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ABSTRACT

Bacteroidales and viruses were contemporaneously measured duliggand wet
weather conditions at a watershed-scale in a sathiveatershed impacted by a mixture of
agricultural runoff, municipal wastewater efflueartd municipal runoff. The results highlight
the presence of municipal wastewater effluent asorfounding factor for microbial source
tracking (MST) studies, and thus data were segeelgato groups based on whether they were
impacted by wastewater effluent. In semi-arid emvinents such as the Calleguas Creek
watershed, located in southern California, thetiredacontribution of municipal wastewater
effluent is dependent on hydrology as storm evésdd to conditions where agricultural and
municipal stormwater dominate receiving watershi@athan municipal wastewater, which is the
case during dry weather). As such, the approadat®a segregation was dependent on hydrology
/ storm conditions. Storm events led to significamdreases in ruminant- and dog-associated
Bacteroidales concentrations, indicating that overland transportnects strong non-human fecal
sources with surface waters. Because the datadet lsmge number of non-detect samples, data
handling included the Kaplan-Meir estimator andadaere presented graphically in a manner
that reflects the potential effect of detectionilen In surface water samples with virus
detectionsE. coli concentrations were often below (in compliance Witte recreational water
quality criteria. In fact, sites downstream ofedir inputs of municipal wastewater effluent
exhibited the lowest concentrations B$cherichia. coli, but the highest concentrations of
human-associate@acteroidales and highest detection rates of human viruses. fDikit,
comprised of the fouBacteroidales assays and human virus assays used, can be sullgessf

applied to inform watershed managers seeking tqpbpwith recreational water quality criteria.
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However, care should be taken when analyzing datactount for the effect of non-detect

samples, sources with differing microbial viabilignd diverging hydrologic conditions.

Keywords: microbial source trackindacteroidales; enterovirus; adenovirus; quantitative PCR;

total maximum daily load (TMDL)

1. Introduction

Over 12,000 waterbodies in the United States ategoazed as impaired by fecal
indicator bacteria (FIB) discharges, and have bsebject to total maximum daily loads
(TMDLs), which describe the water quality improverhstrategy to address FIB sources in the
watershed (USEPA, 2009). Compliance with recreatiowater quality (REC) criteria in
developed watersheds, both in the U.S. and elsewhepresents a significant challenge to
responsible agencies, as a myriad of non-pointebacsources contribute to impairment. Some
watersheds that are only subject to natural bactsosurces (e.g., birds) have been found to
exceed REC criteria (Tiefenthaler et al., 2008)] aome waterbodies have been subject to
extensive remediation efforts yet exceedances itdrier persist (POLA, 2006). During storm
events in urbanized watersheds, which may repres@e®o of the annual bacteria discharge
(Reeves et al., 2004), loading rates can be exirzamily high — several times greater than the
equivalent daily fecal loading from the entire humpepulation within the watershed (Surbeck et
al., 2006). The United States Environmental PraiacAgency (USEPA) recently conducted
extensive research including epidemiological stsidiad adopted revised federal REC criteria
(Wade et al., 2006,USEPA, 2012). The revisedraaitenderscore the importance of the type of

fecal source when evaluating potential REC headtksr Health risks associated with recreating
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in waters impacted by non-human sources can bersomfemagnitude less than those with
human sources (Colford et al., 2007, Soller e28110).

Given the immense challenges involved with comgyimith REC criteria, and the
importance of fecal source type to the level okgjswatershed managers often desire data
regarding the fecal sources that are driving lewél&IB. Collectively referred to as microbial
source tracking (MST), a plethora of methods haeenbdeveloped to characterize the
contribution of fecal discharges from different hpspulations to surface waters and are applied
throughout the world (Field and Samadpour, 200ht&®omingo et al., 2007, Boehm et al.,
2013). The most widely-applied and tested of th@sproaches targets host-associated 16S
rRNA genes of th&acteroidales, and assays based on quantitative PCR (qPCR) casduokto
estimate genomic concentrations (Kildare et ald72(hanks et al., 2008, Shanks et al., 2009).
Multiple comparison studies have tested and comfirnthat, while not 100% sensitive or
specific, manyBacteroidales markers are sufficiently sensitive and specific detecting host-
associated contamination (Boehm et al., 2013, lragtoal., 2013, Raith et al., 2013, Schriewer
et al., 2013), are repeatable/reproducible (Eberdieal., 2013), and the stable populations
required for marker-based MST are present aroundlttbe (Reischer et al., 2013).

Statistical and modeling approaches have been aealufor using ratios of host-
associated to universBhcteroidales markers to quantify the contribution of human verson-
human sources on levels of FIB in watersheds ( Hady2007, Wang et al., 2010, Wang et al.,
2013, Stoeckel and Russell et al., 2013). Applicetiof these ratios, which should account for
differences in fate and transport characteristibng with the fact that MST assays are
imperfect, are emerging as a tool for quantitaltl®&T. Ratios and concentrations are interpreted

differently; all host-associated concentrationsresepnt the potential impact of that host
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population on downstream waters, while host-asgedianiversal ratios highlight the effect of
that host population on the totBhcteroidales loading at the monitored site. Suppose that a
runoff site has very high levels of the human maB@&Hum (when compared to other sites) but
a very low ratio of BacHum:BacUni. In this casee thite might pose an elevated risk to
recreational users who come into contact with aevbaidy impacted by human fecal sources, but
on the other hand an agency that is responsibleeiorediating that site should also target
potential non-human sources.

To support REC risk assessment, MST assays carolggded with pathogen assays,
particularly those for human viruses (McBride ef 2013, Harwood et al., 2014). Virus assays
with gPCR have been shown to be highly specificnidxed human fecal sources (Harwood et
al., 2013), though they are often absent in indigldfecal samples (Noble et al., 2003).
Enterovirus, a single-stranded RNA virus, has beadlily detected with gPCR during several
studies of the coastal ocean and coastal watershetie western U.S. (Fuhrman et al., 2005;
Noble et al.,, 2006, Viau et al., 2011). Adenovirasdouble-stranded DNA virus, is often
detected in these same environments (Choi and, &%, Sassoubre et al., 2012), and has been
reported to have prolonged survival time and ineedaresistance to UV treatments (Nwachuku
et al., 2005). Prior to this study, no known stgdieave contemporaneously measured
Bacteroidales and viruses over the long-term at watershed-scalgaterbodies impacted by a
mixture of agricultural runoff, municipal wastewasand municipal stormwater.

