP8
U.S. Fecal Equine 22 BDL 7.00E+03 4.70E+Q7
U.S. Rabbit 3 BDL 160 2.60E+0p
U.S. Ruminant 25 BDL 4.60E+04 1.10E+Q7
U.S. Raw 13 3.50E+04 2.10E+0 7.30E+D6
u.s. Final 12 120 4.90E+03 8.90E+P4

Wastewate

Italy Raw 29-41 3.60E+04 5.60E+0p  4.50E+p7
Italy Final 29-41 520 7.90E+04 2.00E+§6

Australia) Stormwatelf Stormwatef 40 42 530 4.50E+0
Italy Sea 12 0.1 0.1 15
ity | Surface Moo 12 1.90E+05| 7.40E+0% 1.70E+p6

Water
U.S. Fresh 15 BDL 0.67 35
U.S. |Groundwatg¢r Raw 4 BDL BDL BDL
us. | BINKIG | pigripution| 20 BDL BDL BDL
Water

NT-Not Tested, BDL - Below Detection Limit
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Bacterial indicators in the U.S. wastewater samfiles 25) had a maximum concentration of 1.0 ¥ 10
total coliforms MPN per 100 mL and 7.3¥1B. coli MPN per 100 mL in raw influent, but decreased by
between 2 and 3 orders of magnitude through tre#tmé&he levels also reached as low as 900 total
coliforms and 12(. coli MPN per 100 mL in final wastewater samples. Thetdy@al indicatorsE. coli

and Enterococci) in wastewater samples (n=58) fitaty had a maximum concentration of 4.5 ¥ H)

coli MPN per 100 mL in raw wastewaters, and decreageshtorder of magnitude through treatment. The
levels in Italy reached as low as 520 MPN per 10dmfinal wastewater. The stormwater samples (=40
from Australia had similar ranges f&r coli and Enterococci with a minimums of 42 and 100 AP0/
mL, and maximums of 4.5 x 1@nd 3.9 x 16CFU/100 mL, respectively.

The sea water (n=12) samples (10 L) had a maximaloewf 15 CFU/100 mL foE. coli, and a median
of 0.1 CFU/100 mL (detection limit). Similarly, thd.S. surface water (n=15) samples (20 L) had
minimums below detection limits for bacterial ingliors. The maximum values for total coliforms &hd
coli were 1.6 x 1OMPN/100 mL. The surface water samples (n=12) fhiahy (10 L) had much highet.

coli concentrations with a median concentration of ¥.4l(® CFU/100 mL and a maximum of
1.7 x 16 CFU/100 mL.

Groundwater samples (n=4) were collected from awmatlon in the U.S. Midwest. The groundwater
samples were negative for total coliforms &doli. In addition, U.S. drinking water distributiongstem
samples (n=20) were collected from systems usirt boound and surface water sources. They were
negative foiE. coli, while one sample was positive for total coliforats$.3 MPN/100 mL.

6.1.2 Coliphage Indicator Results

Coliphage indicators are summarized in Tables 6-8-5. Male-specific and somatic coliphages were
detected in approximately half of the fecal sampast of the samples that tested positive werevioel
detection limits: 41 of 75 samples (54.7%) belowedgon limits for male-specific coliphages and @2

75 (42.7%) below detection limits for somatic cblges. For fecal samples with detectable levels of
coliphage, the maximum male-specific coliphage eotration was 2.0 x 2PFU/100 mL in chickens
(median below the level of detection) and maximusmatic coliphage concentration was 2.5 ¥ 10
PFU/100 mL in chickens (median 2.0 x* EFU/100 mL).

Table 6-4: Male Specific Coliphage Indicator Data

Male-Specific Coliphage
Sample (PFU/g or 100 mL)
Country Source Type N Min Median Max
U.S. Chicken 10 BDL BDL 2.00E+04
U.S. Dog 15 BDL BDL 170
U.S. Equine 22 BDL 9.2 2.90E+(d4
U.S. Rabbit 3 BDL 370 4.90E+0¢
U.S. Fecal Ruminant| 25 BDL BDL 5.20E+0Of
U.S. Raw 13 | 2.20E+0B89.00E+04| 3.00E+0f
U.S. Wastewater Final 12 BDL 120 760
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Male-Specific Coliphage
Sample (PFU/g or 100 mL)
Country Source Type N Min Median Max
Italy Raw 41 NT NT NT
Italy Final 41 NT NT NT
Australia | Stormwatern Stormwater 40 NT NT NT
Italy Sea 12 NT NT NT
Italy Surface River 12 NT NT NT
U.S. Water Fresh 15 BDL BDL 1.8
u.s. Groundwatef Raw 4 BDL BDL 1
Drinking
U.S. Water Distribution 20 BDL BDL 190

Table 6-5: Somatic Coliphage Indicator Data

Somatic Coliphage
Sample (PFU/g or 100 mL)
Country Source Type n Min Median Max
U.S. Chicken 10 BDL | 2.00E+04 2.50E+(7
U.S. Dog 15 BDL 6.1 1.80E+0p
U.S. Equine 22 BDL BDL 1.00E+0p
U.S. Rabbit 3 BDL BDL 3.00E+0%
U.S. Fecal Ruminant| 25 BDL 180 8.40E+(4
U.S. Raw 13 733 4.00E+04 1.60E+(5
U.S. Final 12 170 1.40E+0B 5.10E+P5
Italy Raw 41 | 4.00E+052.40E+06| 1.00E+O7
Italy Wastewater| Final 41 | 1.00E+0B 1.90E+04| 2.00E+0¢
Australia | Stormwater] Stormwatgr 40 1 91 870
Italy Sea 12 0.1 250 700
Italy Surface River 12 | 4.60E+04 1.70E+05| 4.60E+0!
U.S. Water Fresh 15 BDL BDL 5.8
U.S. Groundwatef Raw 4 BDL BDL 0.34
Drinking
U.S. Water Distribution 20 BDL BDL 0.52

The U.S. raw wastewater samples had maximum coratimts of 3.0 x 10and 1.6 x 1®PFU/100 mL,
with medians of 9.0 x f0and 4.0 x 16 PFU/100 mL for male-specific and somatic coliplgage
respectively. The coliphage reduction through tremtt varied significantly with average reductiohg @
for male-specific coliphages and no significantuean for somatic coliphages. The wastewater saspl
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from Italy contained somatic coliphages in the isamples had a maximum concentration of 1.0 % 10
PFU/100 mL, with a median of 2.4 x®1BFU/100 mL with a median reduction of 2 ordersnafgnitude
through treatment. Stormwater samples had a mediagd PFU/100 mL and a maximum of 870 PFU/100
mL for somatic coliphages.

Coliphage concentrations in surface waters fromUt# were much lower than in samples from lItaly.
Somatic coliphage in the sea water (10 L) sampied ) had a maximum of 700 PFU/100 mL and a
median of 250 CFU/100 mL. The median for U.S. stefaater samples was below the level of detection
and the median for the Italy surface water sampies 16 PFU/100 mL. U.S. surface water samples (20
L) were below detection limits for most samples.or Ehe U.S. surface water samples maximum
concentrations of male-specific coliphage werePFE8/100 mL and maximum concentrations of somatic
coliphage were 5.8 PFU/100 mL. Somatic coliphageceatrations for U.S. and Italy waters varied by
several orders of magnitude.

The percentage of samples below the level of detedbr coliphages was high in groundwater and
distribution system samples for male-specific anthatic coliphages. The groundwater samples had
median coliphage concentrations of non-detectaite rmaximum concentrations of 0.99 PFU/100 mL
male-specific coliphage and 0.34 PFU/100 mL sometitphage. Similarly, the distribution system
samples had medians of non-detectable for botplwadie groups and a maximum of 193 PFU/100 mL for
male-specific coliphage.

6.1.3 Viral Marker Quantitative Results

TTV was found in 36 of 58 wastewater samples ity Iaollected by collaborators at the University of
Pisa) had maximum concentrations of 3.6 ¥ dénomic copies per mL in raw wastewaters and daned
reduction of an order of magnitude through treattn&he stormwater and wastewater samples from
Australia were quantified for genomic copies perofiadenovirus, TTV, polyomavirus, and microviridae
In the wastewater samples from Australia (n=44gnadirus had a maximum concentration of 9.1 % 10
genomic copies per mL, with 2 lagemovals through treatment; TTV had a maximum eatration of
2.4 x 16 genomic copies per mL, with reductions 2:togmoval through treatment. These results are
included in Table 6-6.

Table 6-6: TTV and Adenovirus

TTV Adenovirus
(genomic copy per mL) (genomic copy per mL)
Sample

Country | Source Type N Min |Median Max Min Median| Max

Italy Raw 29 BDL 697 | 3.60E+0% NT NT NT

Italy Final 29 BDL 17 2.40E+04 NT NT NT

— Wastewat

Australia Raw 11-22| 130 250 2.40E+03 110 51 9.10E+pP3
Australia Final 11-22| 0.19 0.9 3.9 0.18  0.89 6
Australia| Stormwate[ Stormwater| 24-40| 0.01 2.2 13 0.004 0.29 9.1

The Australian wastewater samples (collected byabotators from CSIRO) were enumerated for
polyomavirus and microviridae (including somati@aghs), with maximum concentrations of 2.2 % did
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5.5 x 18 genomic copies per mL with two lagemoval through treatment. Stormwater samplesdest
viral markers were primarily in the one and teng@fiomic copies per mL, with maximum concentrations
0f 9.10, 32.5, and 12.5 genomic copies per mLdenavirus, polyomavirus, and TTV, respectively e3é
results are included in Table 6-7.

Table 6-7: Additional Viral Markers Tested in Awdta

Polyomavirus Microviridae
(genomic copy per mL) (genomic copy per mL)
Sample
Country | Source Type n Min | Median Max Min Median Max
Australia Nastewat Raw 11-22( 410 | 1.00E+03 2.20E+03| 1.20E+0B 2.20E+03 5.50E+03
Australia| “I Final | 11-22[ 0.077] 0.26 1.2 0.09 0.43 3.8
Australia| Stormwate Stormwater| 24-40| 0.01 0.01 33 NT NT NT

6.1.4 Viral Markers Presence/Absence

In addition to the quantitative virus data, preg#absence testing was conducted. The surface water,
groundwater, and distribution system samples inUWh®. were tested for TTV and adenovirus with
traditional PCR; results were analyzed as eithsitipe or negative. The surface water samples fitaiy
(collected and analyzed by collaborators at thevérsity of Pisa) were negative for adenovirus aad &
majority of negative TTV results (1/12). The grdwater samples from the U.S. were negative for
adenovirus (0/4) and one sample was positive fo¥ TI'4). There were four positive (4/20) samplés o
TTV in distribution system samples. Eleven of thesUdistribution system samples were tested for
adenovirus (including the four TTV positive sampjes| were negative. These results are included in
Tables 6-8 and Tables 6-9.

TTV was present in 3 of 76 fecal samples (4.0%Wwastewaters, TTV was present in 38 to 49 percent o
samples, depending on sample type (raw versug final location (country). Surface water detecti@s w
rare, with 3 of 12 river waters in Italy positiverfTTV; however, no sea water samples in Italy aad
surface water samples in the U.S. had TTV. On@uwf groundwater samples and 4 of 20 drinking water
samples tested positive for TTV in the U.S. Adenasiwas not found in any fecal samples, surfacensat
groundwaters, or drinking waters in the U.S., baswetected in the majority of wastewater sampil@8%

of raw samples and 67% of treated samples).
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Table 6-8 TTV Presence/Absence

TTV Positive
Sample
Source Type N Number | Percentage
u.S. Chicken 10 1 10%
u.s. Dog 15 2 13%
uU.S. Feces Equine 22 0 0%
u.S. Rabbit 3 0 0%
u.S. Ruminant 25 0 0%
u.s. Raw 13 5 38%
u.s. Final 12 5 42%
Wastewate
Italy Raw 41 20 49%
Italy Final 41 16 39%
Italy Sea 12 0%
taly | Surface M eier 12 3 25%
water
u.sS. Fresh 15 0 0%
U.S. |Groundwatgr Raw 4 1 25%
us. | PKINg Inichibution| 20 4 20%
Water
Table 6-9 Adenovirus Presence/Absence
Adenovirus Positive
Sample
Source Type n Number Percentage
u.s. Raw 13 12 (of 12) 100%
u.s. Final 12 8 67%
Wastewatel
Italy Raw 41 NT NT
Italy Final 41 NT NT
Italy Sea 12 NT NT
ltaly Surface ™oy 12 NT NT
water
u.sS. Fresh 15 0 0%
U.S. [ Groundwatdgr Raw 4 0 0%
us. | PIKing |pichibutionl 20 | 0 (of 11) 0%
Water




6.1.5 Analysis of Variance

Table 6-10 includes the results for the one-wayyaigof variance (ANOVA) used to determine whether
there are any significant differences between thama of two or more independent groups at a 9%®perc
(<0.05) confidence level. Seasonal variances wapeiated for drinking water, surface water, stoatew,
wastewater, and fecal samples. No seasonal vasamere identified. An ANOVA was also calculated
between countries for the wastewater samples. Rasdicate that somatic coliphage concentrati@nsgd

by country.
Table 6-10:  Results for the One-Way Analysis ofigface (ANOVA)
Location
ANOVA Seasonal ANOVA
Wastewater
Country Drinking Surface Wastewater Fecal
(AUS, IT, Water Water |Stormwater| (AUS, IT Samples
Indicators u.s) (U.S) (IT,U.S) (AUS) u.s.) (U.S)
Varies ID N N ID N N
Coliform —
(CFU per Coefficient - 0.634 0.677 - 0.969 0.776
100 mL org) |N - 20 15 - 25 75
Varies N N N N N N
E. coli —
(CFU per Coefficient 0.104 0.623 0.742 0.854 0.665 0.572
100 mLorg) |N 107 20 27 40 107 75
Varies ID ID ID N N ID
Enterococci —
(CFU per Coefficient - - - 0.179 0.239 -
100 mL) N - - - 40 58 -
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Wastewater
Country Drinking Surface Wastewater Fecal
(AUS, IT, Water Water |Stormwater| (AUS, IT Samples
Indicators u.s) (U.S) (IT,U.s) (AUS) u.s) (U.s)
Male-Specific |Varies ID N N ID N N
Coliphage [ qofficient - 0.120 0.577 - 0.338 0.295
(PFU per
100 mLorg) [N - 20 15 - 25 75
Somatic Varies Y N N N N N
Coliphage Coefficient 0.0005 0.147 0.359 0.235 0.110 0.357
(PFU per
100 mLorg) [N 107 20 15 40 87 75
Varies ID ID ID ID N ID
Microviradae "
(genomic Coefficient - - - - 0.207 -
copies per mL)(N - - - - 22 -
Varies N ID ID ID N ID
TTV —_
(genomic Coefficient 0.106 - - - 0.071 -
copies per mL)(N 80 - - - 80 -
Varies N ID ID ID N ID
Adenovirus —_
(genomic Coefficient 0.126 - - 0.564 0.345 -
copies per mL)|N 61 - - 40 61 -
Varies ID ID ID N N ID
Polyomavirus —
(genomic Coefficient - - - 0.645 0.889 -
copies per mL)(N - - - 40 44 -

ID - Insufficient Data (There are fewer than twogps for dependent variable. No statistics are coath)

6.1.6 Correlation Analysis

The Spearman Rank correlation analysis was condifietendicators and viral markers in drinking wate
surface water, stormwater, wastewater, and fecapkss. The following tables include a summary @ th
parameter correlations. Detailed calculations actuded in Appendix C — SPSS Correlation Data. The
tables summarize correlations with a Y (with numbiecases) for a statistically significant correlatat

the 95 percent confidence level, N for no significeorrelation and ID for insufficient data. Thessults
demonstrate correlations between indicators isifipée the water system.

Table 6-11 includes the results for drinking wateality parameters. For these results, coliforgigoli,
male-specific coliphage, and somatic coliphage etare to one another. These results indicate a
relationship between bacteria and coliphages, laytlme impacted by the sample size (n = 20).



Table 6-11:

Drinking Water Quality Parameter Catiein Analysis

E. coli Male-Specific Somatic
(CFU per Coliphage Coliphage
Coliform 100 mL (PFU per (PFU per
(CFU per 100 mL or g) or g) 100 mL or g) 100 mL or g)
Coliform
(CFU per 100 mL or g) 1
E. coli y
(CFU per 100 mL or g) o250 1
Male-Specific Coliphage
(PFU per 100 mL or g) Y Y
n =20 n =20 1
Somatic Coliphage
(PFU per 100 mL or g) Y Y Y
n =20 n=20 n=20 1

Table 6-12 includes the results for surface watelity parameters. The results demonstrate théteof
parameters tested (colifornis,coli, male-specific coliphages, and somatic coliphaBes)li and somatic
coliphage correlated. These results show that vithiteli is correlated to somatic coliphages, they are not

correlated to male-specific coliphages.

