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ABSTRACT

Recent advancements in molecular biology sucleasgeneration
sequencing and more sensitive and rapid molecekaction methods like gPCR,
have historically been developed for clinical apgiions in human genetics and for
health care diagnostic purposes. The high demami@s$ter and more accurate
molecular assays in the health care field has dniapid development of inexpensive
molecular techniques that when applied to the sei@f environmental microbiology,
provides an unprecedented level of understandirigeofmicrobial world around us.
The goal of this dissertation is to begin to applyre advanced molecular
technologies to problems in applied environmentarabiology. Appendix A is a
brief literature review of next generation sequegdechnologies for applications in
environmental microbiology. Appendix B focuses be tevelopment of a more
robust virus nucleic extraction kit for the deteatiof viral genomes from
environmental samples found to contain high corme¢inhs of gPCR inhibitors, such
as humic acids or heavy metals. Appendix C summsuene of the largest virus
surveys done in the US, using state of the art gR€Rologies in both wastewater
influent and effluent from two wastewater treatmglaints in the Southwest. Data
suggests that traditional virus indicators maybw®#t viable tool to evaluate fecally
impacted source water or virus removal during wasatment. The third study
summarized in Appendix D, provides one of the finsights into the microbial
ecology of biofilms utilized as biological treatnienedia using Roche 454 amplicon

sequencing of the 16S rRNA gene.
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INTRODUCTION
Problem Definition
I.  Improving the extraction of viral nucleic acids in environmental virus
concentrates

Appendix B reports on a new extraction proceduresfovironmental viruses.
The detection of viruses in environmental matricas relied on the use of cell culture
or traditional gel based PCR for the presence seiade of viable or potentially viable
viral genomes. However, there are major limitatiforsboth of the techniques. Virus
cell culture, while providing reasonable quantitatdata is also limited in that few
viruses are readily culturable, and factors suchisaay cost and incubation times are
greatly prohibitive. Polymerase chain reaction (P@Rvides some advantages over
traditional cell culture technique in that it ipiyally more sensitive, and can be
easily adapted to detect most any virus genome.edery PCR does not necessarily
indicate viable viruses, and is found to be pranmhibition that increases false
negative results. PCR is also comparatively caatly time consuming compared to
that of end point PCR like quantitative (QPCR). Bleping techniques that mitigate
false negatives, lower cost, improve detectiontBirand speed up initial detection of
viral genomes provides researchers with more use@ls when surveying the
environment for potential viral contamination.

Environmental virus concentration and extractiathmds commonly cite the
use of a commercially available virus extractiont&iextract viral nucleic acids in
favor of in-house extraction methods that lack eépcibility and quality assurance
from lab to lab. Many extraction kits currently dder viral nucleic acid isolation

were originally developed for use in a clinicaltget according to manufacturers’
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recommendations and provide excellent virus regof@rsamples low in inhibitory
compounds. An ideal environmental virus extrackdrshould provide similar
recoveries to established extraction methods asdwhile simultaneously providing
effective inhibitor removal to provide the cleandsghest quality nucleic acid

extracts for subsequent molecular detection andtdgication.

II. Simplifying the discussion on molecular detegbn of viruses
The accurate detection and quantification of visusethe environment is
inherently difficult for many reasons (Pang et2fl12; Ikner et al. 2012):

1. Viruses in the environment are typically preseribim numbers.

2. Concentrating virus numbers by sample processiag ab-concentrates
PCR inhibitors.

3. The recovery efficiency of specific viruses is Higlvariable due to
differences in viral capsid physiology, structuredeaother environmental
factors.

4. The development of efficient, secondary concemrathethodologies is
still lagging.

5. Poor optimization of molecular detection assayshsag gPCR results in
low sensitivity of detection of most viruses.

There are numerous methodologies and approacluetdot pathogenic enteric
viruses (Ikner et al., 2012). One of the more papahd effective concentration
protocols is the virus absorption elution methotRADEL), which includes: 1IMDS
with organic flocculation (Epa & Exposure, 2010n¢k et al., 2011); NanoCeram

with organic flocculation (Epa 2010; Ikner et &12); HA negatively charged
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membrane method with ultracentrifugation (Katayaehal., 2002); and Glass fiber,
powder, or beads methodologies (Wyn-Jones et &l1)200ther less common
methods are tangential flow (Gibson and SchwablpQdtrafiltration (Rhodes et al.,
2011), and centrifugation (Prata et al., 2012).sBhmethodologies are commonly
cited in the literature, but are typically lessqgtreal in terms of cost and field
application, and less efficient in terms of concatidn and contamination removal.

In addition to the multiple techniques that make ¢bmparison of different
studies extremely difficult, other factors inclug@or reporting of actual
methodological details, particularly with respexttolecular assays and limit the
discussion and understanding of virus monitorimgrfione study to another. One of
the objectives of this review is to provide a bettederstanding of what can be called
“tested water equivalency” (TWE). The tested watgrivalency represents the
amount of the original water sample that is acjuadisayed for analysis. This is
determined by the careful tracking of water volutm®ugh the numerous steps that
are necessary for molecular detection of pathoganises. Recent improvements in
nucleic acid extraction technologies, including enbighly concentrated and inhibitor
resistant reverse transcription master mixes, ame mobust end point PCR reagents,
has resulted in improved sensitivity and accuradpday’s gPCR instrumentation.
This in turn has allowed for molecular detectioatpcols to be more easily
optimized, and the establishment of better standpedating procedures (SOPs). A
summary for determining the TWE is outlined belowiable 1. This table also
provides the user tool to input information abooMvithe assay was conducted and

then, by providing the estimated genome copy numbkserved in the qPCR tube,
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one can easily calculate accurate estimationswfrhany viral genomes may be

present in the original sample.
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Table 1 Custom virus concentration calculator setd optimal reaction conditions

Estimated i *Estimated genomic copies °Estimated genomic copies based
.. Estimated %  Water Water h f
Methodology Virus detection step \Z?Lnn?ées Unit g%r;orn\j(t)elgr?ges of virus loss equivalenc concentration based on gPCR data with loss  on gPCR data without loss
tested during step y (L) efficiency (L (mL) L (mL)
- Primary concentration volume 25 L 293 12 0.01 4 0.00
S Primary 50% 25.00
nw S Primary eluate volume 0.03 L 195 6,500 6.50 3,611 3.61
2c
S8 Secondary concentration volume  0.03 L 195 6,500 6.50 3,611 3.61
& Secondary 20% 25.00 100%
© Secondary eluate volume 0.65 mL 163 250 0.25 167 0.17
c Nucleic acid extraction volume 400 ul 100
£ Extraction 25% 15.38 62%
o Nucleic acid elution volume 50 ul 80
Q
s reverse RT-RNA template 15 ul 24
=  transcriptio 20% 4.62 30%
5 n RT-reaction volume 20 ul 20
o°
= gPCR* gPCR template volume 10 ul 10 0% 231 50%
Total= 9%

*Input average genomic copy humber from qPCR repliates into the green cell.

at\/jruses cencntr ation of sample based on lowest possible detection limit a) calculates estimated percent loss in backcalculation b) assumes no loss of
virus from step to step

Table 1 outlines the optimized virus concentrationditions and provides automated calculation rfs/guantification using Microsoft

Excel
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I. Molecular detection of viruses using gPCR

In order for gPCR assays to be truly quantitatbaeeful accounting of water
equivalencies must be made in each of the moledeli@ction steps as well as the virus
concentration steps, in order to provide an acewratimate of how much water was
evaluated. Typically the biggest limitations toi@#nt virus concentration lies in how
much of the final virus concentrate can physichéyutilized in nucleic acid extraction
protocols (Abbaszadegan et al. 1999; Wong et dl2R0rhis problem stems from two
components, the first being that the virus conegiatn methodology chosen has not
yielded a high enough concentration factor of @ithe primary or secondary
concentration methods. The second involves thediion of the amount of concentrated
sample that can be put into an extraction kit (€dbl Typically this limits the
extractable volume up to but no more than 1 ml,rmode commonly 400-20@ for
most commercially available kitBor example, if the concentrated virus sampke 1s10
ml, then the aliquot taken for extraction from #seondary concentrate drastically
reduces the amount of water able to be extractéaeodriginal water volume. This
suggests that no matter the original sample volahs®urce water, if concentration
methodologies cannot approach volumes close toriii0 total for final concentration
volumes, then there is little hope to assay enauagler to represent a risk relevant

volume of water approaching what a human mightdpoged to.
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il. Universal guideline on the minimal information for virus reporting by gPCR

Given the growing complexity of concentrating anghutifying viral genomes in
the environment, future efforts need to be madmfove virus reporting amongst
scientific communities, so that studies done by gnoeip using one method and can be
more easily compared by a different researchegusidifferent methodology. Already
guidelines exist for the reporting of gPCR data@¥) (Bustin et al. 2009; Huggett et al.
2013), or the reporting of microbial community d&MIENS) (Yilmaz et al. 2009). Such
minimal information for the reporting of environmahvirus detection and quantification
experiments requirements should undoubted incladget guidelines already in use. To
improve communication of virus reporting, guidebrshould include a standard
reporting format freely available on open accetesd4b be turned in as a supplemental
criterion for manuscript submission. The reportinidgeria for each sample should include
environmental data on the source water i.e. lonatime of year, water temp, pH and
turbidity data if available. Methodological detaslsould be listed in detail including the
initial water volume sampled, eluate volume, buftgpe and pH. Other physical and
chemical factors describing the reaction conditiohsecondary and tertiary
concentrations should also be listed in a similanar. Additional molecular details must
also be reported including volume of final concatgrused in extractions, how much
template was use for cDNA preparation, as welhagatio of template to reaction

buffer, and finally how much DNA or cDNA templateasrused per gPCR assay.
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iii. Surveying viruses in the environment

Reclaimed or recycled water systems derived frematérd municipal wastewater
can be used for various purposes, such as dirdandirect potable reuse, industrial use,
agricultural irrigation, recreational use, and eonimental enhancement. If done
correctly, such reuse is a safe, sustainable, easilfle strategy to manage limited water
resources. For potable water reuse, insufficiamoral of viral pathogens and potential
public health risks are of major concern becauseses show remarkable persistence
during the wastewater treatment process, and ghiyhinfectious to humans. The health
risks associated with exposure to reclaimed watenmanimized by identifying
appropriate advanced treatment technology, andutan®nitoring and management of
water treatment trains (Toze 2006). Neverthelass,td high concentrations of some
pathogens in wastewater and the possibility ofégadte treatment, viral pathogens may
be discharged as effluent from wastewater treatplants (WWTPs) (Harwood et al.
2005). In addition, the concentration of virusesr@ated wastewater may vary according
to the type of the wastewater treatment processosge geographical area, and hygiene

conditions within the community.

lll. Review of next generation sequencing technologs for applications in

environmental microbiology

Next-generation sequencing (NGS) has taken DNA&®sgjng and detection to
the next level of efficiency and speed. Coupledlie advent of environmental

genomics and 16S rDNA molecular phylogenetics, gexieration sequencing
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technologies (NGST) have greatly improved our usiderding of the microbial world.
Historically, 16S rDNA molecular phylogenetic libyaconstruction pioneered many of
the studies in the field of microbial ecology (Ameet al. 1992; Amaral-Zettler et al.
2009). More recently, the development of environtakeshotgun sequencing, more
commonly termed as "metagenomics” has taken thifigitan sequencing applications
(Handelsman et al. 1998). Metagenomics allows sexjng of portions of genetic
material from individuals within a whole microbi@mmunity by randomly sequencing
short (100-1000 bp) nucleic acid fragments fountthiwicommunity DNA.

Applications in environmental microbiology and palhealth have only recently
been realized, due to high costs initially assedatith NGST. However, in recent
months these costs have dropped dramatically. floadl techniques have relied heavily
on culture or PCR based assays, both of which haga shown to have shortcomings. In
addition, even assessment of basic water qualitytadee >24 hours to achieve using
culture based assays. Also, in the case of PCRysisse typically limited to just one
organism or target piece of DNA/RNA, and provideimf@rmation about the organism’s
viability. In contrast, next generation sequenaiigws for nearly autonomous, deep,
rapid, and unbiased sequencing of microbial comtramiApplications of NGS in
environmental microbiology open up many opportesitior improvements in public
health, and a greater understanding of the effeatshuman activities have on the

environment.
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IV. Low cost, low energy biological water treatment

Appendix D summarizes the study and applicatioa néw point of use (POU)
water treatment technology that can provide drigkirater in water scarce regions with
poor source water quality. With increasing concewey access to safe drinking water,
especially in arid undeveloped regions and in ftermath of natural disasters, the
development and greater use of portable, low emst,efficient water treatment
technologies has been, and continues to be, algiebd. One approach for treating
contaminated drinking water utilizes the developtredra biological treatment layer,
“schmutzdecke”, or biofilm on porous media likettbhsand or aragonite for use as a
low cost, low energy point of use (POU) water filt€he physical exclusion of larger
biological particles such as protozoa, fungal spaaed larger particles of organic matter
occurs within a porous substrate is well understbatithe development of a biologically
active treatment layer, schmutzdecke, or biofilegras to be essential for efficient
bacteria removal of pathogens suclVdwio andSalmonellaThe mechanisms by which
biofilms or biological treatment layers capture aechove pathogens to enhance drinking
water quality remains unknown (Stauber et al. 20TRBgrefore, by studying the ecology
of developed biofilms used for water treatmentt(Rann 2006).

There have been few studies that have attemptggstematically characterize
microbial communities within these biofilms. Soneva utilized traditional techniques
like culture-based assays (Hunter et al. 2012)e@thave used molecular techniques like
DGGE, clone libraries, phylochip and gPCR to gusir#thd characterize the microbial

communities of biological treatments layers (H&igal., 2005; Wakelin et al., 2011). To
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our knowledge, no studies have utilized deep segjngranalysis to evaluate the
microbial communities of biofilms developed for P@idter treatment. Developing
insights into how biofilms develop and functionfégilitate efficient biological water
treatment may prove useful in gaining an understendf how pathogen removal occurs
via both filtration and potential inactivation. Bhinderstanding may allow use to
improve or optimize the biological mechanisms ineal in low cost low energy water

treatment technologies that are essential to susgghuman health.
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DISSERTATION FORMAT

The major focus of dissertation comprises four agppes. Appendix A
comprises a short unpublished literature reviewendt generation sequencing
technologies and their application in environmentalrobiology. Appendix B contains a
primary research article that is already publisineithe Journal of Virological Methods. It
details the comparison of three virus extractida far the removal of PCR inhibitors and
virus recovery in environmental samples considéodake high in PCR inhibitors.
Appendix C summarizes a manuscript that will bensitted to the Journal of
Environmental Science and Technology entitled “BRetaabundance and treatment
reduction of viruses during wastewater treatmeot@sses — identification of potential
viral indicators,” which describes one of the latg@rus surveys in wastewater systems
in the US. Data is presented on 9 separate viausg@® protozoa of influent and effluent
of two wastewater treatment plants in Tucson, Ar&cAppendix D a third and separate
dissertation topic, summarizes pyrosequencing @atie microbial ecology of biofilms
constructed on foam, for the biological treatmdnwater, as part of a novel point of use
(POU) treatment system. This study will be publghe the journalnternational

Society of Microbial Ecology
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PRESENT STUDY

This dissertation contains four appendices. A surgrabeach appendix follows
below.