The objectives of this study were to (i) evaluate abundance of four validated fecal
Bacteroidales genetic markers (universal [BacUni], human- [BaoHiudog- [BacCan], and
ruminant-associated [BacCow]) in treated and utgceanunicipal wastewater, (i) compare

guantitative data on host-associated fecal sowtestifiers based oBacteroidales and human



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

enteroviruses and adenoviruses with FIB measuramansurface waters, and (iii) utilize the
spatial and hydrologic variations of these quatitiéeMST markers to elucidate the predominant
FIB in Calleguas Creek Watershed (CCW), a multi-esastal watershed in southern California.
We hypothesized that concentrationsBatteroidales and viruses would relate to certain types
of discharges in the watershed (e.g., agricultumahoff, urban runoff, and municipal
wastewater), and expected our results to assiskelstéders with development and
implementation of a bacteria TMDL.

To test this hypothesis, the foBacteroidales specific assays (BacUni, BacHum, BacCow,
and BacCan)Escherichia. coli and human-associated viruses (enteroviruses agrnbaitluses)
were monitored at multiple CCW sites for one ydar.our knowledge, this was the first long-
term, watershed-scale study to quantitatively messBacteroidales and human viruses in water
samples. Our approach consisted of combining MST @athogen methodologies. First, we
filtered large volume (100-liter) samples and sgikeater samples with surrogates in order to
increase the accuracy of quantitation by accourfindNA losses that occur during filtration
and extraction (Rajal et al., 2007a). Then we ufe@R to quantify genomic concentrations of
human viruses — adenovirus and enterovirus (Rajall.e 2007b) — and universal and host-
associatedBacteroidales markers and their ratios to the universal markaidare et al., 2007).
Our approach to data synthesis incorporates toolsoften used by MST studies including
application of a Montel Carlo model to account ifoperfect MST assays and using statistical

approaches that robustly account for datasetsatkaiominated by non-detect results.
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2. Methods and Materials

2.1 Watershed Description
Calleguas Creek watershed is subject to a mixtéiraral uses including agricultural

(25%), urban land use (25%) and open space (50%a@nt(Wa County, 2014). Three
subwatersheds of the CCW were monitored: Arroyoi,SBonejo Creek, and Revolon Slough
(Figure 1). Arroyo Simi and Conejo Creek were investigatdathwransects, each having three
sampling sites, while Revolon Slough was investidatith a single site. Each of the sampled
sites is listed as “impaired” by the State of Qalifia due to impacts frork. coli sourcess,
meaning that a TMDL will be developed for thesesitinder federal requirements. For both
investigated transects, the predominant land usései immediate vicinity of the three sampled
sites, from upstream to downstream, ranged fromm ggpace (limited development) to urban
(residential, commercial and industrial land usts)agricultural (row crops and orchards).
Tertiary-treated, chlorine-disinfected effluentf(lieent”) from municipal wastewater treatment
plants (WWTPSs) is discharged at three locationsiwiCCW, upstream of the intermediate site
of the Arroyo Simi transect, upstream of the mgsétream site of the Conejo Creek transect,
and upstream of the intermediate site of the Co@jeek transect. During dry weather, a
majority of the flow rate at locations downstreafrire WWTP outfalls is effluent. The land use
of Revolon Slough is predominantly irrigated agttiere, though discharges of urban runoff are
also present. While there is potential for seedag® wastewater collection systems to flow
through storm drains into receiving waters (Hatlalg 1999, Sercu et al., 2009), the wastewater
and stormwater systems in CCW are separate ane e no reported sewage spills during

sampling events.
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2.2 Sample Collection
2.2.1 Collection of Samples from Surface waters and Weather Definition

Samples consisting of 100 liters of surface waterewcollected in five autoclaved,
rinsed, 20-liter polypropylene carboys for pathogerlysis and microbial source tracking. A
total of 73 grab samples were generally collectemhtinly from the seven surface water sites
between June 2004 and May 2005 (Kundu et al., 208&)mples were transported on ice and
processed for ultrafiltration as stated below.

In southern California, wet weather is traditiogadiefined as days with greater than 0.1
inches plus the three following days. For thisdgtuall wet weather samples were collected
during active storm events when it was raining Hods were elevated. Dry weather samples

were collected after at least one week of non-dalys.

2.2.2. Collection of Primary Influent and Disinfected Effluent Samples from Municipal
Wastewater Treatment Plants

Primary influent (minimally-treated sewage at tleattworks) samples were collected in
sterile 250-mL bottles, and transported on iceht laboratory on the same day. Samples of
disinfected effluent were collected in 2-liter best A total of 14 samples were collected each of

primary influent and disinfected effluent.

2.3 Traditional Indicator and Chemical Methods

E. coli concentrations [most probable number per 100mLNMser 100mL] were
measured according to Standard Method 9223, whsclbased on chromogenic substrate
(IDEXX Colilert). An additional water sample wasllected at each site and analyzed for total

suspended solids according to Standard Method 2p#iibgram per liter, mg/L].
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The following parameters were measured at the tohewater collection: water
temperature, turbidity, conductivity, dissolved gey, and pH (Hach Quanta, Loveland, CO).
When measurable but not hazardous (e.g. storm) flomditions were present, flow rate

measurements were performed with an electromagteiometer.

2.4 Processing of Samples for Bacteroidales and Virus Analysis

Details regarding sample processing methods canfobad in the Supplemental
Information. Viruses and bacteria in 100 liter wagamples were concentrated by ultrafiltration
using two sequential hollow fiber modules as désctipreviously (Rajal et al., 2007a). Real-
time QPCR for surrogate PP7, adenovirus and eritesowas performed as described in Rajal et
al. (2007b). Real-time QPCR for the fed&dcteroidales assays (universal) BacUni, (human-
associated) BacHum, (ruminant-associated) BacComg é&log-associated) BacCan was
performed as described in Kildareakt(2007).

Detection of target nucleic acids by real-time QP@#ich was based on TagMan
assays) was found to be strongly affected by tkegmce of inhibitors, and the multiple dilution
approach was used to address inhibition in all evester and surface water samples, as
described previously (Rajat al., 2007a). For each sample, a unique sample dfrdietection
(SLOD) was calculated that accounts for varyinghiion, concentration factors, and filtration

recovery Figure 2).

2.5 Statistical Analysis

Statistical analyses were performed using R soéwaersion 2.12.0 and the NADA
library. Tests were selected based on the factaheaMST and pathogen datasets were highly

censored (large number of non-detect samples)efemgl, non-parametric tests were used that

10
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can handle varying detection limits (without suloston). For summary statistics, estimates were
generated using Kaplan-Meir statistics (Kaplan Bteder, 1958), which are commonly used in
survival analysis and readily-adaptable to envirental statistics to handle datasets with a large
numbers of non-detects, as described by Helseh 288 Helsel, 2012. To highlight the effect of
test selection, summary statistics were also géeasing regression-on-order statistics using a
jackknife procedure based on SLOD for non-detechptes (Shumway et al., 2002) and
maximum likelihood estimation (MLE). For compamso@f water quality among sites, the
Mann-Whitney-Wilcoxon test was used to determinany of the sites exhibited distributional
differences. For all detected significant differee@mong groups at p<0.05, the Kruskal-Wallis
test was also reported p<0.05. The pairwise pegsmlere corrected with a correction factor to
determine the individual error rate. Both the Bordgri (highly conservative) and Benjamin &
Hocklenberg (B&H; less conservative) correction téas were applied (Helsel, 2012).
Correlation analyses were based on tests of Kéadail.