Table 6-12: Surface Water Quality Parameter CarcglaAnalysis
Male-Specific
Coliform E. coli Coliphage Somatic Coliphage
(CFU per (CFU per (PFU per (PFU per
100 mL or g) 100 mL or g) 100 mL or g) 100 mL or g)
Coliform
(CFU per 100 mL or g) 1
E. coli
(CFU per 100 mL or g) N 1
Male-Specific Coliphags
(PFU per 100 mL or g) N N 1
Somatic Coliphage Y
(PFU per 100 mL or g) N n =27 N 1

Table 6-13 includes the results for stormwater i(puglarameters. The results demonstrate that of the

parameters tested.(coli, Enterococci, somatic coliphages, TTV, adenoviam polyomavirusk. coli
and Enterococci correlated. These results shotwthde two of the bacterial indicators correlatéuke
bacterial indicators did not correlate to the viralrkers.
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Table 6-13:  Stormwater Quality Parameter Corretafioalysis
E. coli Somatic TV
(CFU per | Enterococci | Coliphage | (genomic | Adenovirus Polyomavirus
100 mL (CFU per (PFU per copies |(genomic copiey (genomic copies
or g) 100 mL) 100 mLorg) | perml) per mL) per mL)
E. coli
(CFU per
100 mL or g) 1
Enterococci
(CFU per Y
100 mL) n=40 1
Somatic
Coliphage
(PFU per 100 mL
or g) N N 1
TV
(genomic copies
per mL) N N N 1
Adenovirus
(genomic copies
per mL) N N N N 1
Polyomavirus
(genomic copies
per mL) N N N N N 1

Table 6-14 includes the results for the wastewagtiality parameter correlation analysis. The paramet

in this analysis include coliforms. coli, Enterococci, male-specific coliphage, somaticiptzge,

microviridae, TTV, adenovirus and polyomavirus. fiehare several significant correlations between
wastewater quality parameters. These results shatwithile bacteria and coliphage indicators terntded

correlate to one another, and viral markers temaledrrelate to one another, there were limitedatations
between the groups. The correlations did identifglationship between TTV and Enterococci.
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Table 6-14:

Wastewater Quality Parameter Corralatinalysis

Coliform
(CFU
per
100 mL
org)

E. coli
(CFU
per
100mL
org)

Enterococc
(CFU per
100 mL)

Male-
Specific
Coliphage
(PFU per
100 mL
or g)

Somatic
Coliphage
(PFU per
100 mL
or g)

Microviradae
(genomic
copies per
mL)

TTV
(genomic
copies
per mL)

Adenovirus

(genomic

copies per
mL)

Polyomavirus
(genomic
copies per
mL)

Coliform
(CFU per
100 mL or g)

E. coli
(CFU per
100 mL or g)

Enterococci
(CFU per
100 mL)

Male-
Specific
Coliphage
(PFU per
100 mL or g)

n=25

Somatic
Coliphage
(PFU per
100 mL or g)

n=25

Microviradae
(genomic
copies per
mL)

TTV
(genomic
copies per
mL)

n=22

Adenovirus
(genomic
copies per
mL)

n=22

n=22

Polyomavirug
(genomic
copies per
mL)

n=22

n=22

n=44

Table 6-15 includes the results for the fecal sengalrameter correlation analysis. The results wWeate
coliforms andE. coli correlate and somatic coliphage correlated tdfarotis, E. coli and male-specific
coliphage. These results demonstrate that whilsdh®atic coliphages correlate to the bacteriatiaigirs,
that the male-specific coliphages did not correlatéhe bacterial indictors. These results arelamo the

surface water correlations where somatic coliphagelated tde. coli, but male-specific coliphages did

not correlate to either bacterial indicator.
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Table 6-15: Fecal Sample Parameter Correlationysisl

Male-Specific
Coliform E. coli Coliphage Somatic Coliphagsg
(CFU per (CFU per (PFU per (PFU per
100 mL or g) 100 mL or g) 100 mL or g) 100 mL or g)
Coliform
(CFU per 100 mL or g) 1
E. coli Y
(CFU per 100 mL or g) n=75 1
Male-Specific Coliphage
(PFU per 100 mL or g) N N 1
Somatic Coliphage Y Y Y
(PFU per 100 mL or g) n=75 n=75 n=75 1

6.2 ADSORPTION ANALYSIS

Adsorption of particles was tested through micrbh@hesion to hydrocarbons (MATH) and batch tests
with drinking water filter media. These results dsstrate the limited ability of current testing
methodologies to identify characteristics of namtplas.

6.2.1 MATH

MATH tests were initially planned for all of the ppiales, but only performed on MS2. The initial
methodology was to test MATH for all variationssoirrogate, water and pH. After several tests, tivere

no obvious changes in the results, and tests weendrtated. Current literature also suggested ttniew
MATH may be an appropriate way to test for hydrdgphidy with microorganisms, this method may not
be sensitive enough for nanoparticles (Rosenb&@6)2 The results are summarized in Table 6-16, and
the detailed results are included in Appendix BateD

Table 6-16: MATH Results

Log Removals

4 6 8
L 0.061 0.038 0.061
H 0.098 - -

6.2.2 Batch Nanoparticles

Batch tests were conducted to evaluate the coratemts of abiotic nanoparticles when mixed with
artificial groundwater and filter media. The legemovals for the coated or uncoated nanopartieltds
sand or acid-washed sand in lab water, low iomangjth water or high ionic strength water of p dor 8
are summarized in the following figures and theatled data is included in Appendix B - Data. Each
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particle type in each media type is detailed inftlewing Figures identifying log removals in the specific
water type and pH. The figures also include eresslfor each data point representing standard til@via
Table 6-17 and corresponding figures summarizeriinénum and maximum lag removals for uncoated
and protein-coated nanopatrticles. Theidogmovals are greater for particles with the acadwed sand
when compared to particles with sand media, withakception of protein-coated nanoparticles in low
ionic strength water. For the particles with saretlia, removals were greatest in low ionic stremgiter.
For uncoated particles with acid-washed sand, rafsowere greatest in high ionic strength waterr Fo
protein-coated nanoparticles, removals were greetésb water.

Table 6-17: Log Removals for Nanopatrticles with hed

Media - Sand Media Acid-Washed Sand
Minimum Maximum Minimum Maximum

Nanoparticles | Water | Log Removal | Log Removal | Log Removal | Log Removal
Uncoated LW 0.61 0.81 1.16 1.42
pH 8 pH 4 pH 6 pH 8
L 1.04 1.21 1.36 1.48
pH 6 pH 8 pH 4 pH 8
H 0.46 0.64 1.52 1.74
pH 8 pH 6 pH 4 pH 8
Protein- LW 1.20 1.25 1.43 1.78
Coated pH 4 pH 8 pH 4 pH 8
L 1.33 2.22 1.27 1.66
pH 4 pH 8 pH 4 pH 8
H 1.28 1.43 1.30 1.72
pH 6 pH 4 pH 4 pH 8

The logo removals for uncoated nanoparticles with sand anadé included in Figure 6-1. The overall
logio removals ranged from 0.46 lpgn lab water at pH 8 to 1.21 lagn low ionic strength water at pH
8. The logo removals for uncoated nanopatrticles with acid wdstand media are included in Figure 6-2.
The overall logy removals ranged from 1.16 in lab water at pH &.764 in high ionic strength water at
pH 8. The logy removals for protein coated nanoparticles wittdsaedia are included in Figure 6-3. The
overall logo removals ranged from 1.20 in lab water at pH Z.80in low ionic strength water at pH 8. The
logio removals for protein coated nanoparticles witld agashed sand media are included in Figure 6-4.
The logo removals ranged from 1.27 in low ionic strengthiexat pH 4 to 1.78 in lab water at pH 8. These
Figure are further detailed in the Section 7.0 Désoon.
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6.2.3 Batch MS2

Batch tests were conducted to evaluate the coratamts over time of biotic nanoparticles when mixed
with artificial groundwater and filter media. Theginal intent was to conduct this experiment f62
and ®X-174 phages with sand or acid-washed sand in laterwlow ionic strength water or high ionic
strength water with pH 4, 6, or 8. The resultsia first few experiments were inconsistent andemnirr
literature suggested that viruses had a low affifit silicon dioxide based materials (Michetral., 2010).
These tests were suspended and nanoparticle atvésacs were further explored with time-dependent
light scattering experiments. The legemovals are summarized in Figure 6-5 and theilddtdata is
included in Appendix B - Data. In each of the cohttases without media, the concentration of MS2
increased with time. The final averageilog@movals for MS2 with sand in low ionic strengthter were

0.198 and 0.545, for pH 6 and 8, respectively.
(a)
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Figure 6-5: Log Removals of MS2 with Sand Medidaw lonic Strength Water at (a) pH 6 and (b)
pH 8
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6.3 ZETA POTENTIALS

Zeta potentials were identified for each partigipet in solution with pH ranging from 2.5 to 10. The
solutions used to suspend the particles were labrydaw ionic strength water and high ionic stréng
water. The following figures summarize the data teddetailed data tables are included in AppeBdix
Data. Zeta potential is a component in the disperand aggregation processes of a particle. Teater
the absolute value of the zeta potential, the nstable the system will be because the chargedcleati
repel one another reducing the probability of agagten. Stable particles are less impacted bytiatdi

of electrolytes and tend towards lower viscosities.

The zeta potentials trended lower as pH increaseldzata potentials trended higher as ionic strength
increased. Figure 6-6 includes the average zetnpals of sand and acid-washed sand in solutibe. T
zeta potentials had the greatest change from pHo245with more gradually change after pH of 4. The
maximum values were identified in high ionic stréngrater at pHs of about 2.5 with zeta potentidls o
9.41mV for sand in pH 2.49 and 6.05 mV for acidHexs sand at pH 2.5. The minimum values were
identified in lab water at pHs of approximately \ith zeta potentials of -47.68 mV for sand in pE4D®.
and -53.65 mV for acid-washed sand in pH 9.87.

The zeta potentials of the uncoated nanoparticdesained relatively constant values, while the zeta
potentials of the protein- coated nanoparticledgadly trended lower as pH decreased. Figurer@ltides

the average zeta potentials of uncoated and proteited nanoparticles in solution. The uncoatetighes

in low and high ionic strength water had similatazpotentials while the zeta potentials were loweahe

lab water. The uncoated nanoparticle had maximadhnainimum zeta potentials of -19.35 mV in high
ionic strength water at pH 8.65 and -53.38 mV im\eater at pH 6.08, respectively. The protein-cobate
nanoparticles had zeta potentials which increasddrac strength of the water increased. The magimu
and minimum zeta potentials were -13.20 mV in hagtic strength water at pH 2.43 and -47.88 mV n la
water at pH 4.02, respectively.

The zeta potentials trended lower as pH increasedzata potentials trended higher as ionic strength
increased. Figure 6-8 includes the average zmtnpals of phages, MS2 adX-174 in solution. The
maximum and minimum zeta potentials for MS2 wet®79mV in high ionic strength solution at pH 2.43
and -25.98 mV in lab water at pH 10.90, respecfiv€éhe zeta potentials @X-174 increased slightly
after approximately pH 8. The maximum and minimwetazpotentials fo®X-174 were 2.70 mV in low
ionic strength solution and -29.30 mV in lab watepH 8.87, respectively.
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Figure 6-8:
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6.4 BACTERIA DYNAMICS

Dynamics of a particle help to define the transphidracteristics and several models deriving frbe t
dynamic properties provide particle characterissegh as shape and size. The dynamics of bawtere
observed with the ARGOS method using time depenligit scattering. These tests were conducted
several times over the course of a several morBs3(2014) in order to establish a procedure féa da
collection. The following data are from the finddservations for the bacteria. The data was coliisftten

a series of photographs which are available upguest as a part of the electronic appendix for Agdpe

B - Data. The photographs were then analyzed wsprggram created in LabView software package. The
details of the software and data extraction arkuded in the WPI Doctoral Dissertation of Saad Atga
November 2014 (Algarni, 2014).

Dynamic light scattering was used to obsefveoli F-amp (bacteria) in solution. The bacteria samples
were prepared according to Section 5.0 Researchddstof this report and observed for a 48-hourogeri
The initial intent of the experiment was to getasdline of the bacteria prior to conducting infétti
evaluations. The research allowed for several fligslion bacterial behavior based on an extended time
dependent study of bacteria.

Figure 6-9 summarizes the data for relative totednsity over the 48-hour observation period. Taxis

is shown both for linear and log scale time measnergs (which allows for observations about thaahit
relative intensity changes). The bacteria were mese for relative total intensity which provided
information about total system dynamics. The redatotal intensity increases rapidly to an inipelk at
1.7 hours. The relative total intensity fluctuateth a second and third peak at 15 hours and Bsshand
then steadily decreases.

The root mean square difference (RMSD) was alsoutated for specific wave vectors. This analysis
allowed for observations about particle dynamicsa aegime specific to the particle which provided
information about individual particle dynamics. wave vector of 7500 was selected because thisvecto
corresponds to the regime which would specify theadhics of particles on the microscale. This agialy
RMSD was calculated thus: an image was taken & zieno, and the average difference over a specified
wave vector (q) across all succeeding images vatedlas a function of time quantifying particlandynics
over time. Figure 6-10 summarizes the data fotiveaotal intensity RMSD over the 48-hour obseimat
period. The x-axis is shown both for linear angl $oale time measurements.
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The shape of a particle can be analyzed usingatzeftbm the relative total intensity <I> and waeetors
(q) owing to the integration of intensities and alag distributions. The shape can be observeddecific
times with the model log <I> vs log g (Beretal ., 2000). Relative total intensity <I> changes whserved
at times corresponding to changes in the dynartjd3.8 hour, the beginning of the analysis; (2)Hodrs,
prior to the peak; (3) 9 hours, prior to the pgdl;13 hours, post peak; and 39 hours, end of iladysis.
Changes in the particle shape are modeled by Fayddegraphing log <I> vs. log g for specific times

ol @
t=0.3 hr

ol @
t=1.4 hr

@
t=9.0 hr

10

|
@t=13.0 hr

@
t=39 hr

<I> at Specific Time (a.u.)

3000.0 30000.0
Wave Vector, q

Figure 6-11:  <I>v q at Specific Times
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Changes in shape can also be observed by calguidien fractal dimensions at specific times. These
calculations are included in Figure 6-10. The fshdimension (f) was modelled using Equation 6-Ereh
an elongated rod models, f=1; flat disk, f=2 ankesp, =3, (Bernet al., 2000).

_log<I>
~ logg
(Equation 6-1)
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Figure 6-12:  Fractal Dimension of Farpcoli over the 48 Hour Period

The fractal dimension of the F-angp coli particles early in the analysis is modelled byngkted rods,
progresses to a shape change modelled by a flat @il then returns to a model more similar to an
elongated rod, as shown in Figure 6-12. Simildhg,effective radius was modeled using the intgmsid
wave vector. The effective radius can be modelkdgiEquation 6-2 (Berng al., 2000).
Roys = In <21 >
q

(Equation 6-2)

The results for the effective radius over the 48+period are included in Figure 6-13. The effextiadius
ranges from a minimum of 1.56 pm at 20 hours taaimum of 1.75 pm at 9 hours.
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6.5 BACTERIAWITH PHAGE DYNAMICS

The bacteria (F-amp), was then studied during tidecby bacteriophage (MS2). The bacteria was
inoculated with a bacteriophage virus and obseoxed a 48-hour period. Figure 6-14 details thetinada
total intensity over the 48-hour period with (a)dar x-axis and (b) log scale x-axis. The relatotal
intensity allows for observations of the entireteys dynamics. The relative total intensity of fystem
increased rapidly to a peak at 1.95 hours and dsedesteadily over the remaining study period. The
dynamics analyzed were those of the entire systeatential factors impacting the system dynamictisu
as host lysis or pili removal were not specificadlysessed. Future research should include agarall
analysis with microscopy to account for all physeeents observed.

The characteristics of the bacteria were evalubjedalculating RMSD, fractal dimension and effeetiv
radius over the 48-hour period. These resultstavars in Figure 6-15. The RMSD reflects the dynamic
of the particles and increased rapidly to a pea.2@ hours and decreased steadily over the rengaini
study period. The RMSD was calculated over theyspadiod for a wave vector, g (7500), which is spec
to the micro-scale of the bacteria.
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The fractal dimension of the bacteria particles walsulated for the 48-hour period. The initial pba
model for the bacteria was an elongated rod. Fop#riod between 5.0 and 25.0 hours, the bacteta m
closely fit the model of a flat disk. After 25 hasurthe particles trended back toward a model fer th
elongated rod. The effective radius ranged froniramum of 2.51 um at 35 hours to a maximum of 2.99
pm at 8 hours. The morphology of the bacteria tdver8-hour period is shown in Figure 6-16.
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Figure 6-16 — F-amf. coli Characteristics during Infection
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6.6 NANOPARTICLE DYNAMICS

The ARGOS time-dependent light-scattering method wsed to find the total intensity of the particle
behavior over time and the root mean square difftsxevas calculated at specific wave vectors (q) to
identify changes in particle behavior. The intgneitthe laser was held constant so that compasisould

be made between the total intensities of the pastic The study was originally calibrated to observ
particles at the micro-scale. Over the periodfeframonths, the methodology was re-calibratedseove

the dynamics of nanoparticles. The method was teseldaracterize MSZX-174, uncoated particles and
protein coated particles. The use of abiotic prtmay serve to focus the description of the pladion
specific properties, such as hydrophobicity or tgpeapsid.

Table 6-13 summaries the data for the nanopartigllamics. The complete data set is included in
Appendix B — Data. The greatest intensities werdlfe uncoated nanoparticles with a range of 61605
9.541 relative total intensities. The lowest intees were for®dX-174 with a range of 0.739 to 2.104
relative total intensities.

Table 6-18:  Statistics for Nanoparticle Dynamics

Relative Total <I> MS2 ®X-174 | Uncoated Nanoparticleg Protein-Coated Nanopatrticleg
Mean 2.059 0.968 6.945 2.637

Median 2.059 0.921 6.848 2.626

Mode 2.067 0.907 6.775 2.550
Standard Deviation 0.034 0.191 0.480 0.103

Range 0.248 1.365 3.537 0.890
Minimum 1.936 0.739 6.005 2.369
Maximum 2.184 2.104 9.541 3.260

The particle dynamics for each patrticle type iduded in the following figures which include (a)ative
total intensity, <I> and (b) RMSD calculated foiwave vectors. The data is included in Figure 647 f
MS2, Figure 6-18 fo®X-174, Figure 6-19 for uncoated nanopatrticles aigdifé 6-20 for protein-coated
nanoparticles. This data is further analyzed icti8e 7.0 Discussion.
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7.0 DISCUSSION

The objective of this research was to examine atdrs of viruses in waters systems and identify
characteristics of indicators critical for predigfivirus behavior. This research is unigue in thatludes

the investigation of viruses at multiple-scales]uding full-scale water systems, lab scale bagstirig,
and nanoscale particle investigation. The full-saeaéter systems included fecal, wastewater, stoterwa
surface water, groundwater, and distribution systérhe lab scale analysis included batch adsorpesis

for comparisons of water quality on the efficierafyvirus removal as modeled by abiotic hanospheres.
The nanoscale analysis included time-dependent $fighttering using the ARGOS method to observe
phage infection of bacteria and particle dynamics.