The manuscript in Appendix A provides a briefritieire review of the next
generation sequencing technology. While numeraesatiure reviews exist for this topic,
few maintain a focus within the specific applicatiaf applied environmental
microbiology. The cost and technical skills assaavith next generation sequences
rapidly decrease every few months as the technddeggmes more available and well
studied. Still to date, much of the limitation @xt generation sequencing technology do
not lie with the technical details or in its gerdexaplication, but in the end users' ability
to analyze data with a significant amount of corapiahal power to be useful. Future
improvements in sequencing technology will relyaghe on easily utilized and applied to
problems within the field of environmental microlaigy without the excessive
dependence of advanced bioinformatics or high-ped/eomputation needs.

The study conducted in Appendix B evaluated theaekibn and purification of
nucleic acids from a newly developed kit as aaaltstep in the molecular detection of
enteric viruses from environmental or fecal samplée performance of three
commercially available kits, the MO BIO PowerVirdavironmental DNA/RNA
Extraction kit, the Qiagen QlAamp Viral RNA Minitkiand the Zymo ZR Virus
DNA/RNA Extraction kit was evaluated. Viral pares of adenovirus 2 (AdV), murine
norovirus (MNV), and poliovirus type 1 (PV1) spikedmolecular grade water, and three

different types of sample matrices (i.e., biosqglfdses, and surface water concentrates)
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were extracted with the kits, and the yields ofrtheleic acids were determined by
guantitative PCR (QPCRJhe MO BIO kit performed the best with the biossligvhich
were considered to contain the highest level abibdrs. In addition this kit provided the
most consistent detection of spiked virus fronoéthe samples. A gPCR inhibition test
using an internal control plasmid DNA and a nucbed purity test using an absorbance
at 230 nm for the nucleic acid extracts demonddrttat the MO BIO kit was able to
remove gPCR inhibitors more effectively than thagegin and Zymo kits. Our results
suggest that the MO BIO kit is appropriate for ¢éx¢raction and purification of viral
nucleic acids from environmental and clinical saesghat contain high levels of
inhibitors.

The study summarized in Appendix C investigatesrétative abundance,
occurrence, and reduction of nine different virusesvo wastewater treatment plants
(WWTPSs) in southern Arizona over a 12 month perfooin August 2011 to July 2012.
Influent and effluent samples from the two WWTPseveollected monthly. Viruses
were concentrated using an electronegative filtethiod, and quantified using TagMan-
based gPCR assays for each of the nine virus typpknt virus, pepper mild mottle
virus, was the most prevalent virus in both influand effluent wastewater (mean
concentration of 3.1 ~ 3:31C° copies/L and 6.3 ~ 64 10° copies/L in influent and
effluent wastewater, respectively), showing a leduction by the treatment processes
(0.68~0.72 mean lggreduction), and no significant seasonal changm®ircentration.
Aichi virus, a human enteric virus, was also foumdreater abundance, and was more

resistant to wastewater treatment than other huangeric viruses. Our results suggest
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that these viruses could be used as potentialatatie of the wastewater reclamation
system performance, with respect to virus occugemd removal.

Appendix D summarizes a study on biofilms withiR@QU filter medium that
were developed at three different locations inUligeusing different surface waters.
Biofilm microbial communities that developed onfoi@m were analyzed utilizing 454
pyrosequencing of the 16S rDNA genes, and showedharkable degree of shared
community membership among the three locationgrgd and diverse shared
microboiome defined by the top 100 shared operatitaxonomic units (OTUs) at 0.03
cut off (97% similarity) which represented 280,@f#Ghe 306,000 sequences (>90%) was
found. Of those 25% were classified within the gedseudomonadviembers of the
microbial communities found within the shared mimome of the biofoam were closely
associated with organisms commonly found in aatidatiudge, drinking water biofilms,
rhizosphere, phylloshere, and soil ecosystemsbidfeam provides a unique and
effective porous matrix for biofilm formation, witi@ppears to allow for the
establishment of consistent microbial communitiedifferent locations with varied

water qualities.
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ABSTRACT

Waterborne and water-based pathogens pose a sagriithreat to human health.
Improvements in microbial water quality monitoriabwater infrastructure and in
treatment technologies that may one day providbetsights into potential public
health risks are necessary. Microbial water quatignitoring has begun to move
towards more advanced technologies in recent ye@tsnovel molecular tools that

offer rapid, sensitive, and specific detection afious microbial pathogens that challenge
current culture-based techniques. Technologiegjilantitative real-time PCR (gPCR)
and next generation sequencing such as pyrosequgeai@ presently emerging as rapid
tools for pathogen detection and discovery in tn@renment. Future challenges of using
such advanced molecular techniques for environrhentaobiology lie with integrating
these new molecular tools with user friendly biomhatic platforms, in developing

better standardized protocols, in reducing thestcand turnaround times, and in

establishing the limitations of this technology foore pointed research objectives.
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[. Introduction

Since Watson and Crick described the first molectilENA nearly 50 years ago, its
simple yet complex nature has been used to atteng#scribe and understand the
biological world around us. The understanding ofguoolar biology has been applied to a
range of topics including the most simple of vpllsmids to the most complex plant
genomes. Newer areas are emerging in moleculardyidhat not only allow us to

quickly sequence a single microbial genome witlmreavironmental sample, but also
begin to elucidate the inner workings of the mashplex of microbial communities
within oceans, soil, or even the human biome. Véenamw even able detect and quantify
a single molecule of DNA contained within a poobdfions. Many of the advances in
DNA sequencing have been fueled by a need for brased, inexpensive, easy, and
accurate tool for use in areas such as genomicsymaized medicine, microbial
ecology, or bioengineering. Nucleic acid sequeneing amplification technologies like
Sanger sequencing and PCR have advanced significaet the past few decades. Now,
what used to require days to go from sample toesgjng to data interpretation can now
be accomplished in a few hours.

Historically, 16S rDNA molecular phylogenetic libbyaconstruction pioneered
many of the studies in the microbial ecology figdnann et al. 1992; Amaral-Zettler et
al. 2009). More recently, the development of enunental shotgun sequencing, more
commonly termed as "metagenomics”, has increassigjmificance for sequencing

applications (Schloss & Handelsman 2003). Metagec®ailows the sequencing of
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portions of genetic material from individuals witra whole microbial community by
randomly sequencing short (100-1000 bp) nucleid &aigments found within
community DNA. However limitations to data interfagons are still abundant mostly
due to the fact that ~90% of sequencing data inipdbltabases lack meta-data along
with persistent limitations in computational pow€ontinuous improvements in the
volume of data produced by ever evolving sequenigngnologies steadily outstrip the
computational abilities available to analyze larged larger data sets. In addition,
unidentified biases and errors in data productmal a paucity of information on
standard operating procedures leave many investgyahable to compare complicated
data sets to public databases (Yilmaz et al. 20010)

Applications of next generation sequencing techgie® (NGST) in
environmental microbiology have only recently beealized. High sequencing costs
have been among the limiting factors for widespriegmlementation of this technology;
however, in recent years these costs have droppedadically. Traditional techniques in
environmental microbiology have relied heavily attgral or PCR based assays. Such
techniques are still exceedingly useful componesitsin the field, but limitations in
cost, time, accuracy, etc. are driving the evolutbthese techniques. In addition, even
the assessment of basic water quality can takeno@ds using culture based assays. In
the case of PCR, assays are typically limited $b gqune organism or target piece of
DNA/RNA and provide no information about the orgamis viability. In contrast, next
generation sequencing allows for nearly autonomaesp, rapid, and unbiased

sequencing of microbial communities. ApplicatiofNGST in environmental
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microbiology open up many opportunities for impnments in public health and a
greater understanding of the effects that humanites have on the environment.

Glossary of terms:

Next generation sequencing technologythe technology and equipment required to
perform high throughput sequencing. Examples: 4aé4&quencing, lllumina, lon
Torrent

Metagenomics (the "shotgun-approach") The application of modern genomic
techniques to the study of communities of microarg@sin situin their natural
environment, eliminating the need for isolation adal cultivation of individual species
Transcriptomics: Similar to metagenomics, but involves the analgéiall RNA
molecules within a sample through the indirect seging of synthesized cDNA
molecules via a process known as reverse transeript

Sequencing "platform™: the type of machine used in the sequencing aisalys

RAM: Random access memory - the required computing poaeded to undertake a
large data set analysis.

OTU: Operational Taxonomic Unit - defined by the useadiseoretical cutoff to classify
organisms at a molecular level.

Library: the isolation and preparation of one sample ofrenmental DNA/RNA. For
example, one 16s or metagenomic DNA/RNA analysmf00 ml of wastewater

effluent.
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Tagged sample run (pyro-tags, barcodesBhort sequences of DNA primers with
known sequences that are adapted to each sequencta tingle sample. Once the
samples are "tagged,” they are then combined wiitbr@amples and then separated
bioinformatically following sequencing.

Genetic fingerprint: a molecular characterization of a microbial commuhased on a
phylogenetic gene.

Bioinformatics: the application of statistics and computer scidndée field of
molecular biology.

Paired end reads:Short sequences that are sequenced at known distirom each

other that act as a map for genome sequence anatygilonger rRNA coverage.
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2. Next generation sequencing technologies (NGSReview of Technology

Currently, billions of DNA fragments can be spread over a plate no bigger than a
credit card and sequenced simultaneously. To jmitrito perspective, all 3.4 billion base
pairs of our human genome could be draft sequew@tbcone machine in a single
afternoon. Similarly, when attempting to survey ianobial community, billions of 16S
rRNA sequences could be sequenced just as rapidjir. throughput sequencing allows
for a very deep, very rapid, genetic fingerprintiltiple microbial communities
simultaneously and at a low cost per sample.

High throughput sequencing technologies, like pgbsequencing, use a
"sequence by synthesis" approach. Detailed dismussif these concepts and other
NGST are described elsewhere (Ansorge 2009) andhauynof the technologies can be
found in Table 1. Briefly, DNA nucleotides are imporated into the synthesis of a new
strand of DNA, light is emitted that matches théocof the given base in a sequence.
The light is derived from the release of pyroph@dplduring DNA synthesis. The
pyrophosphate is converted to ATP by the enzymieisiése, which provides and
energy source for luciferase that in turn oxidikzesferin which produces a detectable
light emission, indicating that a base has beeorparated (Pourmand et al. 2002;
Ronaghi & Elahi 2002). The bases are then introduce at a time, and the light
emission from each nucleotide added is recordecpPpsphate nucleic acid base
incorporation detection has now been replaced byngddifferent colored fluorophores
(light producing molecules) to each complement @oiitle base. For example, green =

guanine, red = cytosine, blue = tyrosine, and yehoadenine. The nucleotide base can
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then be visualized on a nano scale by evaluatiaglifierent color light emission during
base incorporation. Computer algorithms then candeel to identify the DNA bases
based on the signal quality as each base is rdaseduencing platforms have basic
sequencing analysis software that aid in the sexjugncleaning, and basic manipulation
of data. These data sets can then be exported tosmber of external data analysis

software (Table 2).
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Table 1. Comparison of NGST for applications inlaggbenvironmental microbiology

~$2,000/16S small sample size, (Sanger &
Sanger 6 Mb/day 800 nt 100 1b10° ~$500/Mb library genome gaps, long Coulson
homopolymer regions 1975)
~$250- Complex genomes,
(Margulies et
454/Roche 750 Mb/day 400 nt ~f0 10%-10* ~$20/Mb 500/16s SNPs, tagged sample
al. 2005)
library* runs, paired end reads.
Complex genomes,
~$200-
5,000 SNPs, tagged sample (Bentley
lNlumina 100 nt ~3% 10%10° ~$0.50/Mb 500/16s
Mb/day runs, genome polishing, 2006)
library*
paired end reads
Complex genomes,
~$200-
5,000 SNPs, genome (Hedges et
SOLID 50 nt ~16 10%10° ~$0.50/Mb 500/16s
Mb/day polishing, paired end al. 2011)
library*
reads
Non-amplified
5,000 Not yet sequencing, (Pushkarev
Helicos 32nt ~16 10? <$0.50/Mb
Mb/day applicable quantification and direct et al. 2009)
RNA sequencing




*costs are highly variable depending on type afdily construct.

Platform = type of sequencing machine used

Throughput = number of sequences per day

nt = nucleotides

run = total sequencing capacity of one use of Hgla

Quality = (Q) = -10 log p, where p is the probdkibf an incorrect base

Library = one sample preparation

SNPs = Single nucleotide polymorphisms

Paired end reads = used to complete genomes amh#ec16S sequencing coverage

tagged sample runs = barcoding technique that alfowmultiple samples per run

44
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3. Effective data handling and analysis when dealqwith large data sets

Bioinformatic support can prove challenging for rolaiologists not well-versed in
computer sciences (Kunin & Hugenholtz 2010; Kurtiale2010). The ability of
NGST platforms to produce exceedingly large datsiIeads to logistical problems
with even basic data handling. Most sequencingyaralare RAM intensive, leaving
investigators' desktop computers unable to apprdahomputational needs of even
basic datasets. Some have worked around this pndiyeuploading their data sets
over the web to online servers that perform thdyaea for them. Other computer
based software packages allow for more a custonaimatysis such as operational
taxonomic units (OTUSs) for 16S libraries. Theseake to decrease the size of
phylogenetic datasets by grouping sequences tagetheOTUs, therefore limiting
the amount of data that needs to be analyzed aisdsrapproachable for

commercially available computers.

Table 2. Summary of open source analysis softwardlGST data

Computational
Software GUI Type of Data Reference
needs
LTS, alignment,
Yes classification, MAC OS, Cloud (Hartman et
Waters
basic community RAM intensive al. 2010)
analysis, data figures
HTS/LTS, alignment, MAC OS, Linux,
(Schloss et
Mothur No classification, Windows, Coud
al. 2009)

basic community RAM intensive



QIIME

ARB/SILVA

RDP-II

JGI (Genome
Portal

and IMG)

RAST

SEED

CAMERA

No

Yes

Web

Web

Web

Web

Web

analysis, data figures

HTS, alignment,
classification,

basic community

analysis, data figures

LTS, tree
construction, basic
alignment and
visualization
Limited analysis of
HTS, classification,
alignment, basic
community analysis
and small tree

building

metagenomes

genomes

metagenomes

genomes

metagenomes

Cloud, Linux,
Windows

RAM intensive

Linux, MAC OS

RAM intensive

Internet

Internet, basic
perl for data
manipulation
Internet, basic
perl for data
manipulation
Internet, basic
perl for data
manipulation
Internet, basic
perl for data

manipulation

46

(Caporaso el

al. 2010)

(Pruesse et

al. 2007)

(Cole 2003)

(Markowitz

et al. 2006)

(Aziz et al.