A Monte Carlo model developed by Wang et al. (200@p used to calculate “true”
ratios of BacHum:BacUni, BacCow:BacUni, and BacBagUni. These true ratios are referred
to as Humgio, COWatio, and Doghiio, respectively. The Monte Carlo model accountstlier fact
that the markers are not 100% specific and sespsitithe model also accounts for the fact that
the raw ratios are not equal to unity for feces semage (e.g., BacHum:BacUni is less than one
in sewage because there Beeteroidales-specific markers in human feces other than BacHum)
Note the fecal samples used for model validatioWang et al. (2010) were collected from the
Calleguas Creek watershed and also used to validatacteroidales assays by Kildare et al.
(2007) that are applied herein. As such, appbecatf the Monte Carlo model for this study is

well-vetted.

11
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3. Results

3.1 Municipal Wastewater

As described in the Supplemental Information, asialyf untreated and treated wastewater
samples provided data regarding baseline levelsrainus ofBacteroidales in illicit discharges
(untreated wastewater) and just downstream of WWLEalls (treated wastewater). The
BacHum:BacUni ratio was found to be geographicdbpendent but relatively stable within a
region, and levels oBacteroidales in tertiary-treated, disinfected effluent were riduto be

relatively high compared to ambient surface water.

3.2 Surface waters

3.2.1 Prevailing Rates in Surface Waters

The prevailing rate, or positive detection frequenallows for a simple assessment of the
predominance of investigated sources. The miclabthcators that were assayed with qPCR
during this study varied widely in their prevailingtes Table 1). The universaBacteroidales
marker (BacUni) was detected in all 74 surface wasmples (detection frequency of 100%)),
while enterovirus and adenovirus were only deteatedne and eight samples (1% and 11%),
respectively. Of the host-associat@&acteroidales markers, the human-associated marker
(BacHum) was detected most frequently (detectiequency of 90%) and the cow-associated
marker (BacCow) least frequently (55%). BacCow waby detected in two of eight samples

(20%) from Revolon Slough (4-B), which is dominatsdagriculture (row crops, not livestock).

12
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The climate of Calleguas Creek watershed is arith 8torms generally being limited to
the winter and spring seasons. Annual rainfaipproximately 15 inches. The prevailing rates
of all host-associateBacteroidales markers were higher during wet weather, and oneigiit
(12.5% detection frequency) adenovirus detectioosuwed during wet weather. The mean
estimated percent recovery of eddcteroidales marker from wet weather CCW samples was
not significantly different [p = 0.50] from dry wikeer samples (data not shown). The wide
range of detection frequencies for qPCR targetgestg that our corresponding estimates of
sample-specific limits of detection (SLOBigure 2 shows the SLODs for each marker) were
important to ensure data analysis and interpretagdlects varying SLODs. The ubiquity (i.e.,
high frequency of detection) of BacUni, BacHum, aBdcCan suggests that qualitative
(presence/absence) PCR would not provide muchhnsigth regards to the impact of these
bacteria sources on CCW.

The fact that a large portion of the collected slsmmvere non-detect suggests that data
handling of non-detects can effect report summtatyssics. The potential effect of data handling
is illustrated in the reported summary statistmsBacCow during dry weather, which was not
detected in 39% of samples, for three differentrepghes: Kaplan-Meier, ROS, and MLE
(Table 2). The estimated mean and median by the differest$ @iffer by up to a factor of 4.1
(median of Kaplan-Meier versus ROS). The effecthoh-detects should also be considered
when graphically presenting datasets; the cumwadigtribution plots in Figure 3 present the

potential range of non-detect samples.

3.2.2 Spatial and hydrologic variations in abundance

13
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Variations over space (site-by-site) and hydroldgyet versus dry weather) were
assessed to elucidate the characteristics of FlBrces that are impacting the CCW.
Concentrations of BacUni, BacCow, BacCan, &ndaoli were significantly higher during wet
weather (p<0.005). For surface water data, rdtireer using the “raw” host-associated:universal
marker ratios, a statistical model described by yvanal. (2010) was used to generate “true”
ratios, referred to as Hugmh, COWaio, and Doguio, and Othegio. These true ratios reflect
conditional probabilities that incorporate the raflefalse positives and negatives inherent in
MST assays, and provide a more quantitative MSTémaork compared to the raw ratios.
During wet weather Table 3), Humaio was significantly lower [p=0.02] compared to dry
weather while Coyi, and Dogyi, Were significantly higher [p<0.018Fi{gure 3 shows the
distributions of measured concentrations duringahg wet weather while accounting for non-
detects in the dataset).

Due to the significant differences in detectiongfrencies and abundance during wet
versus dry weather, and lower number of samplesada for the wet weather condition, spatial
variations were only assessed for the dry weatbaditon Figure 4). The only statistically
significant spatial difference in MST marker abumca among sites was for BacHum and
Humaio at the intermediate Conejo Creek site (9A-B), wdthleast one being significantly
higher [p<0.05 with B&H correction] than all othgites except the upstream Conejo Creek site
(10-B). None of the other marker-site or ratio-sitenbinations exhibited significant differences.
Virus detections were too rare to reliably assessial differences; adenovirus was only detected
more than once at the upstream and intermedia&e aibng the Conejo Creek transect (10-B and
9A-B). Concentrations of adenovirus were signifibamigher during wet weather [p<0.001].

The only enterovirus detection was at the Revolongh site (4-B).

14
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3.2.3 Relationships among measurements

Correlations among the measured parameters wergat®d using the 59 samples
collected during dry weather. The 15 wet weatheanmgas were not included because the
concentrations of most of tHgacteroidales targets,E. coli and TSS were significantly higher
during wet weather, possibly leading to dry and wetther “clusters” that could induce less-
meaningful correlations. Correlations were basedests of Kendall'st, which incorporates
SLODs.

During dry weather, thdacteroidales measurements were weakly correlated to one
another { > 0.275, p < 0.001], but not . coli or TSS. The strongest correlation among the
Bacteroidales markers was for BacUni and BacHum # 0.596, p < 0.001]. The fact that
Bacteroidales markers correlated with one another, but not \Eitlgoli, is likely a reflection of
the differences in both organism ecology (e.g.ultatively anaerobic versus anaerobic) and
guantification methodology (e.g., viability- versgenome-based methods). In addition, this
suggests that sites along our transects were sulgetischarges from multiple source types
simultaneously (e.g., inputs from both cow and humsources occurred). Adenovirus

concentrations were not correlated to any othankba.