Multiple-scale analyses are important because igstan exhibit different behaviors at differentlssa
The analysis is summarized in Figure 7-1. Reseagchviater quality indicators at the multiple-scadedl
provided an opportunity to observe unique paritiaracteristics.

hr Viral Presence in Full
Scale System;
min Bottom Up Correlations to

Traditional Indicators
Adsorption to Filter
Media;
Batch Scale Tests

;::r:li ms Particle Characteristics;
Zeta Potentials;
us Viral Infection
Nanoparticle; Top Down
ns Virus Dynamics; Dynamic
Light Scattering
ps

Anstrom Nanometer  Micrometer Millimeter  Meter

Length Scale
Figure 7-1: Multi-Scale Analysis

7.1 FULL-ScALE WATER SYSTEMS

Water quality results were compared for the daliected in U.S., Italy, and Australia. Combingalaets
provided a unique opportunity to expand the oribitzda sets and compare results from three indeg¢nd
locations. While combining the data provided largets, it is important to note that the collectand
identification methods were not identical. Eachthod is described briefly in Section 5.0 Research
Methods and more fully in Appendix A. While thesuéts were comparable to current literature, it is
important to note that different methods, serotyges primers have different detection efficiencies.
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The full-scale water system measurements were sessesing IBM's Statistical Package for the Social
Sciences (SPSS) product, Version 17.0. Analysisaofance (ANOVA) was conducted on the quantitative
data sets to evaluate differences based on seasbooantry. Correlations analyses were conducted to
determine correlations among the bacterial indisatcoliphages and viruses. The Spearman Rank
correlation analysis was used for quantitative datis. Statistical analyses were conducted for skt
with over 20 results. Analyses were conducted et 9B percent confidence levael=0.05). Since
correlations and ANOVA were calculated for dates setth over 20 results, subsequently, these are not
calculated for distribution system, groundwater saltl water data.

7.1.1 Analysis of Variance

Seasonal variances were calculated for fecal, waste, fresh surface water, and stormwater samates,
presented in Section 6.1.5. In this current neseatudy, no seasonal variances were identifiedhi®
indicators. The lack of seasonal variability isigportant quality for a water quality indicatorander for
the parameter to be useful year round. In addftoithis study, an ANOVA was also calculated betwee
countries for the wastewater samples. Somatic leatjps varied by country (U.S. and Italy).

The lack of seasonal variability for the viruse®ige of the factors in proposing enteric virusesvater
quality markers. For example, adenovirus was prepas an indicator of fecal pollution from human
sources based on its culturability, resistanceadtaristics and lack of seasonal variability (Céodl.,
2005; Grabow, 2007; Jiamtjal., 2001; Jiangt al., 2007; Simmonst al., 2011). Similarly, TTV seems to
exhibit several qualities which would make it a daadicator of fecal and wastewater contamination
(Haramotoet al., 2008). In 2007, Haramow al. collected samples from a wastewater treatment pian
Japan, and TTV was detected in all 12 influent damfested, with a geometric mean concentration of
1.7 x 108 genomic copies per liter. The concentration o¥/Tim the influent samples showed no clear
seasonal pattern, suggesting that TTV infectiomsioconstantly throughout the year.

Longet al. found the lack of seasonal variability in colipkagvas consistent with a study of male-specific
coliphage for source tracking (Loreg al., 2005). The study included fecal samples, agticaltand
wastewater samples from different geographicaltiooa in different seasons. No seasonal variatioere
identified for male-specific coliphage in wastewatén the studies where seasonal variations wete n
identified for fecal samples or wastewater samplese tended to be had statistically high popotetiof
bacteria.

While other studies of treated wastewater and senfeaters found seasonal variations. These remnats

in contrast to a study of the fate of waterbornetdrda and viruses in treated wastewater found that
coliphages exhibited seasonal effects with conaéatr higher in the summer than those observeban t
winter (Blatchleyet al., 2007). Similarly in a study of male-specific ipblages in surface waters, male-
specific coliphages were found to vary by seasah fannd higher inactivation rates of male-specific
coliphage in warmer months (Cadeal., 2003).

While the lack of seasonal variability in bactehiage for this research project may be an indication
survival characteristics, the presence of bacteagp is also a function of bacteria populationdie T
bacteria populations in this project also werefoand to vary by season. In particular, fecal s@spnd
wastewater, in general, are known to be high imalféacteria, and since bacteriophage need a thest, t
presence and characteristics of the coliphageigndisantly impacted by the seasonal variationghef
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hosts. In studies of wastewater, coliforms wowddcbnsistently present and temperature is fainhstant,
and therefore, allow for hosts and bacteriophageetpresent consistently through the years. Wihile
studies of surface water such as Galal. 2003 the coliforms would be impacted by colder thveg and
would, as a results, limit hosts and bacterioptpagsence. Similarly, host presence would be ingabict
disinfected samples such as Blatctdegl. 2007.

7.1.2 Correlation Analysis

The Spearman Rank correlations were calculateddsgtwthe indicators with quantitative data setshén
fecal and surface water samples, correlations wali@ilated for the bacterial indicators and colgégsa
There were correlations between the bacterial &atdis and somatic phages, but there were no ctiorea
to male-specific coliphage. In fecal samples, sar@iliphages correlated to both coliforms dhdoli
and for the surface water samples somatic coliphagerelated td. coli. Correlations to bacteria may
have been impacted by high variability in concerdrs and potential sampling error (Knappesttal .,
2011; Oliver, 2014; Rasmussetral., 2014).

The surface water results may have been impactedebgumber of samples (n=27) and the inconsistent
testing. The surface water samples were drawn fharJ).S. and ltaly. The samples from Italy did not
include results for total coliforms or male-specifoliphages. The small sample set for the madeitp
coliphages (n=15) alters the validity of the ansly€oatset al., 2014; Green, 2011). The correlations were
also impacted by the difference in sampling conedions between U.S. and ltaly. For example the
maximum results for the U.S. samples were 35 MPIN1P@ mL forE. coli; comparatively the samples
from Italy had much high much highEr coli concentrations with maximum concentration of 1.70k
CFU per 100 mL. These results may be a resultraf leses in the area of the surface waters. Theleamp
from the U.S. came from drinking water reservoirkile the samples from Italy were sampled downstrea
of a wastewater treatment plant outfall. In a gtatiland uses patterns and the occurrence of lzadjes

in surface water, the results demonstrated diffs¥eim concentrations of somatic coliphages betvaesas

of different land use (Franlat al., 2009).

The results for the fecal samples may have beeatefi by levels in some fecal samples that wem@nbel
the detection level of the methodology. In thaultss one cow fecal sample and one chicken fecapta
had coliforms ande. coli below detection limits. There were also inconsistesults in another chicken
sample where coliforms artél coli concentrations were 1 x 20FU per g. These are in contrast to the
samples excluding these results which had condenmtsain the ranged from 5.7 x4 5.0 x 16 CFU
per g in chicken feces for coliforms akdcoli. It is unusual to not detect coliforms aladcoli in fecal
matter from chickens and cows. Previous studieg saown consistent levels Bf coli and coliforms in
the gastrointestinal tract of domestic and farmmaté (Graukeet al., 2002; Havelaaet al., 1986). This
suggests both that these samples may have beemaroised and that the concentration results ateibut
to errors in the sampling and transporting of saspl

The quantity of samples below the level of detecfior coliphages may have influenced correlations
between coliphages and other indicators. For feaaiples, total coliformdk. coli and male-specific
coliphages were correlated; however, somatic calipls were not correlated to other indicators. While
bacterial indicators were detected in almost afigas, coliphages were not detected in approxim&i@|
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percent of the samples; for male-specific coliplsag@ of 76 samples were below detection limits fand
somatic coliphages 33 of 76 were below detectimitdi.

Somatic coliphages were analyzed in stormwaterdidhot correlate to other parameters. This was in
contrast to the distribution system samples, irclvigiach of the parameters tested correlated tammot@er
(including total coliformE. coli, somatic coliphages and male-specific coliphagBs}h of these analyses
may have been influenced by the small sample §ize20, n=27, respectively). It is recommended that
further studies include larger sample sets.

In the correlations calculated for the fresh swefaater, a relationship was identified betwé&enoli and
somatic coliphage. The bacterial indicators werefoond to relate to male-specific coliphage. ¢me
studies, however, somatic coliphages were fountetgresent in greater numbers than male-specific
coliphages; this result was assumed to be on atcbemvironmental persistence (Brietal., 2002; Lee
etal., 2011).

This study found the expected correlations in weater samples between bacterial indicators (cafifor
andE. coli andE. coli and Enterococtiand between viral markers (polyomavirus, adengyiamd TTV).

In a similar study of sewage treatment, Vaidyal. (2002) also found TTV correlated to enteric vasis

in raw sewage featuring a prevalence of TTV that statistically similar to the prevalence of hejmt
virus RNA and hepatitis A virus RNA (Vaidy al., 2002). This study also included TTV correlations

E. coli, microviridae, and Enterococci; coliforms aBdcoli correlated with both male-specific coliphage
and somatic phage. Enterococci correlatef. twli, somatic phage and TTV; and microviridae correlate
to adenovirus, polyomavirus, and TTV. Microviridgefamily of bacteriophage which includes somatic
phage®X-174) may more widely represent viral markersmindicator, as is demonstrated through these
correlations. These results are similar to thetimiahips identified with the Pisa, Italy, wastegrat
treatment facility, where no significant correlatid®etween bacterial indicators and the presence of
adenovirus was found (Carduetial., 2008).

Removal rates of TTV through wastewater treatmetiis study were similar to those featured inualygt
conducted by Hamzat al. (2011). In a study of wastewater removals throaiglastewater treatment plant
discharging into the Ruhr River in Germany, simieamoval patterns were identified, with approxinhate
1.7 to 2.3 and 2.6 to 3.5 lggremovals for adenovirus and TTV, respectively, @ligh influent
concentrations were found to be higher at 1.7 %ah@l 1.3 x 1®for adenovirus and TTV, respectively.
The influent concentrations of TTV in the wastewsi@a this study correspond to concentrations detkec
in Japan by Haramot al. (2008) in a study of a wastewater treatment pfadapan, where samples were
samples were collected monthly (2005-2006). Thislysidentified TTV in all of the samples (12 of 12)
with mean concentration of 1.7 x“hd maximum concentration of 4.8 x*@nomic copies per liter.

Statistically, the use of TTV as an indicator maylimnited to the detection occurrence. Out of thtalt
number of samples tested for TTV (324) in this gfuahly 33 percent (108) were positive for TTV. dn
2009 study of the Ruhr and Rhine Rivers in Germ#mgy surface water results showed that most samples
(108 of 111) were positive for adenovirus and aliwit the samples (56 of 108) were positive for TTV
(Hamzaet al., 2011a). A study of the Tamagawa River in Japaeh $imilar results to this study and
identified TTV in 5 percent of samples (500 mL vok) (Haramotcet al., 2005). In a similar study,
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Vecchia,et al. (2009) quantified TTV and fecal pollution in theuthern region of Brazil and TTV was
present in approximately 10.7 percent (3 of 2&hefsamples (Vecchia, 2009).

The stormwater results did not show correlatiortgvben viral markers, including TTV and bacteriatlan
coliphage indicators. The results were influenogdhe methodology used for TTV testing. The sasple
were tested for human TTV but not for animal TT\tor&water runoff includes a potential for
contamination from human sources such as faileticsegstems, but is often contaminated with animal
waste (Arnonest al., 2007; Cizelet al., 2008). TTV has been identified in a wide ranfjéeoal samples
and is not restricted to human feces. It has laéssn detected in certain animal species, includomy
human primates (Cong al., 2000; Okamotat al., 2000; Verschooet al., 1999), farm animals (pigs,
chickens, cows, and sheep) (Brasshal., 2010; Devallest al., 2005; Langet al., 2011; Learyet al., 1999;

Liu et al., 2011a; Martinez Guinet al., 2010; Sibilaet al., 2009), companion animals (dogs and cats)
(Biagini et al., 2007; Okamoto, 2009b; Zhet al., 2011), and wild animals (wild boar and sea lions)
(Martinezet al., 2006; Ng, 2009). For example, in China, a studis8 fecal samples collected from dogs
younger than 1 year old with diarrhea in a peticli@0 specimens (20 of 158, 13%) were positive for
Torque Teno canis virus DNA using detection witiPCanet al., 2011). While TTV has been identified
in a variety of animal fecal samples, this studyydmad a 4.0 percent detection in the fecal samples
Although a human TTV sequence was utilized, andefoee presence of this sequence would not be
expected in animal fecal samples. Any positive ct@g of TTV may have been a result of cross-
contamination with humans because these animals danestic pets.

7.2 LAB SCALE ANALYSIS

Lab scale systems were examined for uncoated ameipicoated nanospheres with drinking water filter
media (sand and acid-washed sand). The concemsatif the nanospheres were observed for 2-hour
periods across multiple pHs with waters of vanjimgjc strength. Appendix D — Batch Analysis inadsd
summaries of for log removals for each pHs 4, 6, and 8. Uncoated iglpatticles and viruses differ in
their surface characteristics--the main differasd¢hat uncoated, unmodified abiotic particles lagkotein
capsid. These differences have an important inflaem particle retention and transport in poroudiene
(Baleset al., 1997).

Some researchers have used uncoated fluoresa@naasurrogates for transport studies in poroulane
While abiotic particles are chemically stable andyeto detect by methods such as spectrofluororoetry
flow cytometry, the results have generally beeratigfactory (Harvet al., 2011). Additional methods
such as DNA labels, epifluorescence microscopyadioactive labels have provided more consistent
results, but have their own drawbacks, such astomsuming assays or restricted applications (Bounal

et al., 2002; Bradlewt al., 2007; Pangt al., 2012).

While size and shape of microorganisms and micrexgghcan be similar, the surface characteristics of
uncoated latex spheres limit their ability to resgmgt microorganisms (Harveyal., 2008; Harveyet al.,
2004). Altering the surface of the particle mayvqide for a particle that is a better representatinaruses.
This is a factor because Harvetyal. (2008) determined that the surface charge ofgesthad the greatest
impact to transport velocity. Researchers have @étermined that these observed transport differenc
were attributable to the difference in surface ghaand thus appropriate to identify a surrogatk surface
characteristics more similar to microorganisms.
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Researchers have also used bacteriophages asatas;ognd research has demonstrated that they are
conservative predictions of virus removal in maopditions. In 1995, Jofret al. compared viruses and
bacteriophages in raw waters and identified bampeages in treated water samples of full-scale
conventional treatment facilities. The researclieusid that bacteriophages were present post-tredtme
while infectious enteroviruses were unable to beaed, demonstrating bacteriophages phages inecti
B. fragiliswere a more conservative representation of enteises. Abbaszadegatal. (2007) conducted

a bench-scale analysis to evaluate enhanced ctiagutand settling, and found that removals indidate
that bacteriophages were a conservative repregantat viruses with enhanced coagulation. Transpor
studies have also shown that MS2 does not represvirus and adenovirus accurately. In a laboyato
study using hematite coated glass fiber, the atisorpapacity of rotavirus differed from that of @8y
four to five orders of magnitude (Gutierrezal., 2009). A more appropriate virus surrogate, sugh a
protein-coated nanospheres, will reduce uncertamtigk assessments

Similarly, Schijvengt al. (2000) modeled adsorption of MS2, PR@®X-174, (B, and PM2 in batch and
column experiments. The results indicated thateurmbnditions of high pH in sandy soils, MS2 is a
conservative tracer, while in the presence of mailkint cations, bacteriophageX-174 may be more
conservative. Latex spheres have also been usagatential viral surrogate in low-pressure meméran
studies. This study found that fluorescent micresph were an inconsistent surrogate when compared t
phages in membrane studies and found that furthdy ®n the impact of surrogate surface charadiesis
was necessary to predict rejection (Pongiua., 2009).

Additionally, more than one virus surrogate in ateyn may be necessary. Mageal. (2008) studied
enhanced coagulation identified removal rates foitiple viruses and bacteriophages and found that
different viruses may be represented by differatdriophages, indicating that one bacteriophagenoa
able to represent all viruses. The researcherglfmsatead that multiple bacteriophages may be ibetited

to indicating enteric viruses. Protein-coated naheses may also be an efficient way to provide iplelt
models of enteric viruses within a single treatnwatly.

This present research included varying ionic stitentp mimic groundwater. The research showedftiat
uncoated nanoparticles, removals increased as stréogth increased, as demonstrated in Figure 7-2a
This is consistent with the theory that increasedad strength will reduce the magnitude of the teipe
energy barrier between the negatively charged aaddarticles. The results from this present stardy
similar to those found in a study of the adsorptma aggregation of norovirus-like particle attaehin
where attachment increased with increasing iomength (da Silvat al., 2010).
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Figure 7-2a: Average Log Removals with Sand andeddonic Strength for Uncoated Nanoparticles

While these results were observed for the uncogdeticles, the removals of the protein-coated pladi
(included in Figure 7-2 b) were similar to one d@otin both media across the varied ionic strengilhese
results indicate that the protein-coated nanosghaey behave similarly to MS2. In a study of depasi
kinetics in packed beds of quartz, Penebdl. (1996) identified removals for two bacteriophagd§?2
andi. The tests were conducted at pHs similar to theléstric points of the bacteriophages. Initiatlgth
bacteriophages showed a low retention at lessdgharogo removal in the sand column at pH 5 and 0.01
M NaCl. When the NaCl concentration was increds8dV NacCl, the removal of MS2 was not affected.
While at 0.3 M NaCl the adsorption bfwas significantly improved to an average of fieeib removal.
These results indicate that as ionic strength asgs, adsorption also increases. The researchsssigioat
this may have resulted from increased van der Watdsactions betweek and the sand (Penratial .,
1996).
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Figure 7-2b: Average Log Removals with Sand andedaonic Strength for Protein-Coated
Nanoparticles

Virus attachment to sand has been widely studiedf@mnd to be a function of several factors, inotgd
ionic strength and pH, as observed in this presteiaty (Bradfordet al., 2008; Cristt al., 2004; Torkzaban
etal., 2006; Waret al., 1994). While the impacts of pH and ionic streraythwidely discussed in literature,
the important aspects of this research are thevanates of the uncoated nanospheres comparéx to t
rates of the protein-coated nanospheres. The aweeagovals of the protein-coated nanoparticles were
consistently higher than those of the uncoatedgbest The results for particles in lab water at4ldnd

low ionic strength water at pH 6 waters are inctligteFigure 7-3 which demonstrates that with vaped
and ionic strength, in both cases the protein-cbat@mospheres had greater removals.
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The research demonstrates that the protein coatipgcted attachment over time and enhanced final
removals. Figure 7-4 is representative of the bigiavof uncoated particles, which show inconsistent
concentrations, and of particles that seem tolatiad detach. Also, the error bars which represtandard
deviation indicate that the concentrations showewidriations and may not adsorb to the sand pesta

all.