2008)

(Overbeek et

al. 2004)

(Seshadri et

al. 2007)
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GUI = Graphical User Interface (Not command lineein i.e. more user friendly)
HTS = High throughput sequencing(datasets >3000esexs)

LTS = Low throughput sequencing(datasets <3000essps)

RAM intensive = requires specialized computing pmqent for larger data sets
Basic community analysis = species richness, evemmelative abundance, shared

OTUs, etc.

Depending on the type of analysis desired, diffeseftware packets offer varying
strategies on how to handle the type of data (genetic or genomic), the size of the
data set, and the types of questions that candressbd (Table 2). Overall, the
computational abilities of investigators, with respto the lack of computing power
or agnostic manipulation of large and complex data, is a limiting factor in the

widespread application of NGST in environmentalnoidiology.

4. Considerations for platform selection and expemental procedures.

Depending on the application, the sequence reafieand platform used will affect
the type analysis that can be performed. For agipdias such as metagenomics and
genome sequencing, longer sequence read lengtashgi\best results, with a few
caveats (Wommack et al. 2008; Wooley et al. 20A@ummary of the available
technologies can be found in in Table 1. Longeusege reads (i.e., >300 bps) allow
for more overlap of sequence fragments into longere contiguous fragments and
aid in more accurate identification since they jmevnore bases of a putative gene

that may be present for comparison. For sequerappgcations of phylogenetic
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diversity using 16S rDNA sequences or other phybedgie genes, short reads
(e.g.,100-300 bps) of the V6 hyper-variable regbthe 16S rRNA gene sequence
have been shown to be effective in classifying é&r@&tand placing them
phylogenetically to the genus level within an 8@eéfifidence interval. Some
researchers feel that sequencing error ratesnjuiection with shorter reads may
lead to higher sequencing error rates, which ctfically inflate diversity estimates
(Huse et al. 2010). Depending upon the questi@etiors associated with a
sequence may not be significantwhen attemptinghgefprint a microbial
community, assuming that the OTUs are properlyedetiuring data analysis.

Unfortunately, many of the biases and assumptioaisetccompany PCR also
apply to any high throughput sequencing attemgtsittvolve a prior PCR
amplification step. The PCR amplification of phydmgtic genes like 16S are
exponentially amplified, leaving less abundant seges in a sample under
represented. Moreover, 16S rRNA gene copy numbeflezal to even greater bias in
microbial community analysis (Crosby & Criddle 200Bortunately, PCR biases are
not associated with DNA metagenomic applicatiorsabee no amplification steps
are required for direct sequencing of fragmentedADiém a sample. In contrast,
cDNA library constructions require random primensl aeverse transcriptase in order
to be sequenced, and the errors and biases assbwiidh these techniques are still
not fully understood.

NGST currently offer little advancement in resolvihe issue of live verses
dead cells when using 16S rRNA libraries. Techrsqusing propidium monoazide
(PMA) have been developed to eliminate the amglifts/detection of nascent DNA

and DNA that is inside of dead cells with compraedisell walls (Nocker et al. 2007;
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Nocker & Camper 2009), but have only recently bested with NGST (Yergeau et
al. 2010). PMA works by entering the compromiseltlared intercalates within the
DNA backbone, rendering dead cells DNA un-ampligalSome investigators have
suggested that targeting mRNA and rRNA may be raoceessful at identifying the
viability of an organism in a sample because RN&otktically persists for only a
short amount of time after cell death (Dinsdalale008; Wooley et al. 2010).
However, RNA analysis or transcriptomics may natoamt for cell dormancy and
the biases in RNA extraction due to the secondangtsires associated with RNA

molecules.

5. Applications of NGST in environmental microbiolay.

Environmental genomics using NGST can aid in theeigment of bioremediation
approaches for sites difficult to clean up by pa#dly identifying genes that encode
for enzymes that rapidly degrade the contaminapta@vide novel enzymatic tools
for applications in bioremediations projects (Stertial. 2009; Schoenfeld et al.
2011). This may help eliminate costly exploratagges in remediation approaches
by assessing the genetic functional capacity a¥@ngmicrobial community before
spending millions of dollars on an unsuccessfula@iation project.

Recently, NGST have been used to investigate theahumicrobiome
(Nakamura et al. 2009) and as diagnostic toolkerhbspital setting (Clarridge
2004). By analyzing DNA and/or RNA metagenomicadities, investigators have
been able to successfully identify organism(s) gmeghat are associated with

symptoms of an infected patient. Sampling effoftsiacosal swabs and fecal
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samples yield hundreds of thousands of sequenoeg&\ver, of those, few are
identifiable as the pathogen of interest.

The success of pathogen detection using NGST iertkgonment still needs
to be further investigated, especially in the aafsenvironmental virus detection. Of
the few studies attempting to directly detect virainan pathogens in wastewater or
reclaimed water, few have been successful (Rosaab 2009; Bibby et al. 2010;
Sanapareddy et al. 2009). However, it is importamtote that the detection of many
viral plant pathogens were readily detected in alnadl of these studies, and may be
of great relevance to the irrigation of arid croggg reclaimed water. A study
conducted by Rosario et al. (2009) showed that RIN& DNA metagenomic
sequence libraries were only able to classify ~4@%e reads. Of the classified
sequences, approximately 60% were identified apgremild mottle virus (PMMV)
(Zhang et al. 2006). Future efforts may need tditected towards the detection of
viral pathogens by improving gPCR, as well as tixeetbpment of more statistically
relevant multiple marker approaches.

Bacterial pathogen detection is now becoming mohéeaable because 16S
rRNA sequencing depths are able to reach deep seiqgdevels. Investigators are
now able to obtain £&equences on some of the newer sequencing platfednich
can enhance exposure assessments. Bibby andgemkeé2010) found that human
bacterial pathogens were detectible with greatguesecing depth (~30,000 sequences
per sample) in class B biosolids. Of the samplsttein this study, all contained
pathogens, but at very low abundances - rangimg B®2% to 0.1% of the classified
sequences. Of the identified pathogens, 61% W&stridiumandMycobacterium

but similar distributions of the same pathogensaweund in a native soil control
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sample. Other studies of wastewater treatmentgplave shown that even in
environments thought to be rich in human pathogevs,whelming genetic diversity
has led to poor detection when using deep metagercoverage (Sanapareddy et al.
2009). Other large scale sequencing efforts toctiéecterial pathogens in human
waste solids or biosolids have resulted in morg@ss towards improving virus
detection.

The field of microbial source tracking may gredibnefit from deep
sequencing approaches when trying to charactdrezenicrobial community present
in a given environment. By allowing researcherilentify the majority of microbes
present, better correlations can perhaps be made attempting to identify the
molecular indicator sequences of the presencecaf tmntamination. Multiple
marker approaches in a field that relies heavilgtaistical modeling is of the utmost
importance in evaluating ideal pathogen indicatordidates in any number of
matrices (Harwood et al. 2005). Future applicatiohGST may allow for
simultaneous selective detection, identificatiamd guantification of target sequences
using novel sequence capture techniques in conttrhigh throughput sequencing

technologies.

6. Concluding remarks and future directions

NGST may have applications in assessing envirorehgene transfer (e.g.,
plasmids) and in discovering novel biocatalystagdr chemicals, and other useful
enzymes (Warnecke & Hess 2009). For example, leage of plasmid DNA

encoding potentially problematic genetic sequendesantibiotic resistance or
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virulence factors into the environment and disttitou systems is still poorly
understood. We know that antibiotic resistance g¢A&G) and antibiotic resistant
bacteria (ARB) are present in the environment @mdain at high levels due to
anthropogenic impacts, but selective pressuresrauhanisms have not yet been
well described (Rizzo et al. 2013; Fatta-Kassirtad.€2011; Baquero et al. 2008;
Rahube & Yost 2010; Schwartz et al. 2003). Infoiorabn the types of organisms
that may be able to acquire ARG plasmids and otinelence factors may be more
easily accessed by deep metagenomic surveillansatef distribution systems and
their related biofilms.

NGST using transcriptomics may shed light on therafiial interactions in
systems like drinking water biofilms. For exampdeanthamoebae can harbor
Legionellaintracellularly, protecting them fromdrinking wateeatment and
chlorination events. The reasons for this shafedtiile are still not fully understood
(Thomas et al. 2011). Potential studies of mMRNAreggion of both organisms,
separately and combined, may allow further undedstey of their interactions,
regardless of whether they are parasitic, mutuglist beneficial based on changes in
gene expression levels and functional estimatidesch organism's transcriptome.
Understanding interactions like these may helpnaetstand bacterial re-growth and
aid in developing protection and prevention methfodshe management of water-

based pathogens in water distribution systems.
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ABSTRACT

Waterborne pathogenic viruses discharged from wetés treatment plants
(WWTP) pose potential public health risks. In tmegent study, we investigated the
occurrence and relative abundance of nine diffeveaoses in wastewater and their
removal by two WWTPSs in southern Arizona over aridhth period from August
2011 to July 2012. Influent and effluent samplesrfithe two WWTPs were collected
monthly. Viruses were concentrated using an elaegative filter method and
guantified using TagMan-based gPCR assays for @iitie nine virus types. The
pepper mild mottle virus, a plant virus, was fouadbe the most prevalent virus in
both the influent and effluent wastewater (mearceotration of 3.1 ~ 3.8 1P
copies/L and 6.3 ~ 64 10° copies/L in influent and effluent samples, resjety),
showing a low reduction by the treatment procef3&8~0.72 mean lagreduction),
and no significant seasonal change in concentrafimhivirus, a human enteric
virus, was also found in greater abundance, andwaae resistant to wastewater
treatment than other human enteric viruses. Owllteesuggest that these viruses
could be used as potential indicators of wastewatdamation system performance,

with respect to virus occurrence and removal.
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1. INTRODUCTION

Increased water consumption associated with expdplduman populations and
limited precipitation within arid and semi-arid asein the United States as well as in
other parts of the world has perpetuated a growimytage of water supply. To
address this problem, reclaimed or recycled wagered from treated municipal
wastewater is being used for various purposes, asichirect and indirect potable
reuse, industrial use, agricultural irrigation,restional use, and environmental
enhancement, which if implemented correctly, prevadsafe, sustainable, and

feasible strategies to manage limited water ressuficevine 2004).

The potential public health risks associated widstewater reuse are mainly
derived from the insufficient removal of pathogewiitises, which are commonly
found in high concentrations in wastewater anchagkly infectious to humans. Thus,
the possibility of inadequate treatment of pathageimuses by wastewater treatment
plants (WWTP) that use treated wastewater for reusposes requires additional
scrutiny (Harwood 2005). In addition, the concatim of viruses in treated
wastewater may vary according to the type of thetewaater treatment process,
season, geographical area, and hygiene conditidthsnthe community, which
makes it difficult to generalize about the occucef pathogenic viruses in treated

wastewater using traditional indicator or modelamigms (Gerba 2013).

Currently, the microbiological safety of reclaimadter is indirectly assessed
through the routine monitoring of bacterial indaatin the disinfected effluent water;
however, human pathogenic viruses are more resistan bacterial indicators such

as total coliforms and fecal coliforms (e.Bscherichia coli during the wastewater
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treatment process (Gerba 2013). Traditional baadterdicators are therefore not
always appropriate predictors of the occurrencefatedof viral pathogens during
wastewater treatment (Baggi et al., 2001; Gerb®) Hacteriophages have also been
proposed as indicators of viral contamination (AVIPE991), but their presence does
not always correlate with the occurrence of humaere viruses (Hot 2003).
Accordingly, several types of viruses such as ademses (AdVs), polyomaviruses,
enteroviruses (EVs), and pepper mild mottle vilsIoV), have recently been
suggested as potential indicators of the presehgeuses in water (Silva 2011;
Albinana-Gimenez 2009; Hot 2003; Hamza 2011). Readwancements in molecular
techniques, especially quantitative PCR (qPCR)elenabled the detection and
quantification of a wide range of pathogenic ardidator viruses, including emerging

and non-culturable viruses, in water (Girones 2010)

In the present study, we investigated the relawendance, occurrence, and
reduction of nine different viruses at twvo WWTPRsputhern Arizona throughout a
one-year period with the goal of identifying a cemative viral indicator of human
fecal contamination for tracking the fate and tpams of pathogenic viruses in the
environment and wastewater reuse schemes. Theathat we used to identify the
optimal indicator viruses included the following:ro observable seasonal changes in
abundance, 2) a low removal during wastewaterrtreats, 3) a high relative
abundance in comparison to well-studied enterigsés such as AdV and EVs, and 4)

considered to be specific to human fecal contanunat
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2. MATERIALS AND METHODS

2.1. Collection of wastewater sample®etween August 2011 and July 2012,
influent and effluent wastewater grab samples welected monthly from two
WWTP (Plants A and B) located in southern ArizaRknt A utilized a conventional
activated sludge process and plant B utilized #gioal trickling filter process or
biotower. In addition, both plants used chlorinatior disinfection. All samples were
collected in sterile plastic bottles, stored on aed transported to the laboratory,
where they were processed within 12 h of collectitmdetermine whether the
microbiological water quality of effluent water ntbe criteria for recreational water
(USEPA 1986)E. coliin 100 mL of the effluent water sample was assdyethe
Colilert ® method (SM 9223B), and expressed asribst probable number
(MPN)/100 mL (APHA 2005).

2.2. Concentration of viruses in wastewater sample# total of 48 wastewater
samples (12 influent and 12 effluent samples eawh both plants) were collected
and concentrated using an electronegative filtehotkas described previously
(Kitajima et al. 2012). Briefly, 2.5 M Mg@was added to the wastewater samples to
obtain a final concentration of 25 mM. The samle€30 mL influent and 1,000 mL
effluent) were subsequently passed through théretezgative filter (cat. no. HAWP-
090-00; Millipore, Billerica , MA) attached to aags filter holder (Advantec, Tokyo,
Japan). Magnesium ions were removed by passingr206f 0.5 mM HSO, (pH
3.0) through the filter, and the viruses elutechvti® mL of 1.0 mM NaOH (pH 10.8).
The eluate was recovered in a tube containing 56fl00 mM HBSO, (pH 1.0) and
100 pL of 100x Tris—EDTA buffer (pH 8.0) for nediration, followed by further

centrifugal concentration using a Centriprep YM¢{Mllipore) to obtain a final
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volume of approximately 650 pL. A previous studgwkd that the recovery
efficiencies of poliovirus type 1 spiked into indiot and effluent wastewater using
this method were 23 £ 19 % and 65 + 28 %, respelgtiKatayama et al. 2008). The
water concentrates were stored-&D°C until further analysis.

2.3. Sample process control for quantification of ival genomes.Murine
norovirus (MNV, S7-PP3 strain), kindly provided by. Y. Tohya (Nihon University,
Kanagawa, Japan) and propagated in RAW 264.7 (ATIB:71) cells (American
Type Culture Collection, Manassas, VA, USA), wasdias a sample process control
to determine the efficiency of extraction-RT-qP@R previously described (Hata et
al., 2012). Briefly, 2.QuL of MNV stock (4.0 x 10 copiesjiL) was spiked into 200
uL of concentrated wastewater samples, and purer\fage control). MNV-RNA
was co-extracted with other indigenous viral nuckids from the water samples,
and the MNV-RNA yield was subsequently determingdRii-qPCR (Kitajima et al.
2010) to calculate the extraction-RT-qPCR efficie(f).