4. Discussion

This is the first study known to contemporaneoushalyze on a watershed-scale
Bacteroidales and human virus concentrations in flowing fresteratmpacted by municipal
wastewater. Overall, our study design was baseevatuating relative differences in universal

and host-associateBacteroidales and human virus concentrations over space and (one
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weather condition), as elevated host-associBseteroidales concentrations were assumed to be
due to fecal discharges from that host populat®g.( BacCow is due to impacts by cows in the
watershed). Such an assumption is warranted baséuke efforts taken to develop and validate
the applied MST markers and ultrafiltration meth&ddare et al., 2007, Rajal et al., 2007a,
Rajal et al., 2007b), but as discussed below, taerea number of confounding factors, such as
decay rates and viability, that should be consiievben designing, conducting, and analyzing
the results of MST studies.

Significantly elevated concentrations and ratiosBaicCow and BacCan during wet
weather, along with significantly lower concentoas and true ratios of BacHum during wet
weather Figure 3, Table 1 and Table 3), indicate that non-human sources may be resplensib
for the significantly elevated BacUni, and perh&psoli, concentrations that occur during storm
events in the CCW. The non-human sources respen$ibl elevatedBacteroidales loading
during storm events in CCW are likely contributitogthe corresponding exceedance& ofoli
criteria and should be an important consideration local stakeholders during TMDL
implementation.

The fact that sites 9A-B and 10-B along Conejo €nexceive direct inputs of treated
WWTP effluent increases the likelihood that nonbléa(disinfected) cells may be responsible
for the elevated concentrations of BacHum and teeeafions of adenovirus at these sites.
Evidence of the influence of non-viable cells is\pded by that fact that sites 9A-B and 10-B
exhibited relatively high concentrations of BacH(menome-based measurement) but relatively
low concentrations dE. coli (viability-based measuremeri)gure 4).

Detection frequency of MST and pathogen marker lsamquite low, as reflected by

adenovirus, enterovirus and BacCow in this study.shown with the simple comparison of
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summary statistics produced by Kaplan-Meier, RO8& BibLE methods, the handling of these
non-detects can affect findings and conclusionsangigg sources. In the field of MST, the
handling of non-detects has generally been rudiangnfor example, often replacing non-detect
values with one-half the LOD. This study demonssathat statistical methods and graphical
procedures from the field of survival analysis te&nreadily employed to handle the high rate of

non-detects and sample-specific LODs (Helsel, 2005)

4.1 Applicability of host-associated-to-universal Bacteroidales ratios

Bacteroidales concentrations were analyzed both individually aiith respect to the true
ratios of the host-associated-to-universal marHable 3). However, additional research is
needed before host-associated:univeBsateroidales ratios can be used in a truly quantitative
manner (e.g., cows versus dogs ) to assess thendonsource(s) to collected water samples
(Wang et al., 2013).

To use host-associated:univerddcteroidales ratios for fecal load allocations the
following three relationships should be evaluatid¢cussed further below: (i) the environmental
persistence of the host-associated marker when a@uo the universal marker and other host-
associated markers, (ii) the value of the host@ated to universal ratio and its variability (j.e
stability) in fecal sources, and (iii) if the radi@re to be used for source apportionment of FIB
and/or pathogens, then the relative abundance avidoemental persistence &acteroidales
versus FIB and/or pathogens. In addition, the ifipig and sensitivity of the applied MST
assays should be incorporated, which was the pearpibgenerating true ratios Hem, CoWatio,

and Dogkiio with the Monte Carlo model.
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With regards to (i), the persistence of the uniaeend host-associatd8hcteroidales
markers used for this study is known to be comparalmong the four markers studied here in
both freshwater and seawater environments. Theargamere previously evaluated using flow-
through, open-air microcosms in seawater and fragmwnder dark and sunlit (diurnal cycle)
conditions (Bae and Wuertz, 2009b; Bae and Wu@@1?2). It was concluded that decay rates
among universal (BacUni) and host-associd@aderoidales markers (BacHum, BacCow, and
BacCan) were not significantly different, suggegtihat differential persistence is not a limiting
factor for quantifying relative source contribution

Relationship (ii) was partially addressed in thegent study for untreated sewage
discharges; the BacHum:BacUni ratio appeared teelagively stable in regional sewageable
S1), suggesting that it can be used as a “signamiréfuman fecal impacts, but the ratio might
vary geographically. For fecal discharges from wilial humans, however, the
BacHum:BacUni ratio was highly variable, possibigiting its utility for areas subject to
individual as opposed to mixed human fecal soufegs, areas with homeless persons).

Finally, relationship (iii) is especially criticébr studies related to TMDLs — the linkage
betweenBacteroidales and FIB hinges on the relative abundanceBaéteroidales in fecal
sources and the relative persistendBacteroidales may be relatively abundant in the fecal
samples from a given host, whie coli are relatively low. Based on the fecal sampledyaed
during the watershed-specific validation of the §P@arkers applied herein, this is likely the
case for seagulls (Kildare et al., 2007), which m@e amendable to MST witBatellicoccus
(Sinigalliano et al., 2013). With regards to relatenvironmental persistence, the most critical
relationship for human risk assessment is relate@ay rates of pathogens ver8asteroidales.

Walters et al. (2009) found that BacHum exhibitedilar survival characteristics to infectious

18



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

enteroviruses in a sunlight-exposed, sewage-deriméztocosm, with both being detected
through 8 days of experiment. Bae and Wuertz (R0fbind that Bacteroidales and
Campylobacter cells exposed to sunlight exhibited similar suaVivates, and host-associated
Bacteroidales DNA and waterborne pathogen DNA were degradedmaparable rates.

Because of these remaining data gaps (and othbesBacteroidales ratios calculated
herein were only used in a “within-host” framewankong sites and weather conditions, just as
with the corresponding concentrations, insteadtehapting to quantify the relative contribution
of fecal discharges from the different host popatet (e.g., BacCow:BacUni is not compared to
BacHum:BacUni). Furthermore, it is acknowledgedt thiae Bacteroidales ratios do not

necessarily reflect the relative abundance of ssuof FIB.

4.2 Influence of treated WWTP effluent on qPCR-based MST

Our results demonstrate that the relatively highceatrations ofBacteroidales and
human virus cells in WWTP effluent confound gPCRdthMST efforts. MST with gPCR does
not distinguish between treated and untreated sswthuman feces, which is disconcerting for
stakeholders seeking to identify sources of begctieran attempt to reduce human health risks in
recreational waters. Source trackers should e{thesegregate sites that do and do not receive
treated WWTP effluent during statistical analystthe relative values of BacUni, BacHum and
BacHum:BacUni or (b) apply laboratory or field te@jues that remove/attenuate non-viable
cells from water samples prior to performing qPGRag's.