(a)

1.40

1.20

1.00 T
TU —
3 080
o o T
= 0.60 BN
o .

0.40

0.20 | ‘{ 1 |

0.00

-20 0 20 40 60 80 100 120 140
Time (min)
—l—pH 4 LW UN pH 6 LW UN pH 8 LW UN



(b)

1.40 .
1.20 I /Lgi
1.00 T G =
5 080 I &
£ 80 Y
o
= 060
o
-
0.40
0.20
0.00
-20 0 20 40 60 80 100 120 140
Time (min)
—B—pH 4 LW PN pH 6 L PN pH 8 LW PN

Figure 7-4: Particles in Lab Water with Sand Mg@dipUncoated and (b) Protein Coated (error bars
represent standard deviation, n=8)

Lab scale bench tests were also conducted with NIB&se results were inconsistent based on duplicate
testing. The data was not reproducible. This ngstias not pursued further. These results may have
resulted from the fact that while sand filtratisroften practiced in wastewater and drinking waigsttment
without the addition of flocculation aids, this pess is inefficient and the degree of virus remoged
erratic. Viruses do not adsorb to sand, and remsav@ determined by factors such as flow ratesjqtit
strength, and organic matter. Sand has an isoel@cint of less than 4 and a negative surfacegehféike
most viruses), and so the low attachment rate rofses to sand can be accounted for by the repulsive
electrostatic forces (Porubcanal., 2011; Truesdait al., 1998).

7.3 NANOSCALE ANALYSIS

Dynamic light scattering (DLS) can be used to deiee of particle size in Brownian systems and bag |
been used for the measurement of Brownian motigradfcles at the nanoscale, such as colloidseprat
and macromolecules. DLS collects information alotgnsity fluctuations, and calculations are based
the time scale of movement of the scattered pesicCurrent DLS techniques can make accurate
measurements over a very short timescale, arem@asive, and have a high sensitivity which provifibes

an investigative tool for biological cells. Parddlynamics can be expanded upon to provide cailongat
on the particle such as velocity distributions, #verage velocities, and the fraction of non-matids
(Holzetal., 1978; Reufeet al., 2012). While there are many references whichilde@atheory and models
developed for light scattering (Bergeal., 2000; Boustanyt al., 2002), this discussion is specific to the
characteristics of the particles observed.
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7.3.1 Zeta Potentials

Zeta potentials were obtained using dynamic ligattering. The results include average zeta patisrftr

the media, abiotic particles, and biotic partictethe three tested solutions with varied ioniesgths and
pHs ranging from 2.5 to 10. This research expapds tPangt al. (2009) which included the study of zeta
potentials of latex spheres coated in casein prated found zeta potentials of coated particlectsimilar

to E. coli and MS2. Pangt al. found the surface charge of a microorganism eacldisely mimicked by
microspheres that are covalently coated with aepmohaving a zeta potential similar to that of the
microorganisms low ionic strength monovalent latiena This present research study includes labrwate
and high ionic strength solutions; and also expdrbe findings to include an additional bacteriapha
OX-174.

The importance of testing the zeta potentials vaaadout by the fact that changes in electrostayiers
impact viral adsorptions to solid interfaces. Rgeal. 2002 studied bacteriophage adsorption to ironesxid
coated sands and found that viral transport was@lted by electrostatic interactions. Dowtdal. (1998)
similarly studied virus adsorption and transporbtiyh sandy soils (composed of sand, silt, and) dtay
groundwater. The was performed using transporemx@nts in 73 cm (5 cm inner diameter) columns
injecting five different spherical bacteriophaghtS@, PRD1, QdX-174, and PM2). The purpose was to
test the correlation between viral transport anéliectric points. The bacteriophages were seldusdd

on varied isoelectric points of 3.9 (MS2), 4.2 (PBD5.3 (Q), 6.6 ®X-174) and 7.3 (PM2). The data
suggested that the isoelectric point of a virdeéspredetermining factor controlling viral adsasptwithin
aquifers, underlining the major role of electrastédrces in virus adsorption (Dovet al., 1998).

The surface concentration of the ionizable growgisrhines the total charge. The pH at which asviras

no net charge is the isoelectric point (IEP). THIR varies with structure of the capsid. At lowét, met
protonation of ionizable groups produces positivarge, whereas at high pH deprotonation dominates t
give a net negative charge. In this study, tha petentials trended lower as pH increased. Térgitwas
also identified in a study of the transport of PRBA&n iron oxide-coated sand aquifer (Rghal., 1999;
Ryanet al., 2002). As the pH approached the virus IEP, aggjien resulted from a (neutralization)
decrease in the absolute values of the electros&giulsive interactions.

The results demonstrated that the zeta potentizle@cid-washed acid were generally lower tharitfe
washed sand. These results are demonstrated ineBigeb where the zeta potentials of sand and acid-
washed sand are shown for suspension is lab wadenigh ionic strength water. These results arédaim

to a study of the impact of mineral grain zeta pté on colloid transport in geochemically hetezngous
porous media. The mineral grain surfaces coatddivah oxide were analyzed for zeta potentialsaned

pH and ionic strength changes. The results inclugd potentials of acid-wash sand which were lower
than the coated sand. The study also suggestethgtissand in the environment (such as heterogeneo
subsurface porous media, such as iron oxide-csatedl aquifers) was the most important factor déiposi
kinetics of colloidal particles (Elimelea al., 2000).
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Figure 7-5: Zeta Potentials of Sand and Acid-Weds®@nd in (a) Lab Water and (b) High lonic Strength
Solution

Figure 7-6 shows the average zeta potentials diotirenanoparticles in lab water and high ioniesgth

water. The zeta potentials were higher in the highmic strength solution. These results are simiaa

study of electrostatically driven adsorption ofcsilnanoparticles on functionalized surfaces, wiazind

the addition of NaCl reduced repulsive chargeseflLal., 2013). Also, a study &. coli adhesion and
transport in saturated porous media found thabasentrations of KCl increased, electrophoretic ititgb
decreased (Haznedaroglu et al., 2008). These\attgrrs result from the compression of the eletatas
double layer impacted by the electrolyte in solutida Silvaet al., 2010).
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Figure 7-6: Average Zeta Potentials of PartickeSalutions for 2.5 to 10 in (a) Lab Water andHligh

lonic Strength Water

The electrostatic layer around each particle isacgd by distribution of ions on the surface and is
compressed with an increase in diffuse counter-mosided by the higher ionic strength (Hendricks,
2010). In addition, while studies of pH usuallyiadhe particles in a low-strength monovalent etdyte,
this present study included two types of artifigggdundwaters with monovalent and divalent elegted.
Similarly in a study of deposition and aggregationetics, interactions with monovalent and divalent
solutions changed the characteristics of rotavi@ugtierrezet al., 2010). The results of this study and this
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present study indicate that the ionic strengtthefwater significantly impact the nature of thetigha’s
electrostatic layer.

Surface charge is an important aspect of partttdelment to media (such as sand). Research da@iess
that MS2 a conservative virus surrogate among hlag@s because it is poorly adsorbed onto poroummed
although this may not be true for engineered poroadia. For example, Nassaral. (1995) observed
removals under hydrophobic conditions, in the preseof divalent cations, and at water temperatures
above 16C. The results were that filtration removals of MS8%) were higher than poliovirus (38%) in
a sand medium containing cationic polyelectrolytagseret al., 1995). The results of this research and
the results of this present study demonstratettieatelationships of particles and water qualitsepzeters
need to be further studied particularly in terméngbact on attachment to filter media.

The zeta potentials for each particle were statilyi analyzed for each water type. Correlationsewe
calculated using SPSS at the 99% confidence |&ales 7-1 through 7-3 summarize the correlations
between zeta potentials. The detailed resultsnataded in Appendix C - Correlations.

Table 7-1: Zeta Potential Correlations in Lab Wate

Uncoated| Protein Coated
Particle Type Particles Particles MS2 dX-174

Uncoated Particles 1

Protein-Coated Particles N 1
MS2 N N 1
OX-174 N N Y 1

Table 7-2: Zeta Potential Correlations in Low B8itrength Solution

Uncoated| Protein Coated
Particle Type Particles Particles MS2 ®X-174
Uncoated Particles 1
Protein-Coated Particles N 1
MS2 N Y 1
DOX-174 N Y Y 1
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Table 7-3: Zeta Potential Correlations in Highito&trength Solution

Uncoated | Protein Coated
Particle Type Particles Particles MS2 ®©X-174

Uncoated Particles 1

Protein-Coated

Particles N 1
MS2 N N 1
OX-174 N N N 1

While correlations were identified between the bdophages and protein-coated nanoparticles lowe ion
strength water, they were not correlated in inwater and high ionic strength water. Changes ificion
strength have been shown to impact transport eklspheres. The study adsorption in varied higicio
strength microspheres mimic transport of oocyStgarvum oocysts had a slightly negative zeta potential
(-1.5 to -12.5 mV) at a pH 6.7 over a wide rangecaltium concentrations (o 10* M) while the
microspheres were more negatively charges (-7.45@2 mV). The results suggested that when
groundwater is hard (high ionic strength, greatant1@® M Ca’), microspheres mimic the transport of
oocysts (Daet al., 2002).

In the low ionic strength water, zeta potentialsoas the pH range of 2.5 to 10 have linear, pasitiv
correlations at the 99 percent confidence levekben the coated particles and both bacteriophadéls
the uncoated particles do not. In the high iotiergyth water, neither the coated nor the uncogdeiicles
were correlated to MS2 drX 174, in addition the two bacteriophages did ravtelate to one another. The
results demonstrate the importance of understangingndwater quality and sorption media prior to
estimating colloid removals. The results also shimavability of a protein-coated nanoparticle to elatie
electrophoretic mobility of bacteriophages (as nhedeses) is dependent on ionic strength.

Panget al. (2009) was able to observe the ability of promated nanoparticles to model MS2. Zeta
potentials were measured in= LMol per liter NaCL background electrolyte. Theules of research by
Panget al. also found that the zeta potentials of the pneteiated nanoparticles correlated to the zeta
potentials of MS2 in low ionic strength solutiorhélresults of this present study found similar ltesmith
protein-coated nanospheres correlating zeta patemti MS2 in low ionic strength. Although, thessults
were not observed when the ionic strength was &s&@ or when the particles were in lab water. The
ability to use protein-coated nanospheres may perdient on the ionic strength of the water.

Latex nanospheres have several benefits becaugecéme be rapidly detected and may be custom
manufactured in varying sizes, shapes, and coatilrgaddition, there are also no health concerhenwv
using nanospheres in the lab. For these readass,eicommended that they continue to be explased
viral surrogates. Although at this time, reseangthods are inconsistent and new methodology reke t
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Population

developed. In terms of this research, the abilftyprotein-coated nanospheres was dependent @r wat
guality including pH and ionic strength of a sample

7.3.2 Bacterial Dynamics

Bacterial dynamics were observed over a 48-houpgarsing the ARGOS method. Instead of taking
traditional grab samples based on a time sengiti¥ian order of magnitude of about a minute, théthod
allowed for the investigation of the same sampléhwio volume changes at a time sensitivity of 0.001
sec. This method also provided for a measuremgmbiilation dynamics that is more sensitive thatd CF
per mL. While methods such as bacteria staininge Haeen used to study bacteriophage infection of
bacteria, this research provides a more time-sipeuiéthod in which the bacteria remains withinittigal
conditions.

Traditional observations of bacterial survival arade in lab conditions that provide for optimizedwgth.
The traditional view of the bacterial life cyclespalent in most biology textbooks, suctBasic Molecular
Biology (Upadhyayet al., 2010), is based on a four phase growth cycle growth cycle includes an initial
lag phage, an exponential phase, a stationary phasea death phase, as depicted in Figure 7-& Th
traditional definition assumes bacteria grown ihaach culture will inevitably reach a point whdret
growth rate decreases and initiates a stationamgepm which a culture both shows no further ireeea

the number of cells and is followed by a decreagmpulation (or the “death phase”).

Stationary Phase

Death
Log Phase
Phase

Lag Phase

Time
Figure 7-7: Traditional View of Bacterial Growth

Traditional growth models do not provide for comats similar to the natural environment.
Microorganisms in the environment are commonly olese in conditions of varying nutrient availability
and stressed conditions including water flow, wiethperature, light, and other organisms (Finke06).
Therefore, the analysis of the population dynaroiclacterial growth is limited by a number of fasto
An in situ method of observation may provide more accuratéetsoof growth.
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Traditional population models are not sensitiveugytoto observe total population dynamics. Traddity,
bacterial concentrations are enumerated with wfitoliform forming units on a logarithmic scal&his
method does not provide the sensitivity neededoserve the dynamic changes after the log phase. In
addition, aliquots of the sample must be removegrder to complete the methodology. Removing these
aliquots changes the initial volume of the samal®l also removes the bacteria from the soluticorder

to be enumerated. This method also does not aliwva fspecificity or precision of time. The method
requires an estimation of time when removing aligquas the sample and during the enumeration process
and the sensitivity of this method is approximatepinute (Campest al., 1991, Fujiokeet al., 2002).

The traditional growth curve includes a death phasieh is often reflected as a loss of viable cews#ing
standard plating assays. Death phase researebsstoi identify the triggers from the stationaragh to

the death phase. The theories include the notannthie phase is triggered by a stochastic everidbas
resources and perhaps that the bacterial cellogrammed for altruistic suicide (Finkel, 2006).nkel
(2006) observed bacterial populations over extemegibds of time and found that with only the aiddit

of sterile water bacterial populations could maired at densities of 2€CFU per mL for more than 5 years.
This phase in the growth cycle was termed long-tstiationary phase and was characterized by a lmlanc
of "birth” and “death” rates. The populations dwithe long-term stationary phase were found to be
sinusoidal with periods of days and weeks.

Finkel (2006) studied the long term population dyies of bacterial growth and survival. Many of the
properties identified as stationary phase may lportant for growth under conditions of limiting poor
nutrient availability and that the stationary phas®y represent a maximally slow growth rate. Tioe\s
found that after the stationary phase, bacterighb@dic activity is greatly reduced. The studscalound
that stress response genes and metabolic pathvaaydetermine dynamics during the death phase.

The present study found that the population dynamidacteria do not follow a traditional growth ced
and that the ARGOS method allowed for the obsewmaif bacterial changes in terms of individual joses
and population dynamics in real time. Data analgsiftware OriginPro 8.0 was used to analyze the da
from the dynamic light scattering and Figure 7-8ludes the relative total intensity over time. The
observations of relative total intensity suggeat there is no stationary phase and that the halogeowth
curve demonstrates sinusoidal system dynamics ghmu the growth cycle that are not included in the
traditional bacterial growth curve.
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Figure 7-8: Relative Total Intensity — Multipledks During Staionary Phase

The dynamics of the system include decreasing gidaktype patterns consistently subsequent tdaipe
phase growth. The dynamics are those of a balgbeypalation trying to attain a long-term statiopphase
as identified by Finkel (2006). The dynamics of thresent study occur within short time intervals
therefore, the standard plating assay was nottaldetect this process (as detailed in SectioiR&dearch
Methods). The dynamics of the long-term statiorpdrgse in the research conducted by Finkel (2068) w
able to be observed with plating methods becawspéhiods occurred in time intervals of days andkse
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Figure 7-9: Demonstration of Morphological Changes

Population dynamics compared to cell morphologiteinges are compared in Figure 7-9. The relative
total intensity is an indicator of total populatidpnamics. This is demonstrated by the observaitidnhe
effective radius twelve hours into the analysisn{asked by a vertical line on the figure). It sspible for

an intensity to be impacted by an increase in theber of particles or by an increase in particte siThe
observations at hour 12 confirm that while the @ffe radius decreases, the intensity remains stami
and then increases. This may be a result of theles swelling at first, and then splitting; thereating a
total population increase, while effective radiesm@ases. The fractal dimension also shows atihment
that the shape model (the shape model is detail&kction 6.4 Bacteria Dynamics) peaks at a cdccoi
shape more similar to a disc and progresses apdtiig back to the original shape model of an etted
rod. These results confirm the ability of relattotal intensity to model population dynamics.

7-19



Morphological changes of bacteria throughout tlmwgin cycle have been observed through both light an
electron microscopic examination. The rod shagg@ivingE. coli is lost in stationary phase because cells
become much smaller and almost spherical as thé cédseveral cell divisions without an increaseell
(Ingrahamet al., 1983). This present study found similar reswith calculations of fractal dimension and
also during observations with the phase contrastrascope. This research included phase contract
microscope studies in parallel to the ARGOS prooedimages from this analysis are included in Fégu
7-10.

Figure 7-10: Phase Contrast Microscope — 40x— Rualggical Changes ik. coli (a) [right hand side] at
time, 40 minutes; (b) [left hand side] at time,Hdlrs, 3 minutes

The observations from the phase contract microscopéirm the morphology calculated by the fractal
dimension. The morphology 40 minutes into the oleens clearly show particles which are elongated
while the morphology at 12 hours and 3 minutes theoobservation identify a higher bacterial popafa

and bacteria shaped as cocci (discs). While simikperiments were conducted with a phase change
microscope, the ARGOS methodology was able to eutohger periods of time with a high frequency of
measurements and was able to collect data fromch mider range of wave vectors.

7.3.3 Infectivity Dynamics

The initial intent of the bacterial study was toyide a baseline for bacterial populations in otdestudy
the dynamics of infectivity. While observationsranoparticle characteristics can be difficult tealve,
bacteria dynamics are often studied. One way oévirsg bacteriophage nanoparticle characterissids i
examine their impact upon bacteria populations.