2.4. Extraction of viral nucleic acids and RTViral DNA and RNA was
extracted from the concentrated wastewater sarpiteds with the MNV process
control (202uL in total) using the ZR Viral DNA/RNA Kit (Zymo Re=arch, Irvine,
CA) to obtain a final volume of 106L, according to the manufacturer’s protocol.

The RT reaction was performed using the High Capa&)NA Reverse
Transcription Kit (Applied Biosystems, Foster Ci§A). Briefly, 10uL of extracted
RNA was added to 10L of RT mixture containing 2L of 10x reverse transcription
buffer, 0.8uL of 25x deoxynucleoside triphosphates (ANTP)L2f 10x random

hexamers, 50 units of MultiScriB% reverse transcriptase, and 20 units of RNase
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inhibitor. The RT reaction mixture was incubate@%atC for 10 min, followed by
37°C for 120 min, and finally 85°C for 5 min to ctavate the enzyme.

2.4. Quantification of viral genomes by gPCRTagMan-based qPCR assays for
viruses were performed with a LightCy&et80 Real-Time PCR Instrument ||
(Roche Diagnostics, Mannheim, Germany). Reactiotiures (25uL) consisted of
12.5uL of LightCyclef® 480 Probes Master (Roche Diagnostics), forwardranerse
primers, probe(s), and 28 of (c) DNA template. The sequences of primers and
probes are shown in Table S1 in the Supportingrinétion. The reaction mixtures
were subjected to thermal cycling and fluorescenedings were collected and
analyzed with LightCyclét480 Software version 1.5 (Roche Diagnostics). The
genome copy numbers of each virus were determiaséeldoon the standard curve
prepared with 10-fold serial dilutions of plasmi#l® containing each virus gene to
be amplified, at a concentration of 16 1¢ copies per reaction.

2.5. Statistical analysesStudent’s-tests were performed with Microsoft Excel
for Mac 2011 (Microsoft Corp., Redmond, WA) to detene whether the lag
reductions at Plant A and B were statisticallyeafiint. Differences were considered

statistically significant if the resultaRtvalue was 0.05 or lower.
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3. RESULTS

3.1. Viral nucleic acid extraction-RT-gPCR efficierty. In order to monitor the
efficiency of RNA extraction-RT-gPCR for quantitaidetection of viruses, a known
amount of MNV (8.0 x1Bcopies) was spiked into the concentrated wastewate
samples as a process control. The mean recovegieatfies of MNV were
determined to be more than 75% (Table 1).

3.2. Occurrence and abundance of viruses and E. ¢al wastewater. The
occurrence of a total of nine types of virusesudalig eight types of human enteric
viruses [norovirus (NoV) genogroups | (Gl), Gll,da81V, sapovirus (SaV),
Aichivirus (AiV), adenovirus (AdV), enterovirusegY), group A rotavirus (ARV)]
and pepper mild mottle virus (PMMoV), a plant virusas determined in influent
(untreated wastewater) and effluent (treated westtmvafter disinfection) samples by
(RT-)gPCR (Figure 1).

Gl and GIl NoVs were detected in all influent saggpirom both plants and were
detected in nine (75%) effluent samples (Figureabd 1B). GIV NoV, which has
rarely been identified from environmental sampless detected in eight (67%)
influent and three (25%) effluent samples (Figutd.5aV, a human calicivirus, was
detected in all but one (collected in September 201 the influent samples from
Plant A, and was detected in nine (75%) effluempsas for both plants (Figure 1D).
AiV, a picornavirus, was detected in all influenteeffluent samples from both plants
and its concentration was fairly high and consitgestable in both influent and
effluent wastewater throughout the year (influat:x 10* and 1.5< 10° copies/L in
Plant A and B, respectively; effluent; 10" and 2.4x 10° copies/L in Plant A and

B, respectively) (Figure 1E). EV were detectedlinmrdluent and in 11 (92%) effluent
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samples (Figure 1F). AdV was detected in all sampleept two influent samples
(collected in March and July 2012) from Plant Bg{ife 1G). ARV was detected in
eight (67%) influent and 10 (83%) effluent sampieth a clear seasonality (i.e.,
higher positive rate in spring to early summer seaghan the other seasons; Figure
1H). PMMoV had the highest mean concentration evtlastewater samples
(influent: 3.1x 1¢° and 3.3« 1¢f copies/L in Plant A and B, respectively; effluedi

x 10° and 6.3« 10° copies/L in Plant A and B, respectively) among\imeses tested
and showed little seasonal variation (Figure Hdpalee Figure S1 in the Supporting
Information).

E. coliwas detected in nine (75%) effluent samples froth lof the plants, with
an annual maximum concentration of £.40F and 2.3« 1F MPN/100 ml in Plant A
and B, respectively (Figure 1J). In addition, 088%) out of 12 effluent samples for
each plant exceeded the criteriaBorcoliin recreational water recommended by the
US Environmental Protection Agency (i.e., 126 MRD'Inl) (USEPA 1986).

3.3. Reduction of viruses by wastewater treatmeni he reduction of viruses
was calculated from the samples that were gPCRip®$or both the influent and
effluent(Figure 2). Among the nine virus typeseestGll NoV showed the highest
reductions (2.04 + 1.01 and 2.64 + 0.61;jogductions for Plants A and B,
respectively), followed by GI NoV (1.57 + 1.13 aR@®7 + 1.05 log, reductions for
Plant A and B, respectively), with high variabilitythe logo reduction over the year;
however, these differences between the reductib@d and Gll NoV were not
statistically significantt(test,P > 0.05). In contrast, the reduction of AiV was
relatively low and almost constant throughout thary(0.86 + 0.36 and 0.81 + 0.08

logio reductions for Plants A and B, respectively). Téduction of PMMoV (0.68 +



69

0.51 and 0.72 + 0.70 lggreductions for Plants A and B, respectively) wasreless
than that of AiV.

When the reductions of viruses at Plants A and Bewempared, the lag
reduction of only SaV at Plant A was significarttigher than that of Plant B-{est,
P =0.042). No statistically significant differenoeere observed between the 19g
reductions between Plants A and B for the otharsés tested-test,P > 0.05).

4. DISCUSSION

The goals of this study were to assess the ocargrand relative abundance of
viruses in wastewater and their removal by two $ypewastewater treatment plants
in an attempt to identify novel conservative viralicators. We attempted to identify
viruses that meet the essential criteria for vindicators such as a high abundance,
low removal, and little seasonal variation. It gpld that these virus indicators may
be used as model viruses for routine monitoringnduadvanced tertiary treatment
processes such as soil aquifer treatment, reversesis (RO), and other advanced
oxidation processes (AOPS) prior to reuse appbaoati

One of the most significant findings of this studgs that PMMoV and AiV may
be useful viral indicators in water reclamationteyss. They were constantly detected
in both influent and effluent wastewaters at atreddy high concentration and
showed no seasonal variation (Figure 1), suggesatimgh abundance and persistence
during wastewater treatment. AdV and EV have beepgsed as indicators of
human fecal contamination because of their highglemce in sewage contaminated
water (Albinana-Gimenez 2009, Hot 2003, Silva 20Q)r results, however,
demonstrated that the concentration and reducfiéwd was more variable than

PMMoV and AiV, and EV was less abundant than PMMoM AiV.
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PMMoV has been proposed as a novel viral indictiofecal pollution in marine
waters (Rosario 2009) and river water (Hamza 20RMMoV was also the most
abundant in wastewater among the viruses we téSigdre 1), which is in agreement
with a previous study demonstrating that PMMoVhis most abundant virus in
human feces when analyzed through a metagenomieysaf RNA (Zhang 2006). It
has been reported that PMMoV is excreted in hureaed at concentrations of°10
10° viruses per g (dry weight) (Zhang 2006). PMMo\friere abundant in wastewater
than viruses that cause human disease, most lileglguse PMMoV in human feces is
of dietary origin (from peppers and their procegsextiucts such as hot sauce and
curry) and the virus is excreted from large heahtbhynan populationg he present
study provides additional evidence on the prevaeid®MMoV in wastewater and
reclaimed water; this is the first study showinguatitative data on the seasonal
occurrence and reduction of PMMoV during treatneara WWTP. Although the
behavior of PMMoV in the environment is not neceisgaimilar to that of enteric
viruses because of differences in morphology betv®dMoV (an extremely stable
rod-shaped virion with a length of more than 300 amd enteric viruses (round-
structured virions with a diameter of 30~90 nm), @&V appears to be a useful
conservative “viral tracer” in wastewater reusgeys.

AiV belongs to the familyricornaviridag which includes epidemiologically
important enteric viruses such as EVs and hepatitisuses. The structural
properties (e.g., size of virion, structures ofsid@nd genome) of AiV are also
similar to those of other human enteric viruses prevalence of AiV in aquatic
environments has been reported in previous stuld&sletected AiV in raw and

treated sewage (Sdiri-Lourizi 2010, Kitajima 201dgwage sludge (Bibby 2013),
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biosolids (Bibby 2011), sewage-polluted river we#lcara 2011), and shellfish
(Hansman 2008, Le Guyader 2008, Sdiri-Lourizi 20Y¥@¢ recently developed a RT-
gPCR assay for the quantification of AiV genomed seported quantitative data on
the prevalence of AiV in wastewater in Japan (Kitaj 2013). In the present study,
this RT-qgPCR assay was utilized to investigateptievalence and reduction of AiV at
a WWTP. The data suggest that AiV is highly premaiemong humans throughout
the year and is resistant to wastewater treatrdévitmay be a cause of human
gastroenteritis, but the prevalence of clinicalesasas not been widely studied in the
United States. This is the first study that hamtjtegtively detected AiV in
wastewater samples outside of Japan. Future efbasld focus on the
environmental persistence of AiV using both RT-qP& an infectivity assay. AiV
can be easily propagated and assayed with routiheudture using Vero cells
(Yamashita 1993), thereby greatly facilitating tfesigning of experiments aimed to
determine the effectiveness of disinfectants ssothéorine, UV, and ozone in
inactivating AiVs.

Of the human enteric viruses tested, the caliceasu(NoV and SaV) are the
leading cause of nonbacterial gastroenteritislingg groups worldwide and have
been reported to be more prevalent in the wintas@e in developed countries
located in the temperate climate area (Green 28i@benga 2010). Previous studies
demonstrated that the concentration of Gl and @GN Mcreases in colder months
(Katayama 2008, Haramoto 2006, Kitajima 2012, R&aatu 2012). In our results,
their concentrations in wastewater varied overytar but were not higher during the
winter months (Figure 1A and 1B). GIV norovirus,ielhhas rarely been identified

from environmental samples (Kitajima et al., 200910, 2011, La Rosa 2008), was
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detected in wastewater samples collected from Btzthts A and B, and the detection
rate was consistent with a previous study investigahe presence of GIV NoV in
wastewater in Japan (Kitajima et al. 2009). Altho&aV has not been identified as
often as NoV from gastroenteritis patients (Hans2@®i7), it was detected at higher
concentrations than NoV in the wastewater sampidgating that SaV may be more
prevalent in water environments than previoushutita. Although the prevalence of
Gl and GIl NoV and ARV in wastewater has been wtibied, only a limited
numbers of studies have investigated the seasonaf@nce of GIV NoV or SaV in
wastewater (Haramoto 2008, Kitajima 2009, 2011,0S2011). This is the first study
showing quantitative data on the occurrence of @BX and SaV in the United

States.

Although the removal efficiency of viruses by aat®d sludge process has been
well studied (Haramoto 2006, Katayama 2008, HateBR(here have only been
limited data on their removal by trickling filterastewater treatment process (Ali
1997, Robertson 2000). We observed no statistisadiyificant difference of log
reduction {-test,P > 0.05) between Plants A and B, which utilize\sttéd sludge
process and biological trickling filter, respectiyefor all types of viruses except for
SaV that showed a significantly higher jpgeduction at Plant At{test,P = 0.042).
This observation suggests that activated sludgdrarding filter processes studied in
the present work behave similarly with respectitas/removal.

In the present study, we quantified nine typesifses in wastewater in Arizona,
this is the first study quantitatively showing seasonal occurrence of GIV NoV,

SaV, AiV, and PMMoV in wastewater in the United t8& We found that PMMoV
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and AiV were constantly abundant in both influend &ffluent wastewater, strongly
suggesting that they are promising indicators tonan enteric viruses and human
fecal pollution in aquatic environments and for gegformance efficacy of advanced
water reclamation systems. These viruses were altiyear round in wastewater
and showed less removal during wastewater treatthantother viruses. This more
comprehensive analysis of the relative abundaramjreence, and reduction of
viruses in wastewaters may allow for the developroémore conservative viral
tracers and indicators to further ensure the miat@afety of wastewater reclamation

systems.
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Figure 1. Concentration of viruses arid coliin influent (e, Plant A; A, Plant B) and

effluent (0, Plant A; A, Plant B) wastewateE. coliwas determined only for the

effluent samples; the broken line indicates thiedd forE. coliin recreational water

recommended by the US Environmental Protection Agéne., 126 MPN/100 ml)

(USEPA 1986). (-), not detected.
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Table 1.Recovery efficiency of MNV spiked in wastewatencentrates.

WWTP Sample n Geometric mean + standard deviation
A Influent 12 83.4+14.1%

Effluent 12 100.2 £ 47.7%
B Influent 12 75.4 +18.69

Effluent 12 114.9 + 69.6¢
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ABSTRACT

The extraction and purification of nucleic acidsiisritical step in the molecular
detection of enteric viruses from environmentaiemal samples. In the present study,
we assessed the performance of three commercialliable kits, the MO BIO
PowerVirus Environmental DNA/RNA Extraction kit,&Qiagen QlAamp Viral RNA
Mini kit, and the Zymo ZR Virus DNA/RNA Extractiokit. Viral particles of
adenovirus 2 (AdV), murine norovirus (MNV), and jpeirus type 1 (PV1) spiked in
molecular grade water and three different typesaofple matrices (i.e., biosolids,
feces, and surface water concentrates) were extradgth the kits, and the yields of
the nucleic acids were determined by quantitat@& PgPCR).The MO BIO kit
performed the best with the biosolids, which weryesidered to contain the highest
level of inhibitors, and provided the most consistdetection of spiked virus from all
of the samples. A gPCR inhibition test using aermal control plasmid DNA and a
nucleic acid purity test using an absorbance atr28dor the nucleic acid extracts
demonstrated that the MO BIO kit was able to rengR€R inhibitors more
effectively than the Qiagen and Zymo kits. Our hessuggest that the MO BIO kit is
appropriate for the extraction and purificationvishl nucleic acids from

environmental and clinical samples that contairh igyels of inhibitors.