With regards to approach (a), MST study designs @aich analysis should evaluate
samples collected downstream of WWTP effluent disgbs separately from samples collected
either upstream of the WWTP discharge or from @até@ discharges to the waterbody (e.g.,

urban runoff). For instance, considering the siéhin the CCW that do not receive treated
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WWTP effluent, it should be disconcerting to walbed managers that site 4-B had higher levels
of BacHum and Humagi, (and a higher virus detection rate) when compdcedite 8-B.
However, for most MST applications the concentragioneasured at site 8-B should not be
directly compared to site 10-B, which receivesteddaVWTP effluent.

For approach (b) above, the use of propidium mpidea(PMA) with gPCR (PMA-
gPCR) has been found to show promise for distitngoigs between viable and non-viable
Bacteroidales cells in sewage and treated WWTP effluent (Bae\&neértz, 2009a). That PMA-
gPCR approach was optimized using the four assgydied during this study, and
concentrations of BacUni, BacHum, BacCow, and Bac@easured by PMA-gPCR decayed
much more rapidly in freshwater and seawater whempared to concentrations reported by
gPCR (Bae and Wuertz, 2009b; Bae and Wuertz, 20A#ure MST and pathogen studies of
watersheds influenced by WWTP effluent should abeisihe application of PMA-gPCR. The
CCW study was performed prior to optimization o¢ tAMA-qPCR approach, and thus future
applications of this dataset for source assessstemild rely on approach (a) describe above

(data segregation).

4.3 Occurrence of human viruses in surface waters

In CCW, prevailing rates of adenovirus and entetmsviare much lower (11% and 1%,
respectively) when compared to those Bacteroidales (Table 1). The much higher detection
rate of Bacteroidales when compared to human virus may be expectedBaateroidales are
abundant in the feces of a majority of hosts (Marmjal., 1996), while viruses are only shed by
hosts that are infected. The presumed low abundahteiman virus was the motivation for

collecting 100-liter samples during this studacteroidales could be readily detected using
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much smaller samples volumes (Dick and Field, 2084)in this study of the CCW, other viral
studies in southern California have detected ademownore frequently than enterovirus (Jiang
and Chu, 2004; Choi and Jiang, 2005). However,ethstadies detected human virus more
frequently during the winter months, while six af@ (67%) detections in CCW were during the
summer months. Like previous viral studies that desirated the lack of relationship among
virus occurrence and compliance with microbial wageality criteria (Gerba et al., 1979; Jiang
et al., 2001; Noble and Fuhrman, 2001; Griffin ket 2003), eight of nine (89%) human virus
detections in CCW occurred whéncoli concentrations were below the single sample it
235 MPN/100mL.

As with humanBacteroidales, the presence of treated WWTP effluent may cordoun
attempts to identify high-risk human virus sourc@her studies have shown human virus
genomes to be readily detected in treated WWTRezit] while corresponding viable virus titers
were typically quite low (Boehm et al., 2005). hetpresent study, seven of nine (78%) human
virus detections occurred in waters dominated lepted WWTP effluent discharges but the
viability/infectivity of these viruses are uknowf.recent QMRA study based on the adenovirus
concentrations in the CCW reported here, whichrasslvarious proportions of detected viruses
were infectious, estimated that human health réssociated with primary and secondary water

contact were lower than acceptable thresholds HyRAS(Kundu et al., 2013).

5. Conclusions

This study combined (i) large-volume hollow fibdtrafiltration of surface water samples

using a multiple replicate dilution approach andomporating estimates of SLODs based on
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spiked surrogates, (ii) quantification of multiderotypes of adenovirus and enterovirus, (iii)
application of four validated probe-basBdcteroidales assays, and (iv) data analysis with a
Monte Carlo model and statistical routines thatoaot for non-detects and sample-specific
LODs.

The results demonstrate that MST basedBaoteroidales assays can inform watershed
managers seeking to develop strategies to comgly REC criteria, but it is critical to handle
non-detects with appropriate statistical methodstaracknowledge the underlying assumptions
of gPCR-based MST. While MST shows promise for mhog quantitative source
apportionment, there are still data gaps includglgtive decay rates of FIBacteroidales and
pathogens in effluent-impacted surface waters aokl 6f g°PCR assays for viruses that reflect
viable/infective concentrations (e.g., using PMEYyentually, MST markers may support not
only source apportionment but also risk assessmges@n additional epidemiological data and/or

empirical descriptions of pathog@&acteroidales relationships.
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Figurelegends

Fig. 1 — Map of the Calleguas Creek Watershed aoditoring locations (yellow circles).
Waterbodies are shown with yellow lines, and threg¢hsubwatersheds analyzed along transects
during this study are highlighted (pink border, €mnCreek; blue border, Arroyo Simi; green
border, Revolon Slough). The State of Californiesignates 10 distinct reaches in the
watershed, which are shown with black bars. Rev8langh and Conejo Creek do not mix prior
to discharge to the estuary. Treated WTP efflugsdhérges occur upstream of sites 10-B, 9A-B
and 7-B. The blue lines in southwestern portionvatershed show major agricultural drainage

ditches.

Fig. 2 — Distribution of sample limits of detectifor samples collected from CCW, specific to
gPCR markers (blue triangle up, BacUni; black sgqu&@acHum; green diamond, BacCow,
yellow triangle down, BacCan; red circle, adenosjrpink diamond, enterovirus). All samples

analyzed by qPCR were 100 liters. The 50% valub®fy-axis axis represents the study median.