While observations concerning phages at the natemaca complex, and phages have been studied at the
micro-scale since the 1940s, Luiaal. (1950) studied bacteriophages using a phaseamtmiicroscope.

The research included observations of bacteria,l\y;1d changes in bacterial population with the afs
chromatinic material. The research observed thextsffof infection oE. coli with phage T2 and T2r and
compared that with the effects of tke coli with T2 and T2r X-ray and UV irradiation. Cytolagi
observations confirmed the specificity of structwhanges to bacteria following phage infectioneTh
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observations confirmed identified that bacterfadted with inactive phage failed to produce acgitiage
(Luria et al., 1950).

While methods such as bacteria staining have bset 0 study bacteriophage infection of bactehis, t
current study provides a more time-specific methodvhich the bacteria remained within the initial
conditions. The research also included a timeifip@malysis of infection with more time specifigithan
provided by analyzing concentrations of plague-fagrunits.
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Figure 7-11 compares the growth rate of F-dinpoli to the populations during infectivity of F-anip
coli by MS2. Figure 7-11: Comparison of Relative Tdtaénsity for the Infectivity Analysis (top panel)
and Relative Total Intensity for the Bacterial Aysds (bottom panel)

Figure 7-11 shows that dynamics of both the redatibtal intensity of F-amg. coli infected with MS2 (top
panel) and the relative total intensity observedhia bacteria alone (bottom panel). The relatotalt
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intensity peak occurred earlier for F-afBpcoli infected with MS2 at 7.6 hours. This also shoved the
infectivity analysis does not demonstrate the caeks observed at 12.3 hours and 20 hours for the
uninfected F-amg. coli. Since it is not appropriate to compare scalelative total intensity, it is possible
that the peaks were not of the same magnitude lzeudtlhie exponential growth of the bacterial was
interrupted and pushed into a death phase (Cheiréds 2009; Costan-Longaresal., 2008).

The rates of growth and death were observed fonpt coli while uninfected and infected with MS2, as
shown in Figure 7-12. The growth rate (rates afindd with the variable “m”) of the infected baude
occurred at a rate higher than the uninfected bact®(1) 1.25 x 18 and m(3) 5 x 10, respectively, as
shown in Figure 7-13. Similarly, the death ratesewalso higher for the infected bacteria than the
uninfected bacteria, m(2) 4.43 x“1@nd m(4) 1.35 x If) respectively. The present study indicates that
bacteria may react to infection by increasing tite of population growth.

The morphological changes during infectivity dentaate specific characteristics. These changes ean b
observed in Figure 7-13. The fractal dimensionstaear one dimensional rod-like particles andbexs
more of a disc-like particle. It is interestingrtote that the populations drop off and the padiciever get

a chance to reduce back down to a one-dimensioddlke structure. The effective size also dropgnao
past the initial effective radius. In addition, time infected bacteria the relative total intensigdel
population, and the final concentration is less i initial concentration; meanwhile, the finapplation

of the uninfected bacteria is higher than theahjpopulations.
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Figure 7-12: Growth and Death Rates for Infegfi@nhd Bacterial Analyses
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7.3.4 Nanoparticle Dynamics

Nanoparticles provide unique physical and chenpeaperties as a result of their particle size (<a61).
These characteristics allow for applications in eumas biomedical, industrial, commercial, and comsu
products. This research observes nanoparticle dgsaming the ARGOS method in an aqueous solution
over a period of 2 hours. A method such as thisportant because it allows the opportunity to exgl
biochemical events during a time sequence capdlideitifying characteristic behaviors.

Colloidal particles can be observed using existireihodologies (e.g., microscopy, spectroscopy thad
recent addition of magnetic resonance), but eachlthese techniques contains a certain degree of
uncertainty. A high resolution microscopy, suchaasmic force microscopy (AFM), can be used to
investigate the physical parameters of a parti€lether the study at the individual particle leusing
image analysis provides information about individearticles, although it is difficult to observerpele
dynamics with them; in addition, the sample sizessanall and can only be observed for short peradds
time (Brar et al., 2011). Further, sample homogeneity, sample patipa, instrument operating
procedures, and statistical practices are likelyatlnl to the complexity of observing nanoparticle
characteristics (Braat al., 2011).

While, DLS instruments (from companies such as aand ALV) use dynamic light scattering to obtain
static measurements, such as zeta potentials aodymamic radius, the ARGOs method allows for
observation of the kinetic behavior of a nanopkatid his current research enables the study afeaticle
dynamics to be implemented in the study of timeeshglent relationships such as changing temperatures,
disinfection kinetics, and concentration impadihis research includes methodology that overcoheset
limitations, as shown in Figure 7-14, which disgdkie total intensity of the four nanoparticles dmel
average total intensity at a specific wave veagprégime (10,000) over a 48-hour period. Theofeihg
figures are included at the log scale in AppendiXVihile the total system dynamics of a particlehsas
MS2 may exhibit a higher total relative intensitr the entire system, when observed at the indalidu
particle level, the uncoated particles have a highlative intensity at q of 10,000.

The Figure 7-14 demonstrates concentrations basetbtal intensity, while the RMSD demonstrate
kinetics in Figure 7-15. While the concentratidiM$2 is higher thadX-174as demonstrated by relative
total intensity, the RMSD shows that the dynamies greater and have more variationfiX-174 than
MS2 and this may be a result of the hydrophobicnmeabdf®X-174 and the uncoated particles (Sial.,
2014).

These differences can be explained through an wdisen of the differences of RMSD at the g reginie o
10,000. The RMSD is a calculations of the changelyynamics. This figure demonstrates the highter ra
of change in particle dynamics at the individuaitigie level, and therefore impacts the averagal tot
intensity at that wave vector. The Figure 7-13.udes the observations for the four types of nartapes.
Relationships such as these should be further esghland may reflect relationships such as partioteds

or hydrophobicity. The weak particle bonds, suslgdrogen bonds, may create momentary partiote siz
changes and could impact the particle observed spexific q regime. Also, interactions between
hydrophobic particles may determine the magnitdfdbeRMSD.
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The changes observed at the specific wave vecjarefime <I> reflect the stability of the particles
solution specific to the g range of viruses. Tiensity changes are reflected in the dynamicsrobde
when with the calculated RMSD of each nanopartiCidher methods of time-dependent light scattering
have been used, such as methodologies using theMaletasizer or ALV CGS 3(scattering angle ¢f)90
use detectors to analyze changes the photos alwitiGnal analysis after the initial measurements
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(Nguyenet al., 2005). Each virus type has its unique charattesiand may display different attenuation
and transport behaviors and subsequent study tflpadynamics will provide more appropriate models
of transport. The ARGOS method provides a newtmaivestigate these dynamics.
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8.0 CONCLUSIONS

The objective of this research was to examine atdrs of viruses in waters systems and identify
characteristics of indicators critical for predigfivirus behavior. This research considers virirs@gter
systems at multiple-scales. The results show b@hresearch on viruses at any scale can be diffiod

that new methodologies are needed to analyze wehsvior in water systems. The nanoscale analysis
included time-dependent light scattering usingAR&SOS method to observe phage infection of bacteria
and particle dynamics. The ARGOS method was addibrated to observe the particle dynamics of
nanoparticles. This method should be further @iito predict virus fate and transport in environtak
systems and through treatment processes.

Enteric viruses were enumerated in a variety ofewalystems, including groundwater, wastewater,
stormwater and surface water. Traditional waterliyjuandicators such as bacterial coliforms provide
limited information regarding enteric viruses irfifelient types of water samples (Gesdbal., 2002; Lipp

et al.,, 2001). The detection of indicator bacteria itreated drinking waters shows the contribution of
fecal matter in source waters and reinforces tleel fier an adequate treatment processes in drinkater
systems. This study evaluated traditional bacterd@itators (coliforms ang. cali), viral indicators (male-
specific and somatic coliphages), abiotic surragétmcoated and protein-coated nanospheres) aald vir
markers as potential models of enteric viruses atewsystems. An ideal indicator should be sintiar
potentially harmful pathogens in their physicausture, composition, and morphology (Nappeeal.,
2006). The results provided by this research addd physical definitions of indicators and suateg of
enteric viruses by demonstrating that the extesoaface and morphology could be modeled for time
dependent relationships.

8.1 FULL-SCALE WATER SYSTEMS

Multiple full-scale water systems were tested icluding surface water, drinking water, stormwated a
wastewater systems. The testing was completeldeirUtS., Italy and Australia. This research pitojec
included the testing of bacteria and bacteriophiagiicators, and collaborators at the University of
Wisconsin Madison tested the viruses in the U.Biydas. Collaborators in Italy and Australia testieel
water quality of samples in their respective caestr

The correlations identified in this research denas that bacteria and viruses are impacted @éifitiy

by various water systems and have different rempatérns. Viral markers provide additional fecalrse
information or indicate a fecal contamination evetien present above detection limits that may ®ot b
captured by bacterial results. In this study, gk lof correlations between adenovirus and thhtoferial
indicators suggests that these bacterial indicatm@ot suitable as indicators of viral contamorat In

the wastewater samples, microviridae were cormlabethe adenovirus, polyomavirus, and TTV. In
wastewater samples, TTV was also correlated toaders and polyomavirus. These results suggest that
a viral marker such as microviradae or TTV may heanising marker of enteric viruses and should be
investigated as a representative virus.

While TTV may have some qualities which are coesistvith an indicator such as physical similaray t
enteric viruses and occurrence in populations wadd, the use of TTV as an indicator may be limiasd
a result of the detection occurrence. Out of th& taumber of samples tested for TTV (324) in 8tigdy,
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only 33 percent (108) were positive for TTV. Asdaissed previously, these results were similafmé T
occurrence in similar studies, for example, posiiiV samples were found in limited samples in Garyn
(56 of 108), Japan (1 of 18), and Brazil (3 of @8amzaet al., 2011b; Haramotet al., 2005; Vecchiat
al., 2012).

While presence of TTV is a potential marker of weasiter contamination, TTV was not consistently
present in the water samples. As similarly fouydHamzaet al. 2011 and Vecchiat al. 2012, the
limitations of TTV occurrence may impede furthealsis. In addition the methodologies are incdesis
for detection of TTV and other markers such asptelges, and microviridae may be easier to stutlyein
near future due to more developed methodologies.

8.2 LaAB SCALE

Abiotic viral surrogates were used as model hum#ere pathogens because of the difficulty in using
viruses in research. Protein-coated latex nanosplveere used to model bacteriophages (MS2datd
174) and includes a comparison of the zeta poteritidab water, and two artificial groundwaterstwi
monovalent and divalent electrolytes. MS2 @174 are often used in research and they weretsele
because while they have similar sizes, MS2 is aA R&cteriophages with an IEP of 3.5 ab¥-174 is a
DNA bacteriophages with an IEP of 6.7. This resleahows that protein-coated particles have higher
average log removals than uncoated particles.

Studies in this literature and the results of fiissent study suggest that interfacial relatiorsshig not
clearly understood and that further analysis ofopanticles including colloids and viruses are neaps
Particle characteristics not only impact interfaceationships, but determine the efficiency @atment
processes. While adsorption of viral surrogatethis study was impacted by media properties, ionic
strength, and pH the results were consistent notugin to provide a representative latex sphere with
appropriate size and surface characteristics reptadruses in batch scale adsorption tests. Tékban

of fluorescently labeling nanoparticles may notvle consistent data at the nanoscale. Methol asic
those used by Bradley al. (2007) for radioactively labeling particles or imeds such as Pampal. (2012

for DNA labeling particles should be further exgdrfor particles of this size. In addition, funtimethods
such as the ARGOS method developed in this resedrotld also be studied to observe nanoparticle
characteristics.

8.3 NANOSCALE

An understanding of nanoparticles, specificallyusis, is important in the assessment of risk and
determining potential public health impacts. Tbenbination of physical theory and experiment predlc

a novel approach to researching viruses. The AR@etBod is a new methodology for the use of dynamic
light scattering. The ARGOS method provides morpbmal dynamics noninvasively over a long time
period and allows for a variety of aqueous condgidA study of motility and adsorption rates ontbaa
through porous media found that particle hydrodyicamwere better predictors of microbial transpbart
particle characteristics such as size (Canapal., 1993).

This method is an improved over current instrumem$S instruments that obtain measurement from a
fixed angle can determine the mean particle sizgimited size range. Scattering techniques sgdhose
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used in the instrument from Malvern are limitedthg sensitivity of the DLS and can either work on a
nanoscale 90angle detector, or a sub-nanometer scale witd TBebackscatter detector (Kaszudial .,
2008). These instruments do not collect the fulpeaof the wave vectors. The ARGOS method allows fo
a time-dependent analysis of all wave vectors inout a, 369scatter detection.

Research such as this provides methods to defimecteristics of viruses. Future work should idelu
using the ARGOS method to observe to study timesddent relationships of nanoparticle and can now
be used to study dynamics such as changing teropesatdisinfection kinetics, and concentration
impacts. These parameters impact the occurrerttswamival of viruses can be incorporated into ni®de
that predict the levels of viral contamination pesific types of water because aspects of virdhsa
structures significantly influence the rate at vhigruses are removed from the water phase batiittn
(Penrodet al., 1996. A better understanding of virus dynamics wilbyide the ability to predict and
control the transport of viral pathogens in theaguenvironment, which is crucial to predictingbpa
health.

8.4FUTURE WORK

This research was used to investigate the physiwaiacteristics of viruses which may impact treame
and survival in drinking water treatment. The realaates and treatment efficiencies of virusesugh
treatment processes can be different between giraseliscussed in Section 3.2. The recommendéd nex
steps for virus fate and transport in water systexmsld be to group together similar types of viyder
example RNA, DNA, enveloped and unenveloped angharel whether or not each group reacts similarly.
The work presented here with coated and uncoatenpaaticles demonstrates that the behavior ofgesti
with different surface characteristics can be stddising ARGOS. Further work comparing lipid coated
and protein coated nanoparticles may be able td@gesome insight into the differences in environtaé
behaviors seen between enveloped (lipid contairdang)non-enveloped viruses.

In addition, coliphages with similar traits shobklinvestigated and perhaps these coliphages rpegsent
specific viruses more consistently. Ultimately, reathan one type of surrogate may need to be wsed t
represent enteric viruses found in water systems.

Determining the dynamic behavior of individual npadicles expands the current knowledge of viral
transport in treatment processes, which is maimlsed on size exclusion. Future work should further
define viruses in water systems in terms of siz¢hefparticle, the shape of surface structuregjcpar
concentration, and impacts from ions in solutidhe new parameters should be added to transpoelsod
in order to better predict the levels of viral amination in water systems. This will allow watgrality
professionals to better predict and control thadpart of viral pathogens in the aquatic environimen
order to protect public health.
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APPENDIX A - STANDARD OPERATING PROCEDURES

A.1 COLIFORM AND E.COLI ENUMERATION
MATERIALS

(80) 99 mL autoclaved buffered dilution water bextl

((8 bottles/fecal sample x 6 samples) + (6 botttastewater sample x 2 samples) + 2 negative cohtrol
18 extra = 80)

(5) Empty autoclaved dilution bottles for®w@astewater dilutions

(2 bottle/sample x 2 raw samples + 1 extra = 5)

(7) 50 mL autoclaved centrifuge tubes for fecalspensions and storing fecal samples
(1 tube/sample x 6 samples +1 extra =7)

(2) Tryptic soy broth shaker flasks, 50 mL in eaeutoclaved.

(2) boxes of autoclaved 1 mL pipette tips

(70) Quantitrays

((8 trays/fecal sample x 6 samples) + 1 neg coniral pos control + (8 trays/wastewater sample x 2
samlpes) + 4 extra)

(70) Colilert Packets

((8 packets/fecal sample x 6 samples) + 1 negalohtt pos control + (8 packets/wastewater samite x
samlpes) + 4 extra)

SAMPLE PREPARATION
A. Prepare log phaseE. coli (ATCC11775) for positive control
* Make 2 cultures in laminar flow hood sprayed withgercent alcohol. Flame tubes tops, caps
and loop in between each use.
1. Add 50 mL TSB to a labeled flask
2. Autoclave
3. Add one looPFUIl of frozek. coli stock
4. Incubate at 3% at 100 rpm for 16-18 hours

B. Prepare Workstation
1. Turn on microbial hood blower

2. Sterilize microbial hood and workstation with 50gent ethanol solution
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3.

Light alcohol burner in hood

C. Prepare Wastewater Samples

Run cap and bottle neck under flame before andwatistewater is transferred, for sterilization
purposes

1. Remove first wastewater sample from refrigerator
2. Invert bottle a few times to mix contents

3. If undiluted sample is needed, pour ~100 mL of easter into dilution bottle labeled
1CPA. Repeat for 11B.

4. For dilutions:
From undiluted wastewater, pipette 1 mL intodHetion bottle labeled “18A”

a
b. Repeat for “B” series.

e

Cap and invert dilution bottles twice
d. Dispense used pipette tip
e. Repeat this dilution series down to“i@nd 1 for both series A & B.

D. Prepare Fecal Samples

1.
2.

N o g M W

Label feces samples and fill out work sheets.

Check temperature of samples if they are arrivadnail

Remove each sample one at a time from refrigeratwt put back in fridge when done
Weigh out 1 g of sample into 50 mL centrifuge tubth a flame-sterilized metal scupula
Pour some PBS from the 99 mL dilution bottle indmizifuge tube

Place on vortex to mix contents

Pour contents from centrifuge tube back into dilatbottle. May need to go back and forth a
few times between the tube and bottle to ensutéefteés sample ends up in the dilution bottle.

a. Thisis the 10A dilution. Fecal results are reported per grane &htire 100 mL (1 gm)
sample will be put on a Quantitray, therefore tesuspension is undiluted

Save at least 1 gram of fecal sample and placddigef.

If we collected samples, send at least 1 grammpsato Wisconsin

10. Prepare dilutions of fecal samples

a. Make dilutions from 16 down to 1& (doing an A and B series) using the dilution
process described above for diluting wastewatepzsn
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b. Perform wastewater dilutions first to let fecal gd@s sit and dissolve

E. Quantitray preparation

1.