Key words:Virus; Nucleic acid; Quantitative PCR; Inhibit&xtraction; Purification
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1. INTRODUCTION

Molecular detection techniques have become anasargly effective means
for the rapid and sensitive detection of fecal yoadin in the environment
(Abbaszadegan et al., 1999; Bosch et al., 2008;erelnand et al., 2004; Rodriguez et
al., 2009; Wong et al., 2012). Specifically, erdesiruses have been recommended as
a molecular marker for water quality and are cogra@d to be important molecular
targets for protecting public health and improviiglk assessment models, as
compared to more traditional indicator organisnthsas bacteriophages and
Escherichia col{(Harwood et al., 2005). However, there are majailehges for the
detection of viruses present at low concentratinrevironmental samples. In such
situations, virus particles must be first conceetlan order to effectively assay them
(Cashdollar et al., 2013; Ikner et al., 2012). Aligh quantitative polymerase chain
reaction (QPCR) detection cannot distinguish betwegective and non-infective
viruses in a sample, the use of rapid moleculaayssgrovides researchers a highly
sensitive prescreening tool prior to the more gaatid time-consuming cell culture
assays that are essential for exposure assessoh@nfesctious virus.

Molecular methods for virus detection are oftennetiible because of the
presence of interfering substances such as hurdifuaric acids, RNases and
DNases, and other polymerase enzyme inhibiting comgs, which can produce
false negative results (Abbaszadegan et al., 18f%0n et al., 2012; Griffin et al.,
2003; Hata et al., 2011; Rock et al., 2010; Wynedoet al., 2011). The co-
concentration of PCR inhibitors from virus concatgs and extracts and the
subsequent need for dilution or removal of PCRhitbrs has been one of the more

difficult challenges to overcome when trying toetgtviral pathogens within
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environmental samples (Borchardt et al., 2004; @ib=t al., 2012; Hata et al., 2011,
Rock et al., 2010). Under optimal reaction condsidi.e., no inhibitors present),
gPCR can reliably detect as few as 10 gene copieB@R reaction; however, the
presence of PCR inhibitory substances in the saogriegreatly reduce the sensitivity
of detection.

In addition to environmental inhibitors, some viescentration and
extraction methods require the use of elution lrafseich as beef extract that also
contain inhibitory compounds. One approach to rtBgsuch PCR inhibition is to
dilute raw nucleic acid extracts by 1:10 or greatezreby significantly decreasing the
concentration of inhibitors, but also the likeliltbof detection, since nucleic acid
concentrations are also decreased (Gibson e0al2; Moreira, 1998; Wilson et al.,
1997). Additionally, the use of pre- or post-nuclacid extraction procedures to
remove or mitigate PCR inhibitors may further delgrairal genomes. Such
additional procedures also potentially provide mmpportunities for laboratory
contamination and increase the overall cost and tfithe assays as well.

Environmental virus concentration and extractiothnds commonly cite the
use of a commercially available virus extractiont&iextract viral nucleic acids in
favor of in-house extraction methods that lack edpcibility and quality assurance
from lab to lab. Many extraction kits currently dder viral nucleic acid isolation
were originally developed for use in a clinicaltegf according to manufacturers’
recommendations and provide excellent virus regof@rsamples low in inhibitory
compounds. An ideal environmental virus extrackdrshould provide similar

recoveries to established extraction methods asdwhile simultaneously providing
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effective inhibitor removal to provide the cleandsghest quality nucleic acid
extracts for subsequent molecular detection andtdication.

In the present study, we assessed the performdireceealy developed
commercially available kit, the MO BIO PowerVirudNB/RNA Extraction Kit (MO
BIO, San Diego, CA) in comparison to two other coenomlly available kits, the
QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germangnd the ZR Virus
DNA/RNA Extraction Kit (Zymo Research, Irvine, CApr the molecular detection
of adenovirus (AdV), murine norovirus (MNV), andlipwirus type 1 (PV1) in three
different sample matrices commonly found to contagh concentrations of PCR
inhibitors. Kit comparisons were evaluated on thelative recovery and
quantification of viral particles from spiked ersimental sample matrices when
compared to a spiked molecular grade water confted.removal of PCR inhibitors
was assessed with the use of an internal MNV plagpMNV) control to estimate
the level of inhibition found in each nucleic aextraction. In addition, an
absorbance of 230 nm by NanoDrop (Nano-drop Tedumes$, Wilmington, DE) was

used to estimate humic-like substances preseheinucleic acid extracts.
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2. MATERIALS AND METHODS

2.1. Viral stock preparation
AdV (type 2, ATCC VR-846) was propagated on humamary liver carcinoma
(PLC/PRF/5) cells (ATCC CRL-8024) to obtain aniadistock concentration of
approximately 1050 % tissue culture infectious dose (TGJImL. PV1 (LSc 2ab
Sabin strain) was obtained from the Baylor Collefjedicine, and propagated on
buffalo green monkey (BGM) kidney cells (providedD. Dahling from the U.S.
Environmental Protection Agency) to obtain an aliitock concentration of
approximately 1®plaque forming units (PFU)/mL. MNV (S7-PP3 strdsuglated in
Japan) was kindly provided by Y. Tohya (Nihon Umgry, Kanagawa, Japan) and
propagated on RAW 264.7 (ATCC TIB-71) cells to aft@n initial stock
concentration of approximately 1BFU/mL. All stock cultures were stored at —80°C.
2.2. Environmental and fecal sample preparations
2.2.1. Biosolid samples

Class A biosolid samples were prepared accordimgetihod ASTM D 4994-
89 (American Society for Testing and Materials, 2002)Briefly, beef extract was
added to 10-20 g (dry weight) biosolids and stifiad30 min to elute the viruses.
The solids were then pelleted by centrifugatio,800 x g for 15 min; the
supernatant was then flocculated by adjusting thégp3.5 and re-centrifuged at
10,000 x g for 30 min to form a pellet. The pellets then dissolved in phosphate-
buffered saline (PBS; pH 7.4; Sigma-Aldrich, Stulsg MO) and filtered through a
0.22um pore size filter (Millex; Millipore, Bedford, MA)The final eluates were

stored at —80°C.
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2.2.2. Surface water samples

Surface river water concentrates from Oak Creeky@anArizona of ~400 L
were previously concentrated using a 1MDS filteur{G, Meriden, CT) and eluted
with 3% beef extract followed by secondary concaian via organic flocculation
(Sobsey and Jones 1979). Samples were kept at f80t@hg-term storage.

2.2.3. Fecal samples

For the assessment of viral detection directly flamman feces, three fecal
samples were selected from laboratory archivegpagplared by suspending 1 g (wet
weight) in 9 mL of sterile PBS and centrifugatidr2éb00 x g for 15 minutes to pellet
the fecal solids. The supernatants were decantadrégsh 15 mL conical tube and
stored at —20°C for later use.

2.3. Sample spiking and viral nucleic acid extractin

The characteristics of each kit are shown in Tabllolecular grade water
was used as our spiked “pure” water control in ptdeestimate the virus recovery of
each kit without the effects of any environmentlgmeters and to provide a baseline
for the gPCR enumeration of viral genomes for eals type.

For the control and sample matrix preparation, 1946f each sample was
spiked with 20 pl each of the three virus stockscdbed above and vortexed for 5
sec. This volume was then divided into 200-ul aligifollowing the manufacturers’
suggested sampling volumes of 200 ul for the MO Bid Zymo kits, and 140 ul for
the Qiagen kit. All samples were stored at —80°@l needed.

For each round of extractions, the aliquots of spigample matrices and
control samples were brought to room temperatudesatracted following the

manufacturers’ instructions. Nucleic acids werdeglun 100 pul of molecular grade
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water for the MO BIO and Zymo kits, whereas 60 {¢lation buffer AVE was used
for the Qiagen kit, according to the manufacturarstructions. Nucleic acid extracts
were frozen at —20°C for 24 h prior to quantificatiby gPCR.
2.4. Determination of nucleic acid purity

A NanoDrop ND-1000 spectrophotometer (Nano-drophfietogies,
Wilmington, DE) was used to estimate the level it acid-like substances
remaining in the nucleic acid extracts as a redatneasure of potential PCR
inhibitors using an absorbance of 230 nm. This Wength was used over the more
traditional 230/260 ratio because samples fourakteery low in DNA
concentrations can be skewed by the 230/260 nm ratking comparisons of DNA
purity difficult.
2.5. Quantification of viral genomes and MNV plasmd control by gPCR
2.5.1. Reverse transcription

For the detection of the PV1 and MNV genomes, véranscription (RT)
was performed using the High Capacity cDNA Revdrsascription Kit with RNase
inhibitors (Applied Biosystems, Foster City, CAYi&ly, 20 ul of undiluted
RNA/DNA extract was added to 20 pl of RT mixturentaining 4 pl of 10x reverse
transcription buffer, 1.6 pl of 25x dNTPs, 4 ull@fx random hexamers, 100 units of
MultiScribe™ reverse transcriptase (Applied Biosystems), andri of RNase
inhibitor. The RT reaction mixture was incubate@%C for 10 min, 37C for 120
min, and finally 88C for 5 min to inactivate the enzyme.
2.5.2. Preparation of the standard plasmids

The plasmid standards for the gPCR assay for MNX4,,Rnd AdV were

prepared as previously described (Kitajima et2410). Briefly, partial genomic
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regions of MNV, PV1, and AdV that encompass the BR&gets were amplified by
(RT-)PCR, and the PCR products were cloned intarftPO vectors (Invitrogen,
Carlsbad, CA, USA). The plasmid concentration (fjghas determined by
measuring the optical density at 260 nm using ao®&op ND 1000
spectrophotometer (Thermo Fisher Scientific, Wailth®A) and the copy numbers
of the plasmid DNA molecule were calculated.
2.5.3. qPCR

For the quantification of the viral genomes andgplal controls, TagMan-
based qPCR assays were performed in 25 pl reaagtiomes containing 2.5 ul of
template (DNA or cDNA), 12.5 ul of iQ Supermix (BRad Laboratories, Hercules,
CA), a primer set, and a probe. The sequencesméps and probes were derived
from previous studies (Table 2). The PCR amplifamatvas performed with the iQ5
Real-time PCR Detection System (Bio-Rad Laborasyrend amplification data were
collected and analyzed with the iQ5 Optical Sys&oftware Version 2.1 (Bio-Rad
Laboratories). Serial tenfold dilutions of the stard plasmid DNA containing inserts
of the amplification region were used to generattaadard curve; thus, quantitative
data on the DNA or cDNA copy numbers were obtaiddldgPCR reactions were
performed in duplicate; namely, two PCR tubes wesed for all samples and
standards and the average copy of the numbersebt&iom the two tubes were used
for subsequent calculations. Positive and negatwerols were included in the gPCR
reaction plates to ensure that false-negative positive results were avoided.
2.6. pMNV internal control

In order to estimate the level of PCR inhibitioili gresent in each extract, a

PMNV control was spiked at #@lasmid copies per PCR tube along with 2.5 pl of
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each raw nucleic acid extract and quantified umideiconditions described above and
in Table 2. The primer and probe sets used fogttantification of MNV and pMNV
were identical. The pMNV quantification was perf@unin the presence of the raw
nucleic acid extract that had not undergone thestep, therefore allowing us to

estimate the level of inhibition using the sameenalar targets.
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3. RESULTS
3.1. Extraction efficiency of viruses spiked in denized water

In order to directly compare the virus extractidicceency of each kit under
optimum conditions, AdV, MNV, and PV1 were spikedo molecular grade water
and the relative extraction efficiencies were dateed by gPCR. For all three viruses
tested, the Qiagen and Zymo kits provided the tEghed lowest relative extraction
efficiencies, respectively (Figure 1A). Less thahrlagcdifference in detection could
be observed between all three kits for AdV and PMiile the MNV data set suggests
that the Qiagen kit had a better recovery of MN\thia control than either of the
other two Kits.

3.2. Detection of viruses spiked in sample matrices

To estimate the extraction/gPCR efficiencies of AMANV, and PV1 in
environmental sample matrices by each extractigrvikus particles were spiked into
three biosolid extracts, three fecal suspensiamilaree 1MDS surface water
concentrates and quantified under the conditiossrdged previously.

The biosolid extracts presumably had the highest lef inhibitors present
and were therefore expected to be the most chatigrsgmple matrices to analyze
with respect to molecular detection and the effiectemoval of PCR inhibitors
(Figure 1B). For the biosolid extracts, the ZymbHad the poorest performance with
no observed detection for all three viruses testbd. Qiagen kit was unable to
provide a signal for AdV with no detection in thesolid extracts, but provided a
similar gPCR signal to that of the MO BIO kit foret two RNA viruses. The MO BIO

kit had the best overall performance with the biidsextracts, with similar
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extraction/qPCR efficiencies to the control samptesall three viruses (Figure 1A).
This was particularly true for AdV, the only DNArus included in the study.

The recovery and detection of viral genomes fronv AdNV, and PV1 in the
three human fecal suspensions was highly variablthe Zymo and Qiagen kits
(Figure 1C). This was most likely due to the fezainples being from different
sources. In addition, these two extraction Kitsileixéd a significant (~3-log or
greater) loss in the extraction/gPCR efficiencyrirfecal samples for AdV.

All of the kits performed well for the recovery addtection of viral genomes
from 1MDS surface water concentrates with littleiaon in the extraction/PCR
detection efficiencies (<1-lggdifference in the virus detection between eacthef t
kits) (Figure 1D). Overall, the MO BIO kit providede most consistent detection of
spiked virus from all of the samples, with the orégl variability observed between
the fecal suspension samples with AdV (Figure 1C).

3.3. Assessment of gPCR inhibition

The integrated effects of the nucleic acid extmaxgtihe RT, and the gPCR
efficiencies most likely affect the overall detectiefficiency of the viruses spiked in
the various sample matrices. To directly assessfteets of potential gqPCR
inhibition, control qPCR reactions targeting thepW(~10° copies/PCR tube) were
performed in the presence of each nucleic acigek{from the samples shown in
Figure 1). We observed a >5-lgdoss in the detection in all three biosolid extrac
samples and in one of the fecal samples (sampldeuft) for both the Zymo and
Qiagen kit extracts (Figure 2A). This indicates likelihood of a substantial amount
of PCR inhibitors in these extracts. No substakedrease in plasmid detection was

observed with the MO BIO sample set in comparisothé positive control with ~£0
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copies per PCR tube, suggesting that the MO Bl@fkéctively removed qPCR
inhibitors from the virus concentrates.

In order to estimate the purity of the nucleic aeitracts from each kit, we
measured the ultraviolet absorbance at a wavelei@B0 nm. Each sample was
blanked using the suggested nucleic acid elutidfeb(i.e., molecular grade water
for the MO BIO and Zymo kit extracts and buffer AW& the Qiagen kit extracts).
Traditionally, the reading of 260/230 nm is takeraaatio of DNA (260 nm) and
humic-like substances (230 nm); however, accortbrthe manufacturer (Nano-drop
Technologies), this ratio can be skewed in sampitfsvery low DNA
concentrations. We therefore applied only the 2B0@ading as a rough estimate of
the level of potential inhibitors (e.g., humic-likabstances) present in our nucleic
acid extracts. A relatively high absorbance co@dbserved in both the Qiagen and
Zymo extracts, particularly for the biosolid sangpénd fecal sample number 1,
whereas the MO BIO kit extracts had a low absorbaridess than 1.0 for all samples
(Figure 2B). These data indicate that the QiagehZymo kit extracts still contain
gPCR inhibitors, which is in agreement with theutessof the qPCR inhibition test
(Figure 2A). Interestingly, though the amount officrlike substances were fairly
low for biosolid samples 1 and 2 for all three Kisnilar for instance to the surface
water extracts), there was still significant gP@Ribition observed for these samples
with the Zymo and Qiagen extracts, but not for@ BIO extracts. This suggests
that the MO BIO kit is also more effective at renmgvother PCR inhibitors that are

not detected at an absorbance of 230 nm.