Fig. 3 — Cumulative distribution plots ®&acteroidales, adenovirus, and. coli concentrations
measured during dry weather (blue triangles) anoweather (red squares). Non-detect (BDL)
samples are plotted at the SLOD without fill and ttotted lines show the potential range of
percentiles for the sample (samples with low SLOiage a smaller range than samples with
high SLODs). The dotted lines in these figuresgparently show the potential effect of non-
detect samples on estimated percentiles (and swstetistics). The 30 percentile value of

the x-axis represents the study median.
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Fig. 4 — Geometric meaBacteroidales and E. coli concentrations (bottom plot) and host-
associated to universBhacteroidales ratios (top plot) measured during dry weather glthree

transects in CCW (Arroyo Simi, left; Conejo Creeknter; Revolon Slough, right). Ratios were
calculated for each sample as the host-assocBaetéroidales marker concentration (open
circle, BacHum; filled triangle, BacCow; open trig@, BacCan) divided by the BacUni
concentration (filled circle, BacUni)E. coli concentrations are shown in the bottom plot dille

square). Error bars are not shown to allow fottjpig within a single figure.
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731

732 Table 1 — Summary of Kaplan-Meier statistics Bacteroidales and adenovirusoncentrations measured in the CCW, grouped by
733 hydrologic condition (dry versus wet weather).
734
BacUni BacHum BacCow BacCan Adenovirus®
Statistic
(cell eg/mL) (cell eg/mL) (cell eg/mL) (cell eg/mL) (genomes/mL)
Wet Dry Wet Dry Wet Dry  Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry
N? 15 59 14 59 15 59 15 59 15 58
N detected 15 59 13 53 13 36 15 47 1 8
% detected 100 100 929 898 86.7 61.0 100 79.7 6.7%3.8%
Median 2747 1111 95 43 2.5 0.3 36 1.0 NA NA
Mean 12019 3673 300 500 57 1.6 47 1.7 NA NA
Std. Dev. 19092 11353 680 2211 151 35 55 2.7 NA NA
10" %ile 384 67 46 0.0001 0.7 0.02 5 0.030 NA NA
25" %ile 1649 320 66 7.0 1.5 0.03 17 0.120 NA NA
50" %ile 2747 1111 95 43 2.5 0.33 36 1.0 NA NA
75" %ile 14284 3089 147 162 44 1.6 59 3.0 NA NA

32



90" %ile 40096 6439 341 957 64 4.6 67 4.0 1432 613

735

736 ' Enterovirus was detected in 1 of 58 (1.7%) drativer samples and zero wet weather samples.
737 2 Number of samples

738 2 Not applicable because of insufficient numbedetiects to reliably estimate summary statistic
739

740

741

742
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744

745

746
747
748

749

Table 2 — Comparison of Kaplan-Meier, ROS, and Mifnmary statistics for concentrations of

BacCow measured in the CCW during dry weather.

Statistical method

Regression on Order

Maximum Likeihood

Kaplan-Meier
Statistic Statistics Estimator
(cell
(cell eq/mL) (cell eg/mL)
eqg/mL)
N* 59 59 59

N detected 36 36 36
% detected 61.0 61.0 61.0

M edian 0.33 0.08 0.23

Mean 1.6 1.5 3.5

Std. Dev. 3.5 3.5 53
10" %tile 0.02 0.02 0.01
25" optile 0.03 0.04 0.05
50" %tile 0.33 0.08 0.2
75" otile 1.6 1.6 1.1
90" %tile 4.6 3.9 45

1 Number of samples
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750 Table 3 — Summary of Kaplan-Meier statistics fosthassociated to universBhcteroidales

751 ratios measured in the CCW, grouped by hydrologitdion (dry versus wet weather).

752
Humatio CoW,atio Canratio
Statistic
Wet Dry Wet Dry Wet Dry
N' 14 59 15 59 15 59
N detected 13 53 13 36 15 47
% detected  92.9 89.8 86.7 61.0 100 79.7
Median 0.02 0.05 0.01 0.002 0.07 0.01
Mean 0.03 0.08 0.04 0.02 0.19 0.03
Std. Dev. 0.03 0.07 0.07 0.04 0.25 0.08
10" %tile  0.0001  0.002 0.0001 0.0001 0.017 0.001
25Moptile  0.001 0.01 0.005 0.0001 0.04 0.003
50" %tile  0.018 0.05 0.015  0.002 0.07 0.01
75" otile 0.04 0.13 0.04 0.01 0.30 0.02
90" %tile 0.08 0.20 0.15 0.07 0.61 0.05
753

754 ' Number of samples

35



755

ACCEPTED MANUSCRIPT

36



Watershed Features

Reaches Major Drainages P
“\_ Major Waterbodies o Las Posas / Arroyo Simi R
@ MST Sampling Location o Calleguas / Conejo Creek
—  Reach Break Points
) Revolon Slough
Major Roads eusioniSiong
/ 4
///
/ /
P Reach 8.
o g Tapo Canyon
/
S Fox Barranca
< —
Reachs a7
./ S AmoyoLasPosas - Amoyo Sini

_~Reach &
* Beardsley Channel

Reach 11 /
Arroyo Santa Rosa Creék

Reach 10 | [Reach 12.

i /- Gonsio Crook /" Conejo Creek, North Fork_
— RN Thousand Oaks
Reach 4. Reach 98 S . (
. Revolon Slough Upper Conejo Creek - \
\ 9A-B) Reach 9A. i N
Reach 3. . e B @r 4 Conejo Creek, South Fork - S -
Calleguas Creek - o -

Reach 2.
Lower £
Calleguas Creek’ §

Reach 1.
Mugu Lagoon

.
0 2.5 5 Miles /1 - [ . :
I E— - | / > .

[ 4 Southern California Coast

Fig. 1 — Map of the Calleguas Creek Watershed and monitoring locations (yellow circles).
Waterbodies are shown with yellow lines, and the three subwatersheds analyzed along transects
during this study are highlighted (pink border, Conejo Creek; blue border, Arroyo Simi; green
border, Revolon Slough). The State of California designates 10 distinct reaches in the
watershed, which are shown with black bars. Revolon Slough and Conejo Creek do not mix prior
to discharge to the estuary. Treated WTP effluent discharges occur upstream of sites 10-B, 9A-B
and 7-B. The blue lines in southwestern portion of watershed show major agricultural drainage

ditches.
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Fig. 3 — Cumulative distribution plots of Bacteroidales, adenovirus, and E. coli concentrations
measured during dry weather (blue triangles) and wet weather (red squares). Non-detect (BDL)
samples are plotted at the SLOD without fill and the dotted lines show the potential range of
percentiles for the sample (samples with low SLODs have a smaller range than samples with
high SLODs). The dotted lines in these figures transparently show the potential effect of non-
detect samples on estimated percentiles (and summary statistics). The 50" percentile value of

the x-axis represents the study median.