N g oM w

Add one colilert packet to each dilution bottle

After adding colilert, recap bottle, and shake lumi colilert particles are left in suspension.
Allow bottle to sit for 1 — 2 minutes for coliletd dissolve

Label all quantitrays as the individual dilutiontthes are labeled

Slowly invert dilution bottle being careful not ¢oeate bubbles, then uncap dilution bottle.
Slowly pour contents into quantitray being carefol to create bubbles or turbulence
Place quantitrays onto orange quantitray holderrandhrough quantitray sealer machine.

Write the time down on the quantitray and placeaubator

Reading Quantitrays
1.
2.
3.

After 24 hours remove quantitrays from incubatait eead under hood.
Count and record the number of yellow large andllswells. (total coliform)

Turn off lights and using a U.V. light count andagtify the number of wells that fluoresce.
(E. cali)

Use the standard tray as a comparison
Upload onto database

Use cross reference sheet to quantify bacterisenbafter adjusting for dilutions
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A.2 - Method 1602: Single Agar Layer (SAL) Method

Method 1602: Single Agar Layer (SAL) Method

Wastewater - Coliphage Enumeration

A. Prepare Overnight E. coli

Check for refrigeration cultures &f coli F-ampand CN-13. If there are none (or if they are mbent
1 month old) prepare fresh cultures from frozertlssoMake new before one month is up. Transfer
no more than 6 (8 max.) times.

1. PrepareE. coli - CN-13 and F-amp

Make two of each

2
3. Make cultures in laminar flow hood, sprayed withp&cent reagent alcohol.
4

Flame tube tops and caps and flame loop in betveaeh use, flame loop very carefully
between cultures

Overnight E. cali CN-13 (Somatic)

o

a. Add 50 mL TSB to a flask labeled “Somatic Overnight
b.

Autoclave
Add 0.5 mL 100X Nalidixic Acid to Somatic Overnigtiask
Add 0.5 mL of refrigeratiofk. coli CN-13 to Somatic Overnight flask

Overnight E. coli F-amp (F+)

*more sensitive to time

o

d.

a. Add 50 mL TSB to a labeled flask: F-amp Overnight
b.

Autoclave
Add 0.5 mL 100X Strep/Amp to F-amp Overnight Flask
Add 0.5 mL of refrigeratioik. coli F-amp to F-amp Overnight flask

5. Cap overnight flasks and shake/incubate at 36°XD@t150 rpm for 16-18 hours

6. Use after inoculation (overnigkt coli) or save refrigeration flasks in culture fridgenfbnth)

B. Prepare Log PhaseE. coli

1. Start4 hr log phasee. coli F-amp/E. coli CN-13 hosts from overnigt. coli

2. Make Log phas&. coli
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Log-phase E. coli CN-13 (somatic)

a. Add 100 mL 1X TSB per log-phase flask

b. Autoclave

c. Add 1 mL of 100X Nalidixic Acid to Somatic log-praflask

d. Add 0.5 mL overnighE. coli CN-13 to Somatic log-phase flask
Log-phase E. coli F-amp

a. Add 100 mL TSB per log-phase flask

b. Autoclave

c. Add 1 mL of 100X Strep/Amp to F-amp log-phase flask

d. Add 0.5 mL overnighE. coli F-amp to F-amp log-phase flask

3. Incubate at 36°C, shaking at 100-150 rpm for 4hodrs or until visibly turbid

4. Immediately chill on ice or at 4°C until ready iase

5. Must be used within 2 hours of placing on ice

6. For larger time window, a second set of log-phasgties can be started an hour after the first
C. Make TSA

1. Turn on Waterbath 48°C

2. 1X TSB + 0.85 percent Bacto agar — See Recipes

3. Autoclave

4. Setin 48°C waterbath

D. Make Sample Dilutions

1.
2.

Make resuspensions and dilutions with Phage PBS

1 gm feces in 9 mL PBS (feces reported as PFU/gmsfeplating 1 mL of this resuspensions is
equivalent to plating 0.1 gm feces. Therefore, ihidesignated as the1dilution)

Add 1 mL to 9 mL PBS for 10 fold dilution OR 0.1 Lnof 107 dilution in 9.9 mL PBS to make
10° to makel00 fold dilution
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4. 3 plates per dilution (See Target Dilutions Taloegach sample

Target Dilutions
Wastewater 102 |10® |10%
(Influent)
Wastewater 1¢° |10 | 102
(Effluent)
Source water | 1¢° | 10' | 10?
Feces* 10t |10% |10° |10% 10°

*Dilutions are made with Phage PBS*

*Feces Samples make dilutions of 1@ 103, unless “dirty” (ex. Dog 19, birds 1)
100 mm plates — complete F-amp plates first, thenNG13

1. Calculate the number of plates needed.

a. Number of Feces samples x 4 dilutions x 3 plategypes ofE. coli

b. Number of Wastewater samples x 4 dilutions x 3gglat 2 types oE. cali
2. Setup and label 100 mm plates (usually labeletiirance)
3. Tothe 100 mm plates add:

a. Sample solution (can vary froml0to 1 mL)

b. 0.5 mL of 4 hour log phage coli F-amp or CN-13 host

c. Add host into a different spot on the plate so glon’t splash the sample then tilt the plate to
mix them together.

4. Make sure sample and host are mixed — allow 1-2Zitegto adsorb — don’t wait longer because
then thek. coli bind to the plate and don’t want to swirl

5. Include an MS2bX174, agar, and host/agar plate and matrix spikelsdth F-amp (F+) and CN-13
(somatic) enumeration

a. Make MS2({X174 Dilution (MS2 is for F-amp an@#X174 is for CN-13)
b. Agar Negative Control: Add a plate of agar only éach bottle of agar
c. E. coli Positive Control: Add a plate of agar, and host ffoth F-amp and CN-13)

d. Coliphage Positive Control: Add a plate of agar, <174 and host (for both F-amp and
CN-13)

I.  Add 31.3pL of MS2
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ii.  Add59uL of ®X174

e. Matrix Spikes: Add a plate of agar, M8X174, host (for both F-amp and CN-13), and sample
(select one dilution from each sample)

E. Add MgCl; and Antibiotic to Agar

1.

To TSA (1X TSB + 0.85% Bacto agar), add:

a. 80X (4M) MgCkto final concentration
(2.25 mL into 100 mL TSA; 3.125 mL into 250 mL TSA)

b. 100X strep/amp (for F-amp) or 100X Nalidixic Aciid( CN-13) to final concentration
(1 mL into 100 mL TSA; 2.5 mL into 250 mL TSA)

c. Run each addition down the inside of the bottle

Once Antibiotic added, must use in 10 minutes

F. Add TSA to Plate

1.
2.
3.

Pipet ~10-12 mL TSA solution onto each of thegdat
Add TSA into an empty spot on the plate, so you'tdgplash the sample

After each addition, swirl plates in a figure 8estst 5 times, then back and forth, then up andhdow
several times to mixixing is very important).

Let sit about 5 minutes with cover slightly askew
After agar has solidified, close covers and stdaleg upside down

Can do all of the F-amp first, then put all in ibator (need to go in within 1 hr of being poured)

G. Incubate plates

1.
2.

Seal up plates in bags

After plates have solidified, incubate at 36°C I8¢24 hours

H. Count Plates

1.
2.

Count and record the number of plaques on eacé aftar 18-24 hours
Calculate % Recovery for Matrix Spikes and OPR:
% Recovery = (# PFU in Spiked - #PFU in Non-Spikéd)oliphages Spiked
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Coliphage Enumeration Recipes

E. coli :

Tryptic Soy Broth (TSB) 1X (for small plates)

Add 30g tryptic soy broth to a sterile 2000 mL hott
Add 1000 mL Epure water
Mix and warm to dissolve, autoclave, store refriged for 1 month

Prior to sampling, autoclave 50 mL and 100 mL gii@stas necessary

Antibiotics:

100X Nalidixic Acid

Materials: Sterile beaker, (2) sterile bottlesrilteserological pipet, sterilization filter app#us,
pump

Collect at least 100 mL of Epure water in a stesdaker

Add 1.0g Nalidixic Acid Sodium Salt to a steriletti®

Add 100 mL Epure water using a sterile serologigpét and swirl to dissolve
Filter sterilize into a sterile bottle

Freeze 5 mL aliquots at -20°C

100X Streptomycin/Ampicillin

Agar:

Materials: Sterile beaker, (2) sterile bottlesrilteserological pipet, sterilization filter app#us,
pump

Collect at least 100 mL of Epure water in a stesdaker

Add 0.15 g ampicillin to a sterile bottle

Add 0.15 g streptomycin

Add 100 mL Epure water using a sterile serologogpét and swirl to dissolve
Filter sterilize into a sterile bottle

Freeze 5 mL aliquots at -20°C

TSA - 1X TSB + 0.85% Agar (100 mL) — TSA for smalplates
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— Add 3 g tryptic soy broth to a sterile bottle (30g 1L)
— Add 0.85 g Bacto Agar (8.5 g for 1L)

— Add 100 mL Epure water (1L)

— While stirring, heat to dissolve

— Autoclave

— Place in 48°C waterbath until use

4M (80X) MgCl,
— Add about 1/3 Epure water to 100 mL Volumetric klas
- Add 81.4g MgGl6H0
— Bring final volume to 100 mL (Total Volume)

— Autoclave, store refrigerated

Samples and Phage
Phage Phosphate Buffered Saline (PBS) — Label Pha@aly
— Add 8.0 g nacl to a sterile 2000 ml bottle
- Add 0.2 g KHPQ,
- Add 0.12 g kcl
- Add 0.91 g anhydrous MdPQ; (or 2.9 g NeHPQi- 12H:0)
— Bring up to 1L with Epure water
— Adjust ph to 7.2-7.4 (with 1N hcl or naoh)
— Autoclave, store refrigerated for 1 year
a. Wastewater

b. Drinking Water
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A.2 COLIPHAGE PROCEDURE

Method 1602: Single Agar Layer (SAL) Method
Drinking Water

A. Prepare Overnight E. coli

Check for refrigeration cultures &t coli F-ampand CN-13. If there are none (or if they are mbseant
1 month old) prepare fresh cultures from frozerlstoMake new before one month is up. Transfer no
more than 6 (8 maximum) times.

1. PrepareE. coli - CN-13 and F-amp

2. Make two of each

3. Make cultures in laminar flow hood, sprayed wit®#feagent alcohol.

4. Flame tube tops and caps and flame loop in betwaeh use, flame loop very carefully between
cultures

Overnight E. coli CN-13 (Somatic)

o

a. Add 50 mL TSB to a flask labeled “Somatic Overnight
b.

Autoclave
Add 0.5 mL 100X Nalidixic Acid to Somatic Overnigtiask
Add 0.5 mL of refrigeratior. coli CN-13 to Somatic Overnight flask

Overnight E. coli F-amp (F+)

*more sensitive to time

e.
a.
b.

C.

Add 50 mL TSB to a labeled flask: F-amp Overnight

Autoclave

Add 0.5 mL 100X Strep/Amp to F-amp Overnight Flask

Add 0.5 mL of refrigeratioik. coli F-amp to F-amp Overnight flask

5. Cap overnight flasks and shake/incubate at 36°XD@t150 rpm for 16-18 hours

6. Use after inoculation (overnighkt coli) or save refrigeration flasks in culture fridgengbnth)

B. Prepare Log PhaseE. coli

1. Start4 hour log phasee. coli F-amp/E. coli CN-13 hosts from overnigli. coli

2. Make Log phas&. coli
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Log-phaseE. coli CN-13 (somatic)
a. Add 100 mL 1X TSB per log-phase flask
b. Autoclave

Add 1 mL of 100X Nalidixic Acid to Somatic log-prafask

o

d. Add 1 mL overnight&. coli CN-13 to Somatic log-phase flask
Log-phaseE. coli F-amp

e. Add 100 mL TSB per log-phase flask

f. Autoclave

g. Add 1 mL of 100X Strep/Amp to F-amp log-phase flask

h. Add 1 mL overnigh€t. coli F-amp to F-amp log-phase flask

3. Incubate at 36°C, shaking at 100-150 rpm for 4hodrs or until visibly turbid

4. Immediately chill on ice or at 4°C until ready iase

5. Must be used within 2 hours of placing on ice

6. For larger time window, a second set of log-phasgties can be started an hour after the first
Make TSA

1. Prepare 2X TSA for Large Plates — See Recipes

2. Autoclave

3. Setin 48°C waterbath
C. Samples
1. Complete the following steps for each sample twacese for Male-Specific (F-amp) Enumeration
and then repeat the steps for Somatic (CN 13) Eratioa.
2. Prepare bottles of samples, and concentrated sample

a. Prepare samples and a duplicate of each by disgef80 mL of each sample into separate
sterile 250 mL screw cap bottles.

b. Prepare concentrated samples and a duplicate lof eac
i.  For groundwater, and treated drinking water (25K/)on
1. Prepare a 25X concentrate
a. Add 50 mL of each HFUF sample into separate st2&l®mL screw cap bottles.
b. Add 50 mL PBS

ii.  For surface source water (5X and 25X)
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1. Prepare a 5X concentrate
a. Add 10 mL of each HFUF sample into separate st2&l®mL screw cap bottles.
b. Add 90 mL PBS
2. Prepare a 25X concentrate
a. Add 50 mL of each HFUF sample into separate st2&®&mL screw cap bottles.
b. Add 50 mL PBS
c. Aseptically add 0.5 mL of 4M MgCI2 to each 250 ndmple bottle.
3. Prepare Positive Controls (Matrix spike and OPR)fee of the samples.
a. Aseptically prepare two sterile 250 mL screw cattles.
i.  Dispense 100 mL of one of your samples separatiéees?&0 mL screw cap bottle.
ii.  Dispense 100 mL of PBS into separate sterile 25Ganew cap bottle
b. Add Phage

i.  For F+ enumeration add a known amount (3iL.3~ 80PFU) of MS2 to the positive
controls (Sample MS/OPR).

ii.  For Somatic enumeration add a known amoun59 80PFU) of®X to the positive
controls (Sample MS/OPR).

c. Aseptically add 0.5 mL of 4M Mg&lto each 250 ml sample bottle.
Prepare Temperature Control

a. Prepare a temperature control by dispensing 100PB& into a separate sterile 250 mL
screw cap bottle.

b. Aseptically add 0.5 mL of 4M MgCI2 to the 250 mhgale bottle.
Prepare Centrifuge Tubes for Negative Controls

a. Add 15mL PBS into two separate sterile 50 mL cénge tubes. Label one as “Host” and
one as “Agar”

b. Add 0.075 mL of 4M MgCI2 to each of the two centgé tubes.
Uncap the temperature control and insert a therrenne

Place the sample bottles (including controls amdrifage tubes) into a 48 water bath and shake
for 5 minutes or until the temperature control resc36C.

Remove bottles/tubes from water bath
Add E. coli (Should be plated within 20 minutes)

a. For F+:
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i. Add 10 mL log-phaseE. coli F-amp to each sample bottle (including
temperature/positive control).

ii. Add 1.5 mL log-phase host to F+ “host” centrifuged.
b. For Somatic:

i. Add 10 mL log-phaseE. coli CN13 to each sample bottle (including
temperature/positive control).

ii. Add 1.5 mL of log-phase host to the Somatic “hastfitrifuge tube.

10. Place bottles and centrifuge tubes back into ti€ 48ater bath and shake until temperature reaches
43°C +/- 1C. Once temperature is reached, transfé810 water bath.

11. Prepare Agar
a. Antibiotic Quantities
i. F+:Add 2.0 mL of 100X Strep/Amp per 100 mL 2X TSA.
ii. Somatic: Add 2.0 mL of 100X nalidixic acid per 100 2X TSA.
iii. Note:
1. 6.0 mL per 300 mL 2X TSA
2. 7.0 mL per 350 mL 2X TSA
3. 12 mL per 600 mL 2X TSA
4. 17 mL per 850 mL 2X TSA
b. Add the antibiotic along the inside of the contaittereduce the formation of bubbles,
c. Gently rock the container slowly to mix.
12. Once antibiotics are added, you have 10 minutesltibagar to sample before antibiotics degrade.
13. Add the Agar with antibiotics to the Sample Bottles
a. Pour the agar until the contents of the bottleagugroximately doubled (thumb check).
b. Tilt and turn gently to mix — avoid introducing tales.
c. For “host” and “agar” tubes, add approximately I5ril. agar/antibiotic.

14. Pour the contents of the sample bottle into a seidive — 150 mm Petri dishes. Use the entire
solution. For “host” and “agar” tubes pour entiontents into one Petri plate each.

15. Repeat as needed for each of the samples and lsontro

16. Leave the tops of the Petri plates askew untit Aga hardened (about 5 minutes). Cover, stack,
invert, and bag. Incubate at 37C for 16-24 hours.

17. Count all plaque forming units and note any contetion. Plaques can be isolated in 300 pl
20 percent glycerol/TSB in cryotubes for furtherosgping or genotyping.
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Coliphage Enumeration Recipes

Tryptic Soy Broth (TSB) 1X

Add 30g tryptic soy broth to a sterile 2000 mL bott
Add 1000 mL Epure water
Mix and warm to dissolve, autoclave, store refriged for 1 month

Prior to sampling, autoclave 50 mL and 100 mLrgiti@s as necessary

100X Nalidixic Acid

Materials: Sterile beaker, (2) sterile bottlesrilteserological pipet, sterilization filter app#us,
pump

Add 1.0g Nalidixic Acid Sodium Salt to a steriletti®

Add 100 mL Epure water using a sterile serologigpét and swirl to dissolve

Filter sterilize into a sterile bottle

Freeze 5 mL aliquots at -20°C

100X Streptomycin/Ampicillin

TSA -

Materials: Sterile beaker, (2) sterile bottlesrilteserological pipet, sterilization filter app#us,
pump

Collect at least 100 mL of Epure water in a stesdaker

Add 0.15g ampicillin to a sterile bottle

Add 0.15g streptomycin

Add 100 mL Epure water using a sterile serologigpét and swirl to dissolve
Filter sterilize into a sterile bottle

Freeze 5 mL aliquots at -20°C

2X TSB + 0.85% Agar (100 mL) — TSA for large plate

Add 69 tryptic soy broth to a sterile bottle (6@g 1L)

Add 1.8g Bacto Agar (18g for 1L)

Add 100 mL Epure water (1L)

While stirring, heat to dissolve

Autoclave
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— Place in 48°C waterbath until use
4M (80X) MgCl;
— Add about 1/3 Epure water to 100 mL Volumetric Klas

Add 81.4g MgG} 6H0

Bring final volume to 100 mL (Total Volume)

Stir to dissolve

Autoclave, store refrigerated

Phage Phosphate Buffered Saline (PBS) — Label Pha@aly

Add 8.0g NaCl to a sterile 1000 mL bottle

Add 0.2g KHPQ

Add 0.12g KCl

Add 0.91g anhydrous NdPQ (or 2.9 g NaHP Qi 12H0)

Bring up to 1L with Epure water

Adjust pH to 7.2-7.4 (with LN HCI or NaOH)

Autoclave, store refrigerated for 1 year
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A.3 COLIPHAGE ENRICHMENT AND CONCENTRATION
Coliphage Enrichment and Concentration

Check for refrigeration cultures &t coli F-ampand CN-13. If there are none (or if they are mbseant
1 month old) prepare fresh cultures from frozelssoMake new before one month is up. Transfer no
more than 6 (8 maximum) times.