99

3.4 Effects of beta mercaptoethanol (BME) on gPCRetection

Both the MO BIO kit and Zymo kit protocols sugg#ést use of the addition
of beta mercaptoethanol (BME) (at 1% and 0.5%,eetyely) to the lysis buffer
during the sample preparation as a means of ireuty potential RNases in the
samples. We were curious as to the effects otctinspound on the gPCR detection in
our spiked sample matrices. Each extraction wa®meed with and without BME
for each of our samples using these two kits. Igoitant improvement in detection
could be observed with the addition of BME withheit extraction kit (data not
shown).
3.5 Effects of bead beating step on virus recovery

The MO BIO PowerVirus Kit employs the use of a 1Bwte mechanical
glass bead lysis step. A direct comparison of spkeV control samples was
included in triplicate performed with and withobts bead-beating step. There was an
approximately 30% better recovery (data not shavirspiked AdV genomes
obtained when the bead beating step was omitted.

4. DISCUSSION
The mitigation of qPCR inhibition for the detectiofviral genomes in

environmental sample matrices is essential for avipg virus detection methods.
Ideally, a good extraction kit will provide the us@th consistent recovery of both
viral DNA and RNA genomes, will be applicable tavale variety of environmental
sample matrices, will have efficient removal ofibitory substances that are widely
present in environmental matrices, and will be -@itient and not overly time-
consuming. A good extraction kit should also prefgially be scalable from low to

high volume workflows. In the current study, the \BGD PowerViral Environmental
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DNA/RNA Extraction Kit with its integrated InhibitdRemoval Technology (IRT)
appears to be an effective means of removing itdriwhile simultaneously
providing pure and concentrated viral DNA and RMA $ubsequent molecular
analyses that provides comparable results to ésftabl virus extraction kits. In
general, the MO BIO extraction kit provided enhahB€R inhibitor removal from
the biosolid and fecal samples when compared tQthgen and Zymo Kits,
respectively, for MNV, PV1, and AdV (Figure 1). Hewer, for the surface water
concentrates used in this study, there was no wdisier difference for the recovery of
viral genomes between the three kits. Thus, ietironmental sample is relatively
clean with respect to PCR inhibitory substances tiny of the three kits would be
suitable for effective nucleic acid extraction.

We investigated the relevance of the addition oftB&% an optional RNase
inhibitor in the MO BIO and Zymo protocols. Undarr@xperimental conditions, the
BME did not significantly improve the detection asaiantification of viral genomes.
Nonetheless, we theorize that the use of BME may almore substantial role in the
long-term storage of nucleic acid extracts.

We also looked at the effects of bead beating arsviecovery in spiked viral
control samples in an attempt to identify the caafdte lower recovery in the MO
BIO extractions in comparison to those of the Qiaki¢ This was accomplished by
evaluating the recovery of AdV with and without thead-beating step. The bead
beating resulted in approximately a 30% lower recpthan the extractions that did
not include this step. This loss in recovery whemgi the beads is most likely due to
the loss of the lysate left behind in the beadibgaube during the transfer of

supernatant to the next step and not due to genstmei@ring. The MO BIO kit
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requires 200 pl of the sample to be added to 6@ {he extraction buffer to bring
the total volume of the lysate to 800 ul; howewadter bead beating and subsequent
centrifugation of beads and debris, only approxatya®00 pl of lysate was recovered
from the supernatant. We believe that althougtbteed beating step may therefore
result in a loss of a portion of the lysate, it nséiil be a necessary step to ensure the
complete lysis of viral capsids in complex, harektoplify sample matrices. This step
may possibly be omitted when recovering nucleid &@m “clean” water matrices;
however, similar recoveries were observed forralte viruses in spiked surface
water concentrates, suggesting that the relatselgll loss caused by the beads does
not significantly decrease virus quantificatiomiore realistic sample matrices. This
phenomenon is not well understood but we theohaéthe loss of virus particles
spiked into molecular grade water (i.e., under hoffering conditions) might also be
attributed to virus adsorption to the microceng#uubes during the extraction
process (Patel et al., 2007).

The advantages of this study over previous kitgssents are that multiple
virus models including both DNA and RNA viruses wevaluated in order to
estimate the virus extraction efficiencies and gRIeRction from three sample
matrices. To our knowledge, the MO BIO PowerViraviEonmental DNA/RNA
Extraction Kit is the first virus extraction kitdhis specifically designed for the
isolation of viral nucleic acids from environmensalmple matrices that are
commonly found to be high in PCR inhibitors. Altlgbunot included in the current
study, other difficult sample matrices such as@ygtts, meats, and leafy greens may
be more thoroughly surveyed using extraction methagies that integrate inhibitor

removal technologies into their workflows. Additadly, companies like MO BIO and



102

Qiagen, have begun to integrate extraction fornmas96-well kits that are optimized
for robot assisted work flows, decreasing the twounad time, the consumable costs,
and the labor requirements as regulatory agenoigsedated industries begin to look
at the feasibility of such widespread surveillari@eth domestic and imported food
items, irrigation waters, and biofilms, sedimenngées, composts, and manures will
need to be more thoroughly surveyed for the presehenvironmental and fecal
contamination and associated pathogens. Currérdhjifional culture-based detection
methods for pathogens and indicators Hexherichia coland other enteric viruses
take days to weeks to complete, are prohibitivelstly to perform on a large scale,
and are too exceedingly labor intensive to be tettbe tools for widespread
surveillance and should remain as a confirmat@gsbnce such contamination is
identified using more sensitive, rapid, and cofgctive molecular detection methods.
In summary, extraction methods that effectively o#msnPCR inhibitors can
provide investigators with an effective tool thiowas for the molecular detection and
quantification of low levels of viruses in enviroental matrices that routinely
contain PCR inhibitors. Despite the success oMeBIO PowerViral
Environmental DNA/RNA Extraction Kit in providingidghh quality nucleic acid
extracts for the detection of viral pathogens bZBPthe effectiveness of this kit with
additional sample matrices needs to be furthemetedl in order to better assess the
kit's overall performance in recovering nucleicdscfrom highly variable

environmental samples.
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TABLES

Table 1.Characteristics of virus nucleic acid extractiots ldvaluated in this study.

108

Cost per Approximate
Loading Extraction Final extraction Additional Additional
Extraction kit Manufacturer  unit processing
volume () principle volume () reagents equipment
(U.S.} time (minyf'
PowerViral Environmental Bead beatiny
MO BIO $6.00 1200 50~100 40 Ethanol, BME  Bead beater
DNA/RNA Extraction Kit Column
Zymo
ZR Viral DNA/RNA Kit $5.16 1200 Column 50~100 20 Ethanol, BME None
Research
QIlAamp Viral RNA Mini
Qiagen $4.40 1140 Column 60 30 Ethanol None

Kit

& Approximate free market price.

® Mechanical lysis.
¢ Optional.

4 Per sample.
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Table 2.Primers and probes used for gPCR assays for teetatet and quantification of spiked adenovirus (Addbliovirus type 1

(PV1), and murine norovirus (MNV) genomes, and meimorovirus plasmid (pMNV).

Product size

Target Function Name Sequence-{8’) Reference
(bp)
AdV Forward AQ2 GCCCCAGTGGTCTTACATGCACAT( 132 Heim et al. 200
primer
Reverse AQ1 GCCACGGTGGGGTTTCTAAACTT
primer
Probe AP FAM-TGCACCAGACCCGGGCTCAGGTACTCCGA-
BHQ1
PV1 Forward EV1F CCCTGAATGCGGCTAAT 143 Gregory et al.

primer

2006
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MNV,

PMNV

Reverse
primer

Probe

Forward
primer
Reverse
primer

Probe

EVIR

EV

probe

MNV-S

MNV-
AS
MNV-

TP

TGTCACCATAAGCAGCCA

FAM-ACGGACACCCAAAGTAGTCGGTTC-BHQ1

CCGCAGGAACGCTCAGCAC( 12¢

GGYTGAATGGGGACGGCCTG

FAM-ATGAGTGATGGCGCA-MGB-NFQ

Kitajima et al.

2010




FIGURE LEGENDS

Figure 1 Observed detection (legcopies/ml determined by gPCR) of adenovirus 2
(AdV), murine norovirus (MNV), and poliovirus tyde(PV1) extracted using MO BIO,
Zymo, or Qiagen kits from spiked A) molecular gradster (extraction efficiency
controls), B) biosolid extracts, C) fecal suspensj@and D) 1MDS surface water
concentrates. Three samples (1, 2, and 3 on tleontal axis) for each type of
environmental sample matrix were spiked with eaalsy To adjust for the difference
between the three extraction kits in their loadang elution volumes, the concentrations
of the original spiked viruses were calculated fiitvn QPCR data and expressed ag)log

copies/ml.

Figure 2 Assessment of the presence of gPCR inhibitorsamtictleic acid extracts from
three separate extraction kits via A) a qPCR iniwibitest using an internal murine
norovirus (pPMNV) standard plasmid control (1.0 X ¢6pies/PCR tube) in the presence
of 2.5ul of nucleic acid extract and B) a test for thegerece of humic acid-like
substances with an absorbance of 230 nm to estilmagresence of potential PCR
inhibitors. Three samples (1, 2, and 3 on the bota axis) for each type of

environmental sample matrix were tested.
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ABSTRACT
Small scale biosand filters (BSFs) utilized as pofruse (POU) water treatment
technologies can provide quality drinking watearid regions. In this current study,
biofilms within a novel biologically active POU tegology that removes pathogens from
water were studied. The biofilms develop acrosspeifoam cartridge filters termed
“biofoam,” and were assayed for community membgxsRiofilms within the POU filter
medium were developed at three different locatiarthe US using three different
surface waters. Biofilm microbial communities thatveloped on biofoam were analyzed
utilizing 454 pyrosequencing of the 16S rDNA geraag] showed a remarkable degree of
shared community membership among the three lotati large, diverse shared
microbiome was found as defined by the top 100eshaperational taxonomic units
(OTUs) at 0.03 cut off (97% similarity). This reented 280,000 of the 306,000
sequences (>90%). Of those, 25% were classifiduimihe genu®seudomonas.
Members of the microbial communities found withve shared microbiome of the
biofoam were closely associated with organisms comynfound in activated sludge,
drinking water biofilms, rhizosphere, phyllospheasad soil ecosystems. The biofoam
provides a unique and effective porous matrix fofilon formation, which appears to
allow for the establishment of consistent microb@mnmunities, even when developed at
different locations utilizing different water soesc Improving our understanding of the
biofoam’s microbial ecology may provide insightsoimmechanisms of pathogen removal,
and allow development of customized biofilms fag&ted remediation projects, as part

of a lightweight and energy efficient water filiat system.
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1. INTRODUCTION

With increasing concerns over access to safe dgnkiater, especially in arid,
undeveloped regions, or in the aftermath of nattisssters, the development of
portable, low cost, efficient water treatment temlbgies continues to be a global need.
One low cost approach for treating contaminatedkilng water utilizes the development
of a biofilm or “schmutzdecke” on porous media ltkat of sand or aragonite. The
utilization of biofilms in biosand filters (BSFshd slow sand filters (SSFs) was first used
in European and American cities in the 1800’s a@@01s (CAWST 2013). Larger
biological particles such as protozoa, fungal sposed large organic matter are retained
when they pass through the media by physical exaiuSobsey et al. 2008). In addition,
the development of a biologically active treatmlager, a schmutzdecke, or biofilm, is
essential for efficient bacterial pathogen remdzdliott et al. 2011). The mechanisms by
which biofilms or biological treatment layers cagt@nd remove pathogens to enhance
drinking water quality remains unknown (Votano ket 2004 and Stauber et al., 2012).
Therefore, studying the ecology of developed hiadilused for water treatment may
provide a greater understanding of how planktornicrebial communities assemble and
maintain a biofilm that removes pathogens (Rittmaae).

To date, there have been few studies that havenjatitel to systematically

characterize microbial communities within thesdibit. Some have utilized traditional
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techniques like culture-based assays (Hunter 04R). Others have used molecular
techniques such as denaturing gradient gel eldotregis (DGGE), clone libraries,
phylochip, and gPCR (Haig et al. 2005; Wakelinle2@11). To our knowledge, no
studies have utilized deep sequencing analysigdluate the microbial communities of
biofilms developed for point-of-use (POU) watemtreent systems. Insights into how
biofilms develop and function in biological wateeatment may prove useful in gaining
an understanding of pathogen removal and inactiratiechanisms. This understanding
may allow for the optimization of the biological of@nisms involved in low cost, low
energy water treatment technologies.

In the current study, biofilms were developed withinovel foam matrix termed
“biofoam” that is utilized as part of a POU watexatment system. Biofoam consists of
synthetic flexible foam within which a biofilm dele@s. Previous work has shown that
biofoam is capable of capturing and removing a watege of microbial pathogens as
water permeates through the treatment layer aoparPOU water treatment system
(Rose et al 2013). Thus, biofoam works on the basicciple of BSFs or SSFs, where
traditional BSFs utilize tens to a hundred pounfdsand to support the growth of
biofilms, biofoam achieves similar performance asra thin (7 mm) permeable foam
layer (Bauer et al. 2011; Sobsey et al. 2008; &€kibal. 2011). This new media
significantly improves the portability and easedsk of biofiltration-based water
treatment. This collaborative study including resbars from four universities was
designed to test the hypothesis that biofilms dged under identical conditions would

contain a common microbiome, even if different wa@urces were utilized. In other
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words, although it could be anticipated that ev@ofilm would be unique, a shared
community with similar functional representativesuld be created. This is desirable if
the treatment devices are to have similar effictayifferent geographical locations with
varying water quality. Biofilms were establishedlate diverse locations in the US:
Bozeman, MT (Montana State University); East LageM| (Michigan State University)
and Chapel Hill, NC (University of North Carolina3ing surface water sources from
each of these locations. The processing and asaly¢he biofilms occurred at the
University of Arizona in Tucson, Arizona using Rec#b4 pyrosequencing of the
bacterial 16S rRNA gene libraries. The results wesed to evaluate the microbial
communities present in the biofoam to better urtdadsthe effect of geographically and

ecologically different source waters on communiyn@osition.