Host-Specific: Universal

Geometric Mean Concentration

Bacteroidales Ratio

(cells/mL or MPN/mL)

10"

102

1073

103

102

107

100

Posas

= Subwatershed #1 Subwatershed #2 SW #3
C Arroyo Simi Conejo Creek Revolon
L Flow Direction ——=> Flow Direction ——=> Slough
L o
= o)
r (O
= o
- ¥~
L - -~y
L v v
~
~ ~
= xr_ — 4
= —~ S _ ADA— A
- g \\v e A
- —&—— BacUni
— O BacHum
E ——-%w—— BacCow
C - A — BacCan
- ./‘\. — & — E Coli
= e
B o ¢
- © o
C ..
- 0
(@)
E X
- © 7N
- / ~3 .
v\\\ /A ~
- ~ ~
g e — A e oA
C e >~
B g v A
8B 7B 6-B 10-B 9A-B 2-B 4-B
Tapo  Arroyo Arroyo  Hill Conejo Calleguas Revolon
Canyon Las Simi  Canyon Creek Creek Slough




Fig. 4 — Geometric mean Bacteroidales and E. coli concentrations (bottom plot) and host-
associated to universal Bacteroidales ratios (top plot) measured during dry weather along three
transects in CCW (Arroyo Simi, left; Conejo Creek, center; Revolon Slough, right). Ratios were
calculated for each sample as the host-associated Bacteroidales marker concentration (open
circle, BacHum; filled triangle, BacCow; open triangle, BacCan) divided by the BacUni
concentration (filled circle, BacUni). E. coli concentrations are shown in the bottom plot (filled

square).  Error bars are not shown to allow for plotting within a single figure.



Highlights

* Municipa wastewater effluent was confounding factor for microbia source tracking.
» Showed effect of treatment of non-detects on data analysis in monitoring studies.
» Used Monte Carlo simulations to correct Bacteroidal es concentrations.
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OVERVIEW
The following supplemental information is presenbetbw:
» Section 1: Detailed methods for sample processing
» Section 2: Results and brief discussion regardimagysis of wastewater samples for

Bacteroidales

1. Methods for Processing and Analyzing Samples for Bacteroidales and Virus

Analysis

1.1 Concentration of Surface Water and Wastewater Samples

Viruses and bacteria in surface water samples weneentrated by ultrafiltration using
two sequential hollow fiber modules as describeslipusly (Rajal et al., 2007a). Briefly, 100
liters of each water sample was sieved and spik#d avknown amount of the surrogates PP7
(ATCC 15692-B2), a bacteriophage Bseudomonas aeruginosa (Bolback and Helsenbeck,
2001), andAcinetobacter baylyi ADP1 (Vaneechoutte et al., 2006). The water (feed, Rk&3
pumped through the first ultrafiltration unit wigh50,000 MW membrane cut-off (Microza AHP
2013, Pall Life Sciences, East Hills, NY), untietkolume was reduced to 1.5 L. Two elution
steps with 0.05M for glycine/NaOH and 0.1% Tween \88re performed to increase the
recovery of microorganisms. The supernatant obdaafeer centrifuging the retentate from the
large filtration module was used as the feed feeeond smaller filtration unit (Microza AHP
1013, also 50,000MW cut-off). The final concentdateater sample (RF), 50-100 mL, consisted
of the mixture of the eluate from the small uniigpthe final retentate. The recovery efficiency
of viruses and bacteria in the filtration systemswietermined based on real-time qPCR of

spiked surrogates as described below.



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

For samples of primary influent and disinfectedusfiiit, once in the laboratory, samples
were centrifuged at 4,000 g for 10 min at 2C to pelletize the bacterial matter in the sample.
The pellet was removed from the bottle with a tauntensil, and bacterial DNA was extracted

immediately.

1.2 Nucleic Acid Extraction and PCR Assays

1.2.1 Nucleic Acid Extraction from Water and Effluent Samples

In order to analyze a large representative fractibthe original sample, 10 mL of the
feed or final retentate of the second filtratioepstvere each added to a 200 mL conical plastic
centrifuge bottle containing 40 mL of lysis buff@oom et al., 1990), and the solution was pulse
vortexed 15 times. After a 10-minute incubatiomiqu at room temperature, the samples were
either stored at -2, or extracted immediately. For extraction, 40 ailabsolute ethanol was
added, and again pulse vortexed 15 times. Thetaesulysate was centrifuged for 10 min at
5,000x g to pellet solids. The entire supernatant wadkeddo a QlAamp Maxi Spin column
(Qiagen,Valencia, CA) and processed accordingeaartanufacturer’s instructions. Nucleic acid
was eluted twice with 600L of DEPC treated water at 4,080y for 5 min. The volume of the

final eluent was noted for later calculations.

1.2.2 Nucleic Acid Extraction from Primary Influent Samples

Fecal DNAs, and DNA from the resultant pellet oé tbentrifugation of the primary
influent samples were extracted using the QlAampADStool kit (Qiagen, Valencia, CA)

according to the manufacturer’s directions. Falated volumes were approximately 2@0
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1.2.3 Real-Time PCR for Viruses and Bacteroidales

Real-time QPCR for surrogate PP7, adenovirus artdr@nrus was performed as
described in Rajal et al. (2007b). Real-time QPGRtlie fecaBacteroidales assays (universal)
BacUni, (human-associated) BacHum, (ruminant-assed) BacCow, and (dog-associated)
BacCan was performed as described in Kildaral.e€2007). For all genomic DNA (gDNA)
involving TagMan probe-based assayBadieroidales assays and adenovirus), standard
amplification conditions were used: 2 min at 507 40 min at 95°C, followed by 40 cycles of
15 seconds at 95°C and 1 min at 60°C. For all Rid8e QPCRreactions, the amplification
conditions were: 30 min at 48°C and 10 min at 9560owed by 40 cycles of 95°C for 15 s and

60°C for 1 min.

1.2.4 Surrogate Assay for Bacteria using Acinetobacter gPCR assays

Each 25u4L PCR reaction contained 12u% of commercially available QPCR mastermix
(Eurogentec) with 400 nM each of forward and resepsimers and 80 nM probe for the
respective QPCR system (Schriewer et al., 2010).aF@QPCRreactions, 10L of the diluted
gDNA sample was assayed in a final reaction volwh&5 puL. Four serial dilutions were
performed to assess inhibition factors (see bel@ykling conditions were 2 min at 50°C, 10
min at 95°C, 40 cycles of 15 s at 95°C and 60 804C, using an ABI Prism 7000 (Applied

Biosystems).

1.3 Calculation of Sample Limits of Detection

Detection of target nucleic acids by real-time QP@®Rsed on TagMan assays) was

found to be strongly affected by the presence bibitors, and the multiple dilution approach
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was used to address inhibition in all wastewated aorface water samples, as described
previously (Rajalet al., 2007a). Concentrations and sample limits of di&te (SLOD) were
analyzed according to Rajal et al. (2007a). Eadhpsahas multiple limits of detection, one for
each tested marker. Each water sample has a usgjuef SLODs due to varying inhibition,
concentration factors, and filtration recoveRygure 2). The SLOD (gene copies/milliliter [gc

/mL]) values are calculated as follows:

SI_OD:(100CIALOD[I ). Eq. 1
R[Cextr |]::filtr |N/T

where ALOD (gdlL) is the assay limit of detection for the applessay and specific conditions,
| is the dilution factor required to relieve QPCRIbition [unitless],V is the volume of nucleic
acid template added to QPCR reactigh][ and C [unitless]indicates concentration factors for
filtration (Csii) Or nucleic acid extractiorCty ). The overall recovery proportion for bacteria and
viruses, R, is assessed by measurement of known spike ddseisher a bacterial surrogate,
Acinetobacter baylyi strain ADP1 (Vaneechoutte et al.,, 2006), previpustferenced as
Acinetobacter sp. strain ADP1 (Juni and Janik, 1969) or thedramphage PP7.