A. Prepare Appropriate Overnight Host (E. coli = CN-13 or F-amp)
1. Make two of each
2. Make cultures in laminar flow hood, sprayed withp&@cent reagent alcohol.

3. Flame tube tops and caps and flame loop in betwaeh use, flame loop very carefully between
cultures

Overnight E. coli CN-13 (Somatic)
Add 50 mL 1X TSB to a flask labeled “Somatic Overt’

a.
b. Autoclave

o

Add 0.5 mL 100X Nalidixic Acid to Somatic Overnigtiask
d. Add 0.5 mL of refrigeratioic. coli CN-13 to Somatic Overnight flask

Overnight E. coli F-amp (F+)
*more sensitive to time
Add 50 mL TSB to a labeled flask: F-amp Overnight

a.
b. Autoclave

o

Add 0.5 mL 100X Strep/Amp to F-amp Overnight Flask
d. Add 0.5 mL of refrigeratioie. coli F-amp to F-amp Overnight flask

4. Cap overnight flasks and shake/incubate at 36XD@t150 rpm for 16-18 hours

5. Use after inoculation (overnigkt coli) or save refrigeration flasks in culture fridgengbnth)

B. Prepare Log Phase. coli

A-43



1. Start4 hour log phasé. coli F-amp/E. coli CN-13 hosts from overnigh. coli
2. Make Log phas&. coli

Log-phaseE. coli CN-13 (somatic)
a. Add 50 mL 1X TSB per log-phase flask
b. Autoclave

c. Add 1 mL of 100X Nalidixic Acid to Somatic log-praflask

o

. Add 0.5 mL overnighkE. coli CN-13 to Somatic log-phase flask

Log-phaseE. coli F-amp
a. Add 50 mL TSB per log-phase flask
b. Autoclave

c. Add 1 mL of 100X Strep/Amp to F-amp log-phase flask

o

. Add 0.5 mL overnighE. coli F-amp to F-amp log-phase flask

Incubate at 36°C, shaking at 100-150 rpm for 4hodrs or until visibly turbid
Immediately chill on ice or at 4°C until ready iase

Must be used within 2 hours of placing on ice

o g M W

For larger time window, a second set of log-phadies can be started an hour after the first

C. Enrich Phage @X-174 or MS2)
1. Dispense 30 mL TSB/Glycerol/Tween into sterllendL centrifuge tube

2. Add 0.375 mL 4M MgGCl 0.3 mL of appropriate antibiotic, 0.5 mL log ped®st, and previous
80 PFU coliphage stock

3. Incubate at 3€ +/-10C with shaking at 100 rpm, if possible fai06L8 hours

D. Prepare Aliquots of Phage

1. Prepare a waste receptacle containing 10 pelteath (ImL commercial bleach to 9 mL tap
water)

2. Tightly seal enrichment and vortex

3. Using a5 or 10 cc luer-lock syringe, draw ugamment culture
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4. Aseptically attach 0.45 um MCE syringe filteisfier 09719B), and filter into a sterile receiving
50 mL test tube

© © N o 0

Place used syringe filter in bleach bath, casiantil volume needed is filtered.
Tightly seal filtered enrichment and vortex

Dispense 1.0 mL aliquots into 1.5mL vials

Quick freeze in an ethanol bath.

Wipe off excess ethanol and store £C3for up to 1 year.

E. Coliphage Concentration

(Centrifuge RPM is calculated for Fisher ScientMarathon 21000R Refrigerated Centrifuge with Rotor
04-976-006 4x250 mL sealed swing bucket)

1.

o M w DN

© © N

11.
12.
13.
14.

15.

Sanitize

Spray work area with 50% alcohol solution

Prepare Filters (Centricon Plus-70) Spray outsfdéters with 50 percent alcohol solution
Pre-Rinse

Add 70 mL of Phage PBS

Centrifuge at 1000xg af6 for 7 minutes

2,400 rpm
Concentrate Phage Solution
Make (2) Phage solution with 49 mL of Phage PB& amL of phage

Prepare two filters

. Centrifuge at 3,500xg afG for 30 minutes

4,200 rpm

Recovery

Invert the device

Place sample filter cup

Centrifuge at 1,00 xg a6 for 2 minutes
a. 2,400 rpm

Use syringe to extract concentrated sample
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Coliphage Enumeration Recipes

E. coli :

Tryptic Soy Broth (TSB) 1X (for small plates)

Add 30g tryptic soy broth to a sterile 2000 mL bott
Add 1000 mL Epure water
Mix and warm to dissolve, autoclave, store refriged for 1 month

Prior to sampling, autoclave 50 mL and 100 mLrgiti@s as necessary

Antibiotics:

100X Nalidixic Acid

Materials: Sterile beaker, (2) sterile bottlesrikteserological pipet, sterilization filter appéus,
pump

Collect at least 100 mL of Epure water in a stesdaker

Add 1.0g Nalidixic Acid Sodium Salt to a steriletti®

Add 100 mL Epure water using a sterile serologigpét and swirl to dissolve

Filter sterilize into a sterile bottle

Freeze 5 mL aliquots at -20°C

100X Streptomycin/Ampicillin

Materials: Sterile beaker, (2) sterile bottlesrikteserological pipet, sterilization filter appéus,
pump

Collect at least 100 mL of Epure water in a stesdaker

Add 0.15g ampicillin to a sterile bottle

Add 0.15g streptomycin

Add 100 mL Epure water using a sterile serologigpét and swirl to dissolve

Filter sterilize into a sterile bottle

Freeze 5 mL aliquots at -20°C
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Phage:

TSB 20%, glycerol, 0.1% Tween 80

-0.1g Tween 80

-20 mL glycerol

-3.0g Tryptic Soy Broth

-80 mL Lab water

Adjust pH 7.2-7.4, autoclave for 15 minutes at®@1
Store at 4C for up to 30 days

Agar:
TSA - 1X TSB + 0.85% Agar (100 mL) — TSA for smalplates
— Add 3g tryptic soy broth to a sterile bottle (3@g 1L)
— Add 0.85g Bacto Agar (8.5g for 1L)
— Add 100 mL Epure water (1L)
— While stirring, heat to dissolve
- Autoclave

— Place in 48°C waterbath until use

4M (80X) MgCl,
— Add about 1/3 Epure water to 100 mL Volumetric klas
- Add 81.4g MgGl6H0
— Bring final volume to 100 mL (Total Volume)

— Autoclave, store refrigerated

Samples and Phage
Phage Phosphate Buffered Saline (PBS) — Label PhaQaly
— Add 8.0g NacCl to a sterile 1000 mL bottle
- Add 0.2g KHPOu
- Add 0.12g KCI
- Add 0.91g anhydrous MdPO; (or 2.9 g NeHPQy- 12H:0)
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— Bring up to 1L with Epure water
— Adjust pH to 7.2-7.4 (with 1N HCI or NaOH)

— Autoclave, store refrigerated for 1 year
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A.4 Viral Marker Methodologies Used By UniversityPartners

Various polymerase chain reaction (PCR) methode weed to enumerate viruses as shown in Table 5-2.
The United States viral methodology was developed @onducted by the University of Wisconsin—
Madison. A PCR-based TTV detection methodology dexeloped in this research. The rapid nature of
PCR makes it an ideal tool for periodic monitorafgvater sources. A number of commercial nucleid ac
clean up kits were assessed for DNA clean up aettl.yiThe Mo-Bio DNA Isolation Kit (Mo Bio
Laboratories, Inc., Carlsbad, California) considtedemonstrated a positive detection of a number o
viruses from environmental samples including adensvand TTV. Selected primers are in the highly
conserved, untranscribed region (UTR) of the genanakeprovide detection of a variety of TTV genotype
The DNA was then extracted and purified prior te BCR assay. The TTV samples received traditional
and touchdown PCR, while the adenovirus was assaifbdjuantitative PCR.

Table Al: Analytical Conditions for the PCR Analysif Viral Markers

Location Virus Method Primers and Probes Cycling Paameters
. GTG CCG IAG GTG AGT
Torque Teno | Tradition | Forward | -\
Virus al PCR
Reverse AGC CCG GCC AGT CC
United Forward ggf?‘ gfg CTC GGA GTA
States
. ACIGTG GGG TTT CTR
Adenovirus gPCR Reverse AAC TTG TT
Probe Fam-CTG GTG CAG TTC
GCC CGT GCC A-Tamara
NG133 GTA AGT GCA CTT CCG | 95°C (9 min), followed by
AAT GGC TGA G 35 cycles at 9% (30 sec),
60°C (30 sec) and 72
NG147 GCC AGT CCC GAG CCC (40 sec) with a final cycle gt
Torque Teno | Nested GAATTG CC 72°C (7 min)
Virus PCR NG134 50-AGT TTT CCA CGC 95°C (9 min), followed by
CCG TCC GCA GC-30 25 cycles at 9% (30 sec),
60°C (30 sec) and 72
NG132 50-AGC CCG AAT TGC (40 sec) with a final cycle 4t
CCCTTG AC-30 72°C (7 min)
GCC SCA RTG GKCWTA
ltaly ADDEG 1 CAT GCACATC
CAG CAC SCC ICG RAT 95°C (9 mln), followed by
ADDEG 2 25 cycles at 9% (30 sec),
. Nested GTC AAA
Adenovirus PCR 60°C (30 sec) and 72
ADDEG 3 GCC CGY GCM ACI GAI (40 sec) with a final cycle 4t
ACSTACTTC 72°C (7 min)
CCY ACR GCC AGI GTR
ADDEG 4 1\yaAl CGM RCY TTG TA
AdE CWTACATGCACATCKCS | 95°C (10 min), followed by
. GG 40-45 cycles at 98
Adenovirus gPCR . ; |
CRCGGGCRAAYTGCACC (10 sec) with a final cycle gt
AdR AG 60°C (1 min)
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Location Virus Method Primers and Probes Cycling Paameters

FAM-
AdP1 CCGGGCTCAGGTACTCC
GAGGCGTCCT-TAM

GCCACG GTG GGG TTT

Forward

CTAAACTT
Reverse | ©CC CCAGTG GTC TTA | 10 min at 95°C, 50 cycles
Adenovirus qPCR CAT GCA of 15sat95°Cand 20 s gt

FAM TGC ACC AGA ccCcC | 60°C and 20 s at 72°C
Primer GGG CTC AGG AGG TAC
TCC GA BHQ1

SM2 AGT CTT TAG GGT
CTTCTACCTTT

Reverse P6 GGT GCC AAC CTA 10 min at 95°C, 50 cycles
Polyomavirus gPCR TGG AAC AG of 15 s at 95°C and 20s at

KGJ3 (FAM)-TCA TCA 55°C and 60 s at 60°C
Primer CTG GCA AAC AT-
(MGBNFQ)

CGG GTG CCG DAG GTG
AGT TTA CAC

GAG CCT TGC CCA TRG [ 10 min at 95°C, 50 cycles
\T/?r[]qsue Teno | pcr | REVerse | cccGae cac of 20s at 95°C and 20s at

FAM-AGTC AAG GGG 62°C and 20s at 72°C
Primer CAATTC GGG CTCG
GGA-TAMRA

TAC CCT CGC TTT CCT
GC

GCG CCT TCC ATG ATG | 10 min at 95°C, 50 cycles
Microviridae | qPCR | Reverse | \q of 20s at 95°C and 20 s at

FAM-CAT TGC TTA TTA | 61°C and 20s at72°C
Primer | TGT TCATCC CG-
TAMRA

Forward

Australia
Forward

Forward

The final method developed in the United Statekigexd bead beating to release nucleic acid anddbe

of a clean-up kit (PowerSoil® DNA Isolation Kit, MBIO Laboratories, Carlsbad, CA) to reduce inhibito
concentrations. For TTV, amplification of targeDdsA was conducted using a traditional PCR assaly. Al
positive TTV samples and a selected number of hegailV samples were analyzed for the presence of
human adenovirus. A real-time polymerase chainti@ma¢gPCR) assay was developed with primer and
probe sets, master mix conditions, and thermogylegram (Jothikumaet al., 2005; Jothikumaet al.,
2010; Liuet al., 2011b; Longet al., 2010).

In the United States, hollow fiber ultrafiltratiovas utilized to concentrate the drinking water siasyand
polyethylene glycol (PEG) precipitation was usedaasecondary concentration. PEG was used as the
primary concentration for wastewater samples. plasedure can be applied to source and finishedraat
Wastewater samples were processed by PEG preitipititectly. Fecal samples were suspended irebuff
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and centrifuged; the pellet is treated directlyrfacleic acid release and clean up (Long, 2013glebal .,
2012; Plummeet al., 2014).

In Italy, water samples were concentrated usinggtage tangential flow ultrafiltration. After priéfation

on polypropylene membranes, the samples weresfitdrough a polysulphone membrane with a 10,000
MW exclusion size. The samples were reconcentnatdda mini-ultrasette apparatus and washed using
15 to 20 mL of 3 percent beef extract at pH 9, iolitg a concentrated sample of 40 mL at pH 7. Taen
1:10 chloroform solution was added for bacteriaiagamination. The samples were then shaken for 30
min, centrifuged at 1,200g for 20 min, and the soge&nt recovered and aerated for 2 hours (Car@ticci
al. 2006; Carducocet al. 2009). The concentrated samples were decontardimatie chloroform, and the
nucleic acids were extracted with QlAamp DNA kitI&ZEN, Germany). In order to process the
qualitative analysis by nested PCR, 7 mL of exed@NA was mixed with 45 mL reaction buffer (50 mM
KCl, 0.1% Triton-X-100, 10 mM Tris-HCI pH 8.8, 2mmgL BSA, 3.5mM MgC}, 0.2mM of each dNTPs,
2U Taq Polimerase (Promega), 25 pmol of each priv@t33 and NG147). Subsequently, the mixture
was added to a microplate well (iCycler system;-Rad Laboratories, Milan, Italy) and incubatedtia
second reaction, 5 mL of the first stage was usild tlue appropriate primers. The amplified product
(110 bp) and positive samples were typed by sequgr(@Bl PRISM310 Genetic Analyzer; Applied
Biosystems, Carlsbad, CA) (Veraatial., 2006).

For gPCR, amplifications were performed in a 25mséction mixture that contained extracted DNA with
1x concentration of the Universal Master Mix (AgaliBiosystems, Carlsbad, CA), a 900 nM concentratio
of each primer, and the appropriate probe. Follgvéaativation of the uracil N-glycosylase (2 min’Gp
and activation of the AmpliTaq Gold for 10 min &@, 40 to 45 cycles (15 seconds at®@and 1 min at
60°C) were performed with an ABI 7300 sequence deteststem (Applied Biosystems, Carlsbad, CA).
Standard curves were generated by using seridiatiki(range 10to 10') of known amounts of linearized
plasmids containing for adenovirus the entire hesagion of Ad41 and for TTV the highly conserved
segment of the nontranslated region (UTR). All slespvere run in triplicate. The amount of DNA was
defined as the median of the triplicate data cateual by the SDS software and based on correlatittn w
Ct values of the Standard Curve.