2. METHODS
2.1. Reactor operation
Three parallel prototype POU units (replicates)enst up at each location.

Each unit included a top bucket that could acconated5 L batches of raw water, a
subsequent biofoam filtration unit with two foartdrs, and an empty third bucket to
catch the filtrate (Figure 1). A plunger was pultedallow flow from the top bucket into
the unit with the foam filters. Batches of watergpassed through the unit twice per
day with a set time of 6 hrs between batches. Téfedm remained wet throughout the

study period.
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2.2. Source water

Approximately 450 L of untreated surface water wssd at each research
location. Batches of water were refrigerated at 2°C, and warmed to ambient
temperature prior to use. Water quality parametenre measured for each new batch and
collected on sampling days. The source water us&hapel Hill, North Carolina was
collected from University Lake. The lake is a sagfavater impoundment used as source
water for the Orange Water and Sewer Authorityldng water system, which serves
much of the urban population of southern Orangen8oUNC (primarily Chapel Hill and
Carrboro, NC). The lake allows non-primary contactreation such as fishing, boating,
and rowing. Sampling began on August 6, 2012 aadibfiims were harvested on
September 6, 2012. The source water used in Bozevi@mrtana originated from two
surface waters serving the drinking water treatnpéanit: Hyalite Reservoir and
Sourdough Creek. Both are pristine sources atehd bf the watershed. Water was
procured every three days from the intake of tlirekdrg water treatment plant. The
experiment began on August 6, 2012 and the biofime harvested on August 30,
2012. The source water in Lansing, Michigan waseatéd surface water collected from
the Grand River at Francis Park, which is locatedrstream of the Upper Grand River
watershed. The designated uses at this locatidmdedotal and partial body contact
recreation. The experiment began on July 12, 2@ti2tze biofilms were harvested on

August 14, 2012.
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2.3. Water quality analysis

Raw source waters and effluents following filtratiinrough the biofoam were
analyzed for turbidity, conductivity, pH, hardneakkalinity, total and dissolved organic
carbon (TOC and DOC), heterotrophic bacterial ptatents (HPCs), total coliforms, and
total bacterial counts using standard methods (AP20A2). The sampling intervals
were days O (start date), 3, 7, 10, and 14, ansesulently at weekly intervals until a
pseudo-steady state biofilm was attained. The Hiffdgotal direct counts were used to
determine the pseudo-steady state of the biofilm¢clvwas defined as three consecutive
sample events having less than 10% - 15% variafi¢fPCs. The filters were run for
one additional week beyond the achievement of tkedy state to allow for the
evaluation of HPCs from the preceding week.
2.4. Foam biofilm sampling

After achieving a pseudo-steady state, the biofo@mbranes were removed
from each of the two filter cartridges in the threplicate filter units at each location.
The biofilms were harvested from each biofoamazitity a stomacher. Approximately
300 mL of filter-sterilized effluent was used asiadium into which the biofoam were
stomached. The samples were processed in the dtenmfac 2 minutes at high rotation
(260 RPM) and water from the stomacher bag was vethby squeezing the foam to
expel any absorbed water into the bottom of the Bagroximately 100 mL of water
containing the recovered biomass was centrifugé&®@dx g for 10 minutes to achieve
pellets containing approximately 1 g of biomasgo#al of three replicates were collected

from each filter preparation. To stabilize micrdlpapulations for storage and shipping,
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LifeGuard Soil Preservation Solution (MO BIO Sarego, CA) was added to each tube
following manufacturer’s instructions. The samphese stored at -20°C and then
shipped on ice to the University of Arizona.
2.5. Molecular methods
2.5.1 Nucleic acid extraction

The biofilm suspensions were centrifuged at 50@9dor 15 minutes to separate
the biomass from the preservation solution. Fohdmafilm sample, 0.2 g of the biofilm
mass was utilized in duplicate extractions using BIO PowerBiofilm kits (MO BIO
San Diego, CA) following the manufacturer’s suggdsgprotocol. The nucleic acid
extracts were eluted in 1Q@Q of molecular grade water and placed on ice foddvby
DNA quantification using Qubit 2.0 (Invitrogen, @dvad, CA). Subsequently, & of
raw extract was visualized on a 1% ethidium brongieleto check for genomic shearing
during the extraction process. The DNA extractsalbsamples were normalized to 10
ng/uL using molecular grade water, then pooled 1:1/¢ab) for each technical replicate,
and stored at -20°C until PCR amplified.
2.5.2. PCR amplification

The community DNA was amplified using the bactesjeecific primer pairs
515F (GTGYCAGCMGCCGCGGTA) and 909R (CCCCGYCAATTCMIRAGT) that
target the V4 V5 16S rRNA gene (Tamaki et al. 2Q1dipng Takara HS EX high fidelity
Taq DNA polymerase 2.0x master mix (Takara IncagpThe PCR for each sample
was carried out in triplicate 5@ reactions using approximately 10 ng of templage p

reaction in a Mastercycler Nexus thermocycler (Eploef, Hamburg, Germany) under
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the following reaction conditions: initial denattica at 94°C for 3 min, followed by 30
cycles of 94°C for 40 s, 56°C for 1 min, and 728€ I min with a final extension at
72°C for 10 min. The PCR products were visualizeitngi electrophoresis on a 1.5%
agarose gel, and the DNA band with the correctwae excised and purified using a
Zymoresearch gel extraction kit (Zymo Researchn&yCA). The purified PCR
amplicons were then pooled and normalized to 50@angubmission to the University
of Arizona Genomic Center (UAGC, Tucson, AZ) fogsencing using Roche 454
Titanium XL chemistry (Roche, Indianapolis, IN).
2.5.2. Sequence processing

Raw sequences were processed using Mothur softieesen 1.29.0 (Schloss et
al. 2009) following the standard operating proceduutlined on
http://www.motur.org/wiki/Schloss_SOP (Schlossabt. 2011). After de-noising and the
removal of chimeras, 306,729 sequences were bimb@dperational taxonomic units
(OTUs) under the unique, 0.01, 0.03, and 0.05 d&firs. For diversity estimates, all
data sets were normalized to 28,000 sequencesndado and phylogenetic
identification of representative sequences from ®0dUinterest were done using the

modified Mothur version of RDP’s Bayesian classifie
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3. RESULTS

3.1. Water quality of source waters and POU efflues

The quality of all of the source waters (influerdsp water collected following passage
through the biofoam (effluents) at the 3 geogramhmcations are shown in Tables 1 and
2, respectively. The Michigan source water hadaased levels of conductivity, hardness,
and alkalinity relative to the Montana and Nortlr@iaa waters, indicating a higher total
dissolved solids content. The Montana water waabietfor its lower TOC and DOC
content as compared to the other two source watbesmicrobial water quality of the
Michigan and North Carolina source waters weretinadly similar in terms of culturable
HPCs, but the Montana source water had one ordmaghitude lower HPCs.

The chemical water quality of the effluents at3aflites was similar to the
influent water quality, indicating that the wateradjty was not significantly altered by
the biofoam (Table 2). The lack of increase inltatad cultural (HPC) counts implies
that if the biofilms became detached during tliest they contained microbial loads
similar to those of the influent and therefore noreases in HPC were detected over

time.

3.2. Microbial community analysis of POU biofoams

The 454 pyrosequencing generated 306,729 effetads per sample, which

clustered at the unique 0.01, 0.03, and 0.05 seguamilarities. Only OTUs at the 0.03
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(97% similarity) definitions were used in the fallmg analysis and discussion. A
summary of the observed OTUs (Sobs), their richresslpha diversity estimator, and
Simpson’s inverse diversity indices are shown ibl&&, which suggests that the
diversity was similar at each site, but in genetalersity decreased in the following
order: Michigan > Montana > North Carolina. Thisebvation is also inferred by the
rarefaction curves representing the three replicat@m samples from each of the three
sites (shown in Figure 2) that provide a visual panson of the relative OTU richness.

A class level taxonomic summary of all the majord3TFigure 3) indicated
little variation between the replicate biofilms ééped at each site in terms of relative
taxonomic abundance. All sites were dominated bpgtomycetes and alpha-, beta-, and
gamma- proteobacteria, representing 6%, 15%, 16%24% of the ~6,330 observed
OTUs, respectively. The taxonomic classificatiothat genus level revealed that the
Michigan and North Carolina biofilms were dominatgdPseudomonasvith
approximately 66,000 or 25% of all sequences irdtita set belonging to members of
this genus. Members of the Firmicutes phyla BgoroscarcinandBacilluswere more
abundant in the Montana biofilms in comparisorhi® @ther two sites, with
Sporoscarcindeing the most abundant sequence. However, iffisudi to estimate the
relative abundance of specific bacteria using 6% dene sequence analysis due to the
inherent differences in the gene copy number betwiiéerent species.

The shared microbial community in the biofoam weBred as the top 400
shared OTUs at the 0.03 cutoff that had more tiasefjuences within each OTU

definition. The top 100 shared OTUs (summarizedahle 4) represented ~280,000 of
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the 306,000 effective sequences (>90%). The betasiiy of the shared communities
was evaluated using Chao 1 and abundance-basedgewestimator (ACE) (Table 5).
Chao 1, a less conservative estimate, uses singlatad doubletons or the “rare”
community members for its calculation, while ACEpare conservative estimate, uses
OTUs with counts of individuals from one to 10 sences. For this study, 10 sequences
were chosen. Under these pairwise observationditigigan and Montana biofilms
were considered to have higher shared diversity that of Montana and North Carolina.
The averages of nine pairwise diversity comparidmta/een each of the sites using
these diversity estimators are shown in Table 5.

UniFrac, a distance metric for beta diversity eates using phylogenetic
information, was used for the community comparisopgstimating the differences in
community composition between two environments (Hdyret al. 2010). Un-weighted
UniFrac scores account for the fraction of totarwh lengths that are different (Table 5).
The weighted UniFrac scores account for the redadivundance of each taxon within the
communities. Unifrac scores close to one suggestfshared branches, while scores

approaching zero suggest a higher fraction of shiaranches.

4. DISCUSSION

Unlike the low biodiversity found in drinking watbrofilms (Hong et al. 2010),

the microbial communities found in the biofoamhiststudy resembled microbial
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communities found in activated sludge, waste wiaeatment plants, and environmental
biofilms associated with soil environments suchhésosphere populations. This
similarity was true in terms of both the microliaémbership and species diversity (Ye
& Zhang 2012). Interestingly, a recent publicatigpnBesemer and colleagues (2012)
provides insight into the ecology of fresh watefiins. Their work suggested that
biofilm communities obtained from different natustidleams shared a high degree of
homology, even though there were clear differemtéise planktonic communities of
source waters. This observation suggests thatsmidyct microorganisms are capable of
successfully integrating into a biofilm. Thus, &fided in classical microbial ecology,
bacteria fulfill a specific function or niche witha specific habitat, which in this case is
the biofilm community itself.

A major objective of this study was to identify thigared microbiome between
biofilms generated from source waters from thrgeasste geographical locations. The
454-pyrosequencing analyses revealed that a laigjely conserved core microbiome
was shared among the three sites (Table 4 anchs)shared microbiome was
dominated by bacterial genera commonly found ireidig but functionally relevant
environments, including activated sludge, the misghere, the rhizosphere, soil, natural
water, and drinking water biofilms (Pinto et al12Q) Mu3mann et al. 2013; Bengtsson &
@vreds 2010; Henne et al. 2012; Zhang et al. 2Rafey et al. 2004). The microbial
communities from each site were strikingly simi@spite the fact that they were

developed using three geographically different sewvaters (Tables 1). These data agree
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with a recent study, which found that source wat@robial community had little effect
on biofilm community membership (Besemer et al120

OTUs classified to the genus level belong to mam that are well
characterized for functions such as the produafoexopolysaccharides (EPS), external
DNA (eDNA), quorum sensing molecules, proteased,dnitinases. Although inferring
specific functions from 16S rRNA gene sequencelfigult, we theorize that the
presence of numerous OTUs with taxonomical relesaageals the functional potential
for multiple biochemical transformations, espegidéitiose associated with the nitrogen
cycle. These functions include ammonia oxidatiariuding anaerobic ammonia
oxidation (ANAMOX), EPS production, protease adtiyand biopolymer and
polyaromatic hydrocarbon (PAH) degradation (Talle 5

Pseudomonaspp.were among the most abundant shared sequendesdore
biofoam community. This genus is found in most reteanvironments including soil,
water, and marine environments, and it has beasrtegpthatPseudomonas sppave
broad fundamental niches (Remold et al. 2011)aliqular, pseudomonads have diverse
enzyme systems and large genomes capable of reutipthemical transformations
(Spiers et al., 2000; Stanier,et al.,1966). Themidl metabolic activities of the
pseudomonads suggests why they may be prolifigaritaps even mandatory members
of the biofilm communities examined in the pressntly.

Other abundant OTUs of interest in the core biofeammunity are classified
within a distinct phylum of the domain bacterianasmbers oPlanctomycetes,

VerrucomicrobiaandChlamidia(PVC). In our study, ~6% of the shared sequencal at
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sites were classified #&anctomycetesncludingRhodopirellula Singulisphaera
SchlesneriaZavarzinella Gemmataand other unclassified genePdanctomyceteare
particularly prevalent in soils, fresh waters, wastter treatment plants, plant
microbiomes, and marine environments (Buckley €2@06; Besemer et al. 2012). Most
members oPlanctomyceteare capable of carrying out ANAMMOX reactions, whic
involve anaerobic oxidation of ammonium to nitroggs using nitrite as an electron
acceptor concurrent to the reduction of carbonid@xThis chemoautotrophic
metabolism occurs within an anaearobic membranedboall compartment called the
anammoxosome. Thus, biofilms with abundal@nctomycetesommunities could have
potential for the efficient removal of nitrogen améy play an important role in the
nutrient cycling and maintenance of the biofilm coonity (Kartal et al. 2010).
Interestingly, the genuSporosarcinavas found in much higher relative
abundance thaRseudomonas the Montana biofilms (Table 5$porosarcinaare
aerobic bacteria commonly found in soil and wated®nments, which are known to
produce high levels of urease (McCoy et al. 199shldr et al. 2011). Due to
Sporosarcinapecies' ability to readily break down urea, th@gmnisms may play a
major role in the nitrogen cycle (Tobler et al. 2D1Although it is unclear why there is a
relatively high abundance of this sequence obsearvdte Montana samples, the biomass
yields from the Montana biofilms were approximatIg" the mass of the other two
sites. This lower biomass recovery may have beertathe lower TOC in the Montana
source water. Despite these differences, the Marganrce water still resulted in a

biofilm community similar to the other two sites.
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Several theories have been developed to explaim#dahanisms of pathogen
reduction in biosand filters, including amoebiczyng, exopolysaccharide (EPS)
production, protease activity, extracellular DNAA), amoebic grazing, and
starvation (Flemming & Wingender 2010). Recentipfibns developed within biofoam
have been shown to successfully remove pathogenmsdurface water as a component of
a POU water treatment system (Rose et al. 2018) rdthuctions o€ryptosporidium
parvum R. terrigenaand MS2 phage throughout the POU system were showe 6.45
+ 0.86, 8.36 + 0.69, and 4.55 + 1.04 logs, respelti Specifically, the removal across
the biofoam filter layer were measured to be 3.7154, 2.74 + 1.30, and 2.23 + 0.69,
respectively. Some of the aforementioned mechangsmkely to be at least partially
responsible for the pathogen reduction acrossitfedm matrix. Our future research
will attempt to examine whether manipulating theecaicrobial communities found
within the foam can enhance pathogen reduction@mtentify which of the above
mechanisms of action may be responsible for theatemh in pathogens across the
biofoam matrix.