The assay limits of detection (ALOD) for adenoviausd enterovirus are presented in
Rajal et al. (2007b) and the ALOD for eaBhcteroidales assay is presented in Kildare et al.

(2007).
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1.4 Calculation of Virus and Bacterial Concentrations in Water Samples

When the real-time gPCR assays produced a posgading for the target being assayed,
the concentration of target organisn@oiicentration [gc/mL]) in the original water sample was

calculated according to the following equation:

Concentration = ( T ), Eq. 2
R[:Cextr [:Cfiltr WT

whereT is the viral particles or bacterial cells measuredhe real-time QPCR reaction [gene
copies per reaction for virus assays, or corresipgncklls per reaction for bacterial assays] and
other variables are as defined for the previousggu.

Since the concentration provided by the standardecis in units of gene copy numbers
measured per volume of reaction, an assumptionmveake in order to convert the copy numbers
found (based on real-time QPCR analysis of a sgmpte an estimated concentration of
Bacteroidales cells for the sample. The assumption, which ha&nhheed previously by others
(Bernhard and Field, 2000; Seurinck et al., 20@5)hat there are an average of five 16S rRNA
operons per Bacteroidales cell (rRNA Operon Copy Number Collection

http://rrndb.cme.msu.edu/rrndb).
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2. Results and Brief Discussion regarding analysis of Bacteroidales in Municipal

Wastewater

3.1 Untreated Wastewater

Samples of untreated influent to ten municipal easter treatment plants (WWTPS) in
northern and southern California were tested fowvarmsal (BacUni) and human (BacHum)
Bacteroidales (Table 1). Three of these WWTPs were sampled twice, whiledtiners were
sampled once. All samples were taken during thethsoof September and October. Both
BacUni and BacHum were detected in 100% of theeamtd wastewater samples, with
concentrations ranging from 8.1 to 102 x* X&lls/ml and from 0.7 to 17 x i@ells/ml,
respectively. While variable, these concentratiemse as “expected values” Bécteroidales in
illicit discharges. The calculated ratios of BacHBacrUni may serve as the basis for a
guantitative framework to assess host-associatpdadta on surface waters (e.g., the contribution
of human versus cow fecal inputs; Wang et al., 20Ratios of BacHum:BacUni were less
variable than the corresponding BacHum concentrat{ooefficient of variation [CV]of 0.72 for
BacHum:BacUni compared to a CV of 0.88 for BacHulMhen compared to analyses of 18
individual human fecal samples (data not shown,>2\0), it appears that the BacHum:BacUni
ratio in untreated wastewater (a “mixed” human Ffestaurce) is much less variable. It is also
noted that analyses of eight cow and eight dogl feamples from individual hosts yielded
highly variable ratios of BacCow:BacUni and Can:Bag respectively (data not shown).

The BacHum:BacUni ratio in untreated wastewatermaswas significantly different
(p< 0.01) and also less variable when grouped bienslaed — the lower Sacramento River
watershed (n = 8) and CCW (n = d)aple S1). The mean and CV of BacHum:BacUni ratio in

the lower Sacramento River Watershed were 0.070a81@ respectively, compared to 0.25 and
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0.14 for CCW. Note that the BacUni and BacHum cotre¢ions (as opposed to ratios) in these
watersheds were not significantly different. Altigbua limited number of samples were
analyzed, these results suggest that while it neagdssible to use the BacHum:BacUni ratio as

a “signature” of human-waste impacted waters, #tie may be geographically-dependent.

3.2 Tertiary-treated, disinfected wastewater

Following the testing of surface waters (discugseithe next section), two samples each
of tertiary-treated, disinfected effluent (“treateffluent”) from three WWTPs in the CCW were
tested for BacUni and BacHunTdble S2). The main goal of treated effluent testing was to
establish an expected “baseline” Bécteroidales in CCW surface water just downstream of
WWTP outfalls. Both BacUni and BacHum were detedteti00% of the effluent samples, with
measured concentrations, in units of £8lls per mL, ranging from 0.0022 to 2.5 and 0&6d
1.7 cells/ml, respectively. Note that some sampleteated effluent exhibited concentrations
similar to those in untreated sewage. One of tmeet WWTPs — WWTP #2 — exhibited
concentrations of BacUni and BacHum that were dwer orders of magnitude lower, but the
corresponding BacHum:BacUni ratios were the high&3tere were no obvious differences in
the treatment processes at WWTP #2 that might heackto significantly loweBacteroidales

concentrations.



172 Table S1 — Universal and human-specBacteroidales concentrations and ratios in municipal
173 WTP influent (sewage) measured across Californimpuged by geography. Note that

174  concentration units are 416ell equivalents/ml (cell eg/ml).

175

BacUni BacHum BacHum:
Watershed Name WWTP Location
(10" cell eq/m) (10" cell eqg/m) BacUni
Lower Sacramento
Woodland, CA
(Northern California) 8.1 0.7 0.08
Lincoln, CA 70.4 3.5 0.05
Woodland, CA 62.6 3.8 0.06
Davis, CA 15.2 14 0.09
Vacaville, CA 36.3 1.8 0.05
Lincoln, CA 58.1 2.3 0.04
Davis, CA 53.8 2.7 0.05
Lower American
Roseville, CA 102.4 174 0.17
(Northern California)
Calleguas Creek Moorpark, CA 43.5 7.9 0.23
(Southern California) Simi Valley, CA 29.3 7.6 0.26
Hill Canyon, CA 24.4 7.1 0.29
Camarillo, CA 19.9 4.2 0.21
Oxnard
Oxnard, CA 46.6 2.3 0.05
(Southern California)
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180 Table S2 — Universal and human-associ&aderoidales concentrations and ratios in tertiary-

181 treated, disinfected effluent collected from thy¥@&/TPs in CCW. Note that concentration units

182  are 10 cell equivalents/ml (cell eg/ml).

1 Sample BacUni BacHum BacHum:
WWTP o _
Timing (10* cell eg/m) (10" cell eq/m)  BacUni
#1 Morning 1.4 0.42 0.29
#1 Afternoon 2.3 0.38 0.17
#2 Morning 0.0018 0.0016 0.89
#2 Afternoon 0.0022 0.0016 0.73
#3 Morning 2.5 0.59 0.23
#3 Afternoon 2.4 1.67 0.69
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