In Australia, samples were analyzed by gPCR for ;Tadenovirus, polyomavirus, and microviridae. The
samples were concentrated using Hemoflow HF80¥sigfilters (Fresenius Medical Care, Lexington,
MA, U.S.). Samples were pumped with a peristaltionp in a closed loop with high-performance,
platinum-cured L/S 36 silicone tubing. Samples werecentrated to approximately 100 mL, and further
concentration of sample was carried out by Jumbe®dpl100 K MWCO filters (Pall, Australia) to a fuh
volume of approximately 10 mL (Sidhat al. 2013). Nucleic acid was extracted from 2d0 of each
concentrated sample using the MoBio PowerSoil DBi#ation kit (MoBio Laboratories, Inc., Carlsbad,
CA) per manufacturer instructions, and stored 4C80ntil processed. Amplifications were performad i
25 pL reaction mixtures using iQ Supermix (Bio-Rad Lediories, Berkeley, CA). The PCR mixture
contained 12.%L of Supermix, 400-500 nM each primer, 400—-600 rivtesponding probe, anduB of
template DNA (Sidhet al. 2013).
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A.5 ABIOTIC PARTICLES AND BATCH ADSORPTION
(a) Batch Methods

Abiotic Particles and Batch Adsorption

Prepare Solutions according to SOP lonic Strenggthbdology
Prepare Media according to SOP Sand Methodology

A. Prepare Sample Bottles

40 mL glass bottles wash in 20 percent sulfurid golution, autoclave and oven dry at 42 for
4 hours

B. Prepare samples of protein-coated 26 nm nanosphdrancoated 26 nm nanospheres

a. Add 9.9 mL of the appropriate ionic solution (AG\WAd AGW2) or Nanopure lab water
(exceeds ASTM Type |, ISO 3696 and CLSI-CLRW Typstdndards with uses a four
stage deionization process combined UV disinfectorultrafilter and a 0.2 micron filter).

b. Add 0.01 mL solutions of phages or nanospherea foral concentration of 20

c. Add 10g of sand (washed or acid/base washed)

C. Prepare dilution series to be used for concentratiove 16-1C° particles per mL

D. Conduct Batch Test

a. Test each combination (12) of surrogate (phagesiandspheres) and ionic solution will
be tested at pHs of 4,6 and 8 for both types afl.san

b. Prepare six tubes of each combination will be preghand placed on a shaker table at 100
rpm in and incubator at 2AT.

c. Remove samples at 0, 10, 20, 40, 90, and 120 nsinvith duplicate samples.
d. Extract 0.3 mL for each sample in duplicate angelise into a 96 well sample plate

e. Run sample plate twice in the in fluorescence spphbtometer

(b) Particle Specifications
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A.6 IONIC STRENGTH METHODOLOGY

Preparation of High and Low lonic Strength Solutiors

A. Prepare Low lonic Strength Solutions

The low ionic solution strength is 5mM: 1mM £a&2mM Na and 4mM Cl

T 9

o o

Add a small amount of lab water to 1000 mL volureeflask

Add 0.11098g of Caglo the volumetric flask

Add 0.11688g of NaCl to the volumetric flask

Fill the volumetric flask to 2000 mL

Cover the flask and slowly shake until Ca@hd NaCl have dissolved

Transfer the solutions to a 2000 mL beaker for gjdstment and label low ionic strength

B. Prepare High lonic Strength Solutions
The high ionic solution strength is 34 mM: 4.8 mMFC 19.5 Nd and 29.1 mM Cl

o &

2 o

Add a small amount of lab water to a 1000 mL voltriodlask

Add 0.5377g of CaGlo the volumetric flask

Add 1.139¢g of NaCl to the volumetric flask

Fill the volumetric flask to 1000 mL

Cover the Flask and slowly shake until Ca&lid NaCl have dissolved

Transfer the solution to a 2000 mL beaker for pHistthent and label high ionic strength

C. Adjusting pH

Carry this procedure out for pH 2.5, 4, 6, 8, 10

a.
b.

C.

Place a 2000 mL low ionic strength beaker on thmelktte
Insert a stir bar into the solution and turn theggate on
Insert a clean pH probe to measure the pH of theisn

Raise pH by adding HCL or lower pH by adding Na®@Hsimall .01-.1 increments until
pH is stable at desired pH

Transfer the solution to two 1000 mL autoclave lbstt500 mL in each bottle, and label
the bottles.
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f. Autoclave the bottles.
Solutions for Altering pH
A. Sodium Hydroxide, NaOH

Use Fisher Chemical SS254-4 certified 50 percemt tw/make the 1 normality NaOH solution.
a. Add 25 mL lab water to a 250 mL amber bottle

b. Slowly Add 5.81mL NaOH stock
c. Add 69.19 mL lab water
d. Cover and slowly turn the bottle to mix the solatio

e. Label the bottle and store for use

B. Hydrochloric Acid
Use Fish Chemcial A5085SK2-L 37% HCI to make onemadity solution of HCI
a. Add 25 mL lab water to a 250 mL amber bottle
b. Add 8.212 mL HCI
c. Add 66. 788 mL lab water
d. Cover and slowly turn the bottle to mix the solatio

e. Label the bottle and store for use
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A.7 SAND PREPARATION

Sand Preparation

Part 1: Detergent Washing

A. Wash Sand

1.

a > w DN

In a 2 L Pyrex beaker add:

a. Approximately 500 mL of Sand (685g)
b. 1000 mL of 10 percent soap solution

Wash sand in soap solution for 3 hours, stirringdrminute increments

Pour the soap solution out of the beaker

Rinse the sand in lab water until there are no lashb

Rinse the sand five extra times after the bubblegane and drain the water

B. Sterilize Sand

1.

2
3.
4

Add lab water to the sand until the water levethes 1600 mL

. Autoclave the sand and lab water

Decant the sand and pour it into an autoclavedetaircdish.

Dry the sand in an oven at®Dovernight

C. Storing Sand

1. Pour dried sand into an autoclaved 1000 mL beaker

2. Cover the beaker with aluminum foil and store unsie

Part 2: Nitric Acid/Sodium Hydroxide Washing

A. Prepare Sand

** Observe Safety Protocol**

a.

b.

c
d.

Pour washed/autoclaved/dried sand into a 2L beaker

Fill beaker to 1500 mL with 70 percent nitric acid.

Cover the beaker with a watch glass

Place the beaker on the heat plate

Suspend a thermometer in the nitric acid solutfgpreximately an inch above the sand.

Hold the thermometer in place with a stand.
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B. Boiling Sand

a.
b.

C.

Start heating at 25C
Heat until solution is 8%, occasionally stirring.

Slowly begin to reduce the temperature while méaiimg solution temperature of 33
minimum. ( A final temp of 22TC held then solution temperature at@3

Boil the solution at 83C for 24 hours, stirring every 4 hours.

C. Cleaning Sand

Recipes

a.

b.

c
d.

o

> @ -

L T

=

Dispose of the nitric acid in the appropriate hdeas waste bottle
Fill the beaker to 1500 mL with lab water and stir

Dump lab water into nitric acid hazardous wastél&ot

Repeat steps a-c until the pH of the lab watebisa pH 3

Decant the sand, inserting solution into a hazasdeaste bottle.
Fill the beaker to 1500 mL with lab water and plaan the hot plate.
Boil the sand/lab water solution at 2@0for 2 hours.

Decant the sand, pouring the solution into a hamegdvaste bottle.
Transfer the sand into a porcelain dish

Dry the sand in the oven at®&Dovernight.

Transfer the sand back into a 2L beaker

Rinse the sand with lab water

Decant the sand

Rinse sand with 0.1 N NaOH solution, place on shpkse and let sit for minimum of 12
hours

Fill the beaker to 1500 mL with lab water and iebsernight.
Decant the sand

Rinse the sand with lab water

Test the pH of the water in the beaker.

Repeat the drying, rinsing, testing and boilinggadure until the water in the beaker
reaches a pH greater than 6 and less than 10.
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* 10 percent Soap Solution
100 mL of MPbio ES7X Phosphate Free soap
900 mL Labwater
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A.8

MICROBIAL ADHESION TO HYDROCARBONS

Standard Operating Procedure:
Microbial Adhesion to Hydrocarbons

Utilize single layer procedure SOP for coliphagaraarations and use ionic strength SOP for
solutions

Hydrophobicity Colloid Methodology

NouokrwhE

8.

Make dilutions with corresponding lonic Solutiorsifug ionic strength SOP) with Phage
Suspend colloids in ionic solution. 1mL of the gaaample to 9mL lonic Solution.
Vortex vigorously to break aggregates

Transfer 4 mL colloidal suspension to a glass rednabttom test tube

Add 1 mL of dodecane to the colloidal suspension

Vortex the solution for 2 minutes

Leave solution undisturbed for 15 minutes at roemg. This creates a phase separation
with a emulsion layer on top and a aqueous laygherbottom.

Extract 1mL from the aqueous layer with pipette

Make Sample Dilutions

1.

2.
3.
4,

Add 1 mL to 9 mL PBS for 10 fold dilution. Therep this is designated as the'10
dilution)

OR 0.1 mL of 16 dilution in 9.9 mL PBS to make o makel00 fold dilution

3 plates per dilution of each sample

Enumerate coliphages using standard procedure

Count Plates

3.
4.

Count and record the number of plaques on each aftdr 18-24 hours
Calculate % Recovery for Matrix Spikes and OPR:

% Recovery = (# PFU in Spiked - #PFU in Non-Spiked)Coliphages Spiked

Calculate hydrophobicity % = Acont-Amath *100
Acont
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A.8

ZETASIZER AND ELECTROPHORETIC MOBILITY

Standard Operating Procedure:
ZetaSizer and Electrophoretic Mobility

Prepare samples
a. Prepare 3 glass round bottomed test tubes of eaahsolution.
b. Add sample to test tube
i. Bacteriophage — 1 mL to 9mL
1. Place test tubes on ice
ii. Sand — 10 grams to 20 mL
iii. Microsphere
Prepare ZetaSizer Capillary Cell
a. Use two 10 mL sterilized syringes to flush the géth ethanol
I. Flush a minimum of 10 times and repeat two timesgisew water each
time
b. Use two 10 mL sterilized syringes to flush the eath Lab Water
i. Flush a minimum of 10 times and repeat two timasgusew water each
time
Fill Capillary Cell
Fill a 5 mL leur lock syringe with sample.
Place 0.2 um syringe filter onto the syringe.
Invert the cell.
Slowly inject the sample from the syringe throulgé filter and into the cell.
Fill the “U” tube to just over half way.
Check that no air bubbles form in the cell andttagpcell gently to dislodge any
that have formed.
Turn the cell upright and continue injecting slowiytil the liquid reaches the fill
area.
Check again for air bubbles.
Check that the electrodes are completely immersed.
Remove the syringe and fit one stopper into theficelly and the other stopper
in loosely.
k. Wipe gently with Kimwipe.
I.  When inserting the cell into the Zetasizer, enshat the Malvern logo faces
toward the front of the instrument.

~P oo oTw

T @

4. Run Program for Electrophoretic Mobility and Size

a. Run duplicate samples with 5 runs with a minimuni@frials
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DYNAMIC LIGHT SCATTERING

Standard Operating Procedure
Dynamic Light Scattering

Prepare Samples for Dynamic Light Scattering

Determine sample type Bacteria Only or Bacteria\dinds
If bacteria only,
a. Add 8.9 mL of Phase PBS
b. Add 0.1 mL antibiotic
c. Add 1.0 mL bacteria
If bacteria and virus,
a. Add 8.8 mL of Phage PBS
b. Add 0.1 mL phage
c. Add 0.1 antibiotic
d. Add 1.0 mL Famp
Please in beaker of water with an ice pack
Prepare cuvette and set up for DLS
If bacteria with virus, add 0.1 mL MS2 immediatelyor to running the DLS
Run sample according to pre-determined duration

Samples were measured in Spectrosil® Quartz cyett5 mm (width), 12.5 mm (length), and
45 mm (height) (Vernier Software & Technology, Bedwn, OR). The room temperature was
maintained at 23 °C, unless otherwise noted.

B.

Utilize ARGOS Methodology

a. Place Cuvette in holder
b. Adjust setting according to particle size
c. Review the scattering output to ensure no glareagpdopriate initial intensity
d. Run LabView Program “Taking Photos”
i. Complete inputs for settings (time, number of peptic.)

C. Analyze Photos

a. Analyze photos using LabView Program “Main AnalyBi®gram”
b. Transfer output to Excel
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APPENDIX B - DATA

All data can be provided electronically. The datéemized here and noted where not included.
Electronic data can be supplied by emailing:

Abigail Charest, WITcharesta@wit.edu

Or

Jeanine Plummer, WHpblummer@wpi.edu

TABLE OF CONTENTS
B.1 Full-Scale Water System Analysis
» Table — All Combined Data

Data Files

— Excel 2013 file — Full Water System Scale Data
— SPSS statistic 17.0 file — Full-Scale Water Systeralysis

B.2 Nanoparticle Batch Data

» Table- N LW — Uncoated Nanoparticles in Lab Water

* Table — NL — Uncoated Nanoparticles in Low lonice8gth Water

» Table — NH — Uncoated Nanoparticles in High lonieeB8gth Water

* Table- PN LW — Protein Coated Nanoparticles in W\édter

e Table — PNL — Protein Coated Nanoparticles in Lonid Strength Water
» Table — PNH - Protein Coated Nanoparticles in Hagtic Strength Water

Data File
— Excel 2013 file — Nanoparticle Batch Data
B.3 MS2 Batch Data

* Table - L Sand 6 — MS2 with Sand in Low lonic SgtenWater at pH 6
e Table — L Sand 8 — MS2 with Sand in Low lonic Sgtbnwater at pH 8

Data File
— Excel 2013 file — MS2 Batch Data
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B.4

B.5

B.6

Zeta Potential Data

* Table — Sand — Zeta Potentials of Sand and AcidveaSand
e Table — Nano — Zeta Potentials of Uncoated ancePr@oated Nanoparticles
» Table — Phage — Zeta Potentials of MS2 &Xd174

Data Files

Excel 2013 file — Zeta Potentials

SPSS statistic 17.0 file — Zeta Potentials

DLS Bacteria Analysis

Data Files

Excel 2013 file —Data DLS F-amp

Data F-amp 6 5 14 - Photestiff files

Excel 2013 file — Data DLS F-amp and MS2
Data F-amp and MS2 6 14 14 - Photodiff files

DLS Nanoparticle Analysis

Data Files

Excel 2013 file — Data DLS Nanoparticles

=  Sheets
e Uncoated
e Coated
e MS2
e ®X-174

Data MS2 7 30 14 - Photes.tiff files

Data® X 174 7 30 14- Photos.tiff files

Data Uncoated Nanoparticles7 30 14 - Phetdsf files
Data Coated Nanoparticle 7 31 14 - Phetasf files
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APPENDIX C - SPSSCORRELATION RESULTS

All data can be provided electronically. The datdemized here and noted where not included.

Electronic data can be supplied by emailing:

Abigail Charest, WITcharesta@wit.edu

Or

Jeanine Plummer, WHhlummer@wpi.edu

Data Files
 Excel 2013 file — Final Full Scale Correlations

SPSS statistic 17.0 file Final Full Scale Correlasi

* Excel 2013 file — Zeta Potential Totals

SPSS statistic 17.0 file Zeta Potential Totals

Drinking Water Correlations
Male-
Specific | Somatic
Coliform | E. coli Coliphage|Coliphage|Microviradae| TTV  |Adenovirus|Polyomavirus
(CFU per | (CFU per |Enterococd (PFU per | (PFU per | (genomic | (genomic | (genomic | (genomic
100mL | 100mL | (CFUper | 100mL [ 100mL | copiesper |copiesper| copiesper | copies per
or g) or g) 100 mL) org) org) mL) mL) mL) mL)
Spearman|Coliform Correlatior] 1.000 1.000** - .956** 746 - - - -
rho (CFU per 10|Coefficient
mL or g) -
Sig. (2- - - - .000 .000 - - - -
tailed)
N 20 20 0 20 20 0 0 0 0
E. coli Correlatior] 1.000** 1.000 - .956** 746** - - - -
(CFU per 10|Coefficient
mL or g) -
Sig. (2- - - - .000 .000 - - - -
tailed)
N 20 20 0 20 20 0 0 0 0
Enterococci |Correlatiot - - - - - - - - -
(CFU per 10|Coefficient
mL) ,
Sig. (2- - - - - - - - - -
tailed)
N 0 0 0 0 0 0 0 0 0
Male- Correlatior| .956** .956** - 1.000 .693** - - - -
Specific Coefficient
Coliphage -
(PFU per 10 Sig. (2- .000 .000 - - .001 - - - -
mL or g) tailed)
N 20 20 0 20 20 0 0 0 0
Somatic Correlatior] .746** .746** - .693** 1.000 - - - -
Coliphage [Coefficient
(PFU per 10—
mL or g) Sig. (2- .000 .000 - .001 - - - - -
tailed)
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Drinking Water Correlations

Male-
_ Sp_ecific So_matic
Coliform | E. coli Coliphage| Coliphage|Microviradae| TTV  |Adenovirus|Polyomavirus
(CFU per | (CFU per |Enterococq (PFU per | (PFU per( (genomic | (genomic| (genomic | (genomic
100mL | 100 mL | (CFU per | 100 mL [ 100 mL | copies per |copies per copies per| copies per
org) org) 100 mL) org) org) mL) mL) mL) mL)

N 20 20 0 20 20 0 0 0 0
MicroviradaelCorrelatior| - - - - - - - - -
(genomic Coefficient]
copies per -

mL) Sig. (2- - - - - - - - - -
tailed)

N 0 0 0 0 0 0 0 0 0
TTV Correlatior] - - - - - - - - -
(genomic Coefficient
copies per -

mL) Sig. (2- - - - - - - - - -
tailed)

N 0 0 0 0 0 0 0 0 0
Adenovirus |Correlatior - - - - - - - _ -
(genomic Coefficient]
copies per -

mL) Sig. (2- - - - - - - - - -
tailed)

N 0 0 0 0 0 0 0 0 0
PolyomavirugCorrelatior - - - - - - - — _
(genomic Coefficient]
copies per -

mL) Sig. (2- - - - - - - - - -
tailed)

N 0 0 0 0 0 0 0 0 0

L_Uncoated L _Coated L_MS2 L ®X174

L_Uncoated Spearman 1.000 -.169 -.241 -.263

Correlation

Sig. (2-tailed) AT7 .306 .262

N 20 20 20 20
L_Coated Spearman -.169 1.000 .681** .565**

Correlation

Sig. (2-tailed) ATT .001 .009

N 20 20 20 20
L_MS2 Spearman -.241 .681** 1.000 .716™*

Correlation

Sig. (2-tailed) .306 .001 .000

N 20 20 20 20
L_®X174 Spearman -.263 .565** 716** 1.000

Correlation

Sig. (2-tailed) .262 .009 .000

N 20 20 20 20
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APPENDIX D - BATCH ANALYSIS TABLES -

Log Removal

Log Removal

Log Reomval

pH 4 Uncoated Nanoparticles

2.50
2.00 —@®— L\W Sand
——LW AWS
o S
1.00 o= ——L Sand
0.50 —=—L AWS
0.00
0 50 100 150 H Sand
Time (min) HAWS
pH 6 Uncoated Nanoparticles
2.50
2.00 —@®— L\W Sand
1.50 P —— —e—LW AWS
1.00 peg>— & —#—L and Sand
0.50 —5—L and AWS
0.00
0 50 100 150 Hand Sand
Time (min) Hand AWS
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APPENDIX E - NANOPARTICLE DATA LOG-LOG SCALE
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Appendix Figure E-1: Nanoparticle Relative Totdklmsity
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Relative intensity at g (10,000)
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Appendix Figure E.2: Nanoparticle Relative Intéysit g (10,000)
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RMSD at g (10,000)
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Appendix Figure E.3: Nanoparticle RMSD at q (10,000
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