Pseudomonads are well documented as being prodefcéRS and eDNA, and
in this current study, the genBseudomonawas among the most dominant shared
community members at all three sites. Biofilm connitias are typically embedded
within a complex mixture of macromolecules incluglioth proteins and EPS. EPS has
been implicated as essential for biofilm architegtincluding for the aggregation of
bacterial cells, cell-to-cell recognition and commuation, and gene transfer (Flemming

& Wingender 2010). EPS matrix stabilization carodde enhanced by bacterial
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appendages such as pili, fimbriae, and flagellariBa et al. 2005). In addition,
membrane vesicles that are derived from the ouénionane of the Gram-negative
bacteriumPseudomonas aeruginoagae thought to intertwine with pili and flagelladato
be important components of the biofilm matrix (S&het al. 2005; Schooling &
Beveridge 2006). EPS is most likely constructed mathtained by members of the
pseudomonads and other EPS producing organismdefsrasse mechanism against
protozoan grazing. Some bacteria includih@eruginosare known to produce
substantial amounts of eDNA within biofilms, anads@DNA may be a requirement for
biofilm formation (Whitchurch et al. 2002). eDNAa¢so known to have antimicrobial
activity, causing cell lysis by chelating catiohattnormally stabilize the
lipopolysaccharides on the outer membranes of badfdulcahy et al. 2008).

In addition, many of the shared OTUs observedimstudy belong to members
of bacterial taxonomic groups known to produce heykels of extracellular proteases,
chitinases, endonucleases, and lipases (Kim 20&0; Molobela et al. 2010; Schloss &
Handelsman 2003; van Frankenhuyzen et al. 2011)sWeulate that such enzymes are
most likely present and are a functional compooétiie biofilm community (Table 5).
Both bacterial and protozoan proteases most liglay a large role in nutrient
acquisition from source water for microbiota thiag anable to integrate into the biofilm
environment. Although eukaryotic communities irsteiudy were not addressed, we
theorize that the presence of eukaryotic protorabadher highly abundant saprophytic
bacteria are associated with surface grazing atréenticycling and may also provide

much of the nitrogen that ultimately ends up witthia biofoam (Thomas & Ashbolt
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2011; Koh et al. 2012; Valster et al. 2009). Thisdry is supported by the presence of
the diverse genuBlanctomycet@nd other highly abundant diazotrophic organishkes |
Sporocarcinahat could aid in detoxifying ammonia, allowing taiofilm protection and
maintenance. Ammonia could be produced as thetrelspiotozoa digesting
microorganisms that are not able to seek refugdertbe biofilm, or that are not
equipped with mechanisms to survive protozoan tigesFuture microbial surveys will
involve thorough investigations into the role okatyotic organisms as functional
members of the biological treatment layer.

The physical structure of the foam matrix may hagomadvantages over
traditional sand media (Figure 4) for the developté a microbial biofilm matrix. One
can think of the space found inside the porous faarthe inverse of the spaces found in
sand media. These pores may play a role in shafiagtive microbial communities that
assemble on and within the biofoam and resulteefficient filtering of water for
biological pathogen removal. One model that dessrihe structure and function of
biofilms suggests that they consist of a numbeniafocolonies,which are spatially
separated and heterogeneous with respect to tgsigal and chemical structure
(Johnson, 2008). This model suggests that the sotwaies are building blocks for the
biofilm. In our study, the porous nature of thefoam (Figure 4) with variable intestinal
voids and a large surface area may be a key factbe production of biofilms that were
similar for the three different locations. The psiges are highly variable in the biofoam.

The large pores may allow for the efficient flowvedter through the foam. The aeration,
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pore space architecture, and large surface ar@apobby the foam appear to provide an
ideal habitat for microorganisms to develop a lmalally active biofilm matrix.

In conclusion, members of the microbial communite@sd within the core
microbiome of the biofoam from the three locatiorese closely associated with
microorganisms commonly found in activated sludiyanking water biofilms, the
rhizosphere, the phylloshere, and soil ecosyst@usdata suggests that biofoam may
provide a unique matrix for biofilm formation thextables the development of select
microbial communities shown to be efficient at remng viral, bacterial, and protozoa
pathogens. Improving our understanding of the laiofe microbial ecology could
potentially provide insights into the mechanismstion for the removal of
microorganisms, the conditions that would resuktxpedited biofilm ripening times, and
in how to develop customized biofilms for targetethediation projects. Future studies
on the biofilm structure and function will focus tire use of functional genomics
including transcriptomics and proteomics. Additiltywgoroviding a greater
understanding of the spatial and temporal companaiofilm development should
prove essential if one wishes to capitalize on nmapédly developed, resilient, and
functionally diverse microbial communities for efént biological water treatment. Thus,
the biofoam may have novel applications in a ligfitht, low cost, low energy water
filtration technology for varioius matrices suchths treatment of drinking water,

irrigation water, and gray water.
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TABLES

Table 1. Influent water quality®

Montana Michigan North Carolina

Number ot samples (n)™ o(4) 1(4) 9(9)
HPC (LOG CFU/mL) 4.240.5 5.240.7 5.340.7
Total Coliforms (LOG CFU/mL) 2.70.7 1.312.8 1.040.2
Total Direct Counts (LOG cells/mL) 7.141.1 6.740.€ 6.7940.2
Turbidity (at 600 rm) ND 3.0#4.C 5.841.8

Conductivity (nS/cm)

pH

Hardness (mg/L CaCO3)

Alkalinity (mg/L CaCO3 methyl orange)
TOC (mg/L)

DOC (mglL)

136.4424.1 698.3182.¢ 106.245.2
8.0540.€ 8.010.7 7.820.37
105.0420.C 223.3148.¢ 56.0417.€
85.0414.1 157.5461.€ 51.747.C
1.242.8 5.841.€ 6.742.2
2.1#4.3 5.412.2 6.412.C

@Mean water quality values + standard deviations.

®)n is the sample number for all parameters exceptiGetivity, pH, Hardness, and

Alkalinity which were measured weekly. The numbersthose four parameters are

shown in parentheses.



Table 2. Effluent water quality®

Montana Michigan North Carolina

Number of camples™ 24 (12) 2112 27 5)

HPC (LOG CFU/mL) 4.8%0.2 5.0340.4 5.140.2

Total Coliforms (LOG CFU/mL)  3.510. 1.241.C 0.820.1
Total Direct Counts (LOG cellsfmL) 6.910.4 6.840.2 6.610.2
Turbidity (at 600 rm) ND 1.841.1 3.740.€

Conductivity (pnS/cm) 139.517.2 700.5442.2 107.242.2

pH 8.0110.2 8.0740.Z 7.710.1

Hardness (mg/L CaCO3) 105.049.1 225.4421.t 52.0410.1

Alkalinity (mg/L CaCO3 methyl orange) 87.145.4 165.0439.z 51.743.E
TOC (mg/L) 1.9241.4 5.920.€ 6.921.7

DOC (mg/lL) 1.841.¢  5.7+1.(C 7.0041.€

@Mean water guality of effluent following POU treant + standard deviations.

®)n is the sample number for all parameters exceptlGetivity, pH, Hardness, and Alkalinity which wereasured weekly.

The number for those four parameters is shown arpgheses.



Table 3 Summary of raw sequence data, cleaned sequences, okserved OTUs, and alpha diversity

estimators.
Total rew 454 Estimated Alphe diversity  Standerd
Effective Observed
Blofoam sample IDs pyrosequencing coverage (Inverse Deviation
sequences OTUs (0.03%)
reads (Good’s average) Simpson’s) (+/-)
MI1 72,218 31,79: 94% 3,20¢ 23.4 1.€
Michigan
MI2 71,693 33,015 95% 2,51¢ 4.€ 0.z
State
MI3 66,700 31,44¢ 94% 2,802 9.4 0.t
Monlane MT1 75,170 37,72« 95% 2,401 16.1 1.2
State MT2 77,009 34,20 94% 2,804 39.C 3.8
University MT3 69,052 32,79: 94% 3,04¢ 94.1 6.1
NC1 74,959 39,527 96% 1,74¢ 10.1 0.4
University of
NC2 72,744 35,48( 95% 2,23( 17.7 1.C
North Carolina
NC3 69,237 39,527 96% 1,781 11.C 0.4

Total= 648,782 306,72
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Table 4Rank abundance heatmap of the top 100 shared Oidvérsy the number of
sequences in each OTU definition and their closestnomic identification to the genus

level



Table 4 Taxononic hierarchichical heatmap of top 100 hered CTUs (0.03 «wtoff) represening the nunber of sequences in CTU definition znd faxonorric identification 1o the genus level (89% CI)

OoTuU #
Otu035
Otu080
Otu086
Otu050
Otuo65
Otu0s82
Otu009
Otuo11l
Otu022
Otu026
Otu038
Otu039
Otuo51
Otu053
Otuos57
Otu059
Otu061
Otu081
Otu090
Otu023
Otuo75
Otu040
Otu060
Otul00
Otu002
Otu004
Otu033
Otu063
Otu066
Otu088
Otu031
Otu019
Otu032
Otuo44
Otu067
Otu089
Otu092
Otu001
Otu005
Otu015
Otu017
Otuo18
Otu028
Otuo76
Otu091
Otu094
Otu079
Otu083
Otu007
Otu010
Otu013
Otu014
Otu024
Otu027
Otu029
Otu030
Otu034
Otu041
Otuo46
Otu047
Otu0s8
Otuo64
Otuo68
Otu070
Otu071
Otu078
Otuo84
Otuo87
Otu093
Otu096
Otu098
Otu003
Otu006
Otu008
Otu012
Otuo16
Otu020
Otu021
Otu025
Otu036
Otu037
Otu042
Otu043
Otu04s
Otu049
Otu055
Otu056
Otu062
Otu069
Otu073
Otuo77
Otu08s
Otu097
Otu099
Otuo48
Otu052
Otu054
Otu072
Otu074
Otu095

7
*OTU 2 is only top 100 shared OTUs to not be taxeivally placed within 80% CI to taxonomical phyllurRanked closest to Firmicutes at (65%) but rkatlyi accurate placement.

Size
1167

674
428

7426
5934
2940
2050
1066
1002
671
588
500
480
463

2897

967
465

20032
12951
1399
436

1797

3554

1530
846

12596

3984
3589
1940

10126
6104
5630
4864
2854
2010
1883
1811
1371
959
832
791
498
433

18065
11078
8073
5776
4018
3226
3026
2230
1105
1089

847
842
747
535

448

764
610
547
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Phylum Genus MI 1 MI 2 MI 3 MT 1 MT 2 MT 3 NC 1 NEC NC 3
Actinobacteria Arthrobacter 81 72 2
Actinobacteria Nocardioides 65 104
Actil i Mar i
A ur
Actil ia ur
Actil ia ur

Bacteroidetes
Bacteroidetes

Flavobacterium
unclassified
ur i

ur

Bacteroidetes

Ferruginibacter
ur oy

Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Acidobacteria
Acidobacteria
Armatimonadetes
Armatimonadetes

Ohtaekwangia
Terrimonas
Sediminibacterium
Pedobacter
Runella
unclassified
Emticicia

Gp4

Gp6
Armatimonadetes_gp5
Armatimonas_gp1l

Chloroflexi Caldilinea

ar = r -
Firmicutes Sporosarcina
Firmicutes Exiguobacterium
Firmicutes Pasteuria
Firmicutes Clostridium
Firmicutes unclassified
Nitrospira Nitrospira

Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes

unclassified
Planctomyces
Zavarzinella
Schlesneria
Singulisphaera
Rhodopirellula

Proteobacteria Pseudomonas

Proteobacteria Arenimonas

Pre ia ur ifi

Proteobacteria Haliea

Proteobacteria Legionella 92 53 67 810 851 1126 78 1 170 242

Prc ia ur ifi

Proteobacteria Stenotrophomonas

Pre ia ur ifi

Proteobacteria Aquicella

Pre ia ur ifi

Pre ia ur ifi

Proteobacteria Janthinobacterium

Prc ia ur ifii

Prc ia ur

Proteobacteria Massilia

Prc ia Albidi

Proteobacteria Methylophilus

Pre ia ur ifi

Proteobacteria Hydrogenophaga

Pre ia ur ifi

Proteobacteria Polaromonas

Proteobacteria Acidovorax

Pre ia ur ifi

Pr ia Polynt

Proteobacteria Azospira

Pre is N i

Proteobacteria Dechloromonas

Proteobacteria Deefgea

Proteobacteria Sulfuritalea

Proteobacteria Variovorax

Pr ia RF

Proteobacteria Sphaerotilus

Pr ia Aqu ium

Proteobacteria Pelomonas

Proteobacteria Sphingomonas 1326 812 1

Pr ia ur ifi 919 486 608 2156 8402 3657 102 219 91

Pr ia ur ifii 1246 644 989 926 80 13 2371 135 174 208

Prc ia ur ifii 579 330 389 916 9 125 1026 268 643 366

Prc ia ur 610 376 447 307 540 521 364 587 266

Proteobacteria Novosphingobium 83 40 49 1029 9 95 938 32 a4 52
(s ia ur ifii 70 38 46 786 856 176

Pr ia RF 83 102 0 13

Pre ia ur 138 241 265

Pre ia ur ifi 175 268

Proteobacteria Sphingopyxis 222 407

Pr ia ur ifi 180 139

Proteobacteria Devosia 127

Proteobacteria Hyphomicrobium

Proteobacteria Brevundimonas

Proteobacteria unclassified

Pre ia Ca

Pr ia ur

Pre ia R as

Proteobacteria Phenylobacterium

Proteobacteria Rickettsia

Pre ia ur ifi

Pre ia ur

Verrucomicrobia
Verrucomicrobia
Verrucomicrobia
Verrucomicrobia
Verrucomicrobia
Verrucomicrobia

unclassified
unclassified
Spartobacteria
3_genus_incertae_sed
Luteolibacter 97 43 63
unclassified 66 46




Table 5 Summary of average pairwise beta diversity esbnsagobs, Chao 1, ACE, and weighted and un-weidbieBrac

scores from each site (n=9).

Table 5 Average pairwise Unifrac score and betarihity estimates between each

Unifrac Beta diversity estimat
Groups
weightec un-weightec Sob: Chao : ACE
Michigan-Montana 0.46 +0.04 0.77 +<0.01 533 +27 835 83 791 25
Michigan-NorthCarolina 0.36 +0.05 0.80 +<0.01 426 153 648 77 644 +68
Montana-NorthCarolina 0.38 +0.01 0.82 +<0.01 366 *47 601 +116 550 57
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Figure 1 Schematic of biofoam test ul
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Biofoam rarefaction curves at 0.03 OTU cutoff
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Figure 2. Observed OTU richness and estimated contyncoverage per sampling
effort. Rarefaction curves indicating the exped®&J richness from each replicate with
increased sampling efforts. Each library was noizedlto 28000 sequences and OTUs

were defined at 0.3% cutoff.
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Figure 3. Class level taxonomic summaries of OTLB/&b similarity.
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Figure 4. SEM image of the structure of biofoam.



