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Highlights:

1. Digital droplet (dd) PCR was validated f8acteroidales-based microbial source

tracking

2. Sensitivity of quantitative (q) PCR fdacteroidales human markers in feces was

superior to ddPCR

3. Assay specificity and reproducibility in feces byRCR were greater than or nearly

equal to those by gPCR
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Abstract

This study addressed whether digital droplet PCIP(ER) could improve sensitivity and
specificity of human-associatdghcteroidales genetic markers, BacHum and B.theta, and
their quantification in environmental and fecal qusite samples. Human markers were
guantified by gPCR and ddPCR platforms obtainethftbe same manufacturer. A total of
180 samples were evaluated by each platform inouiuman and animal feces, sewage,
and environmental water. The sensitivity of ddP@R gPCR marker assays in sewage and
human stool was 0.85 to 1.00 with marginal reductiohuman stool by ddPCR relative to
gPCR (<10%). The prevalence and distribution ofk®eer across complex sample types
was similar (74-100% agreement) by both platfornith yPCR showing higher sensitivity
for markers in environmental and composite sam@es ddPCR showing greater
reproducibility for marker detection in fecal consgies. Determination of BacHum
prevalence in fecal samples by ddPCR increasedfistgaelative to gPCR (from 0.58 to
0.88) and accuracy (from 0.77 to 0.94), while thin&a assay performed similarly on both
platforms (specificity = 0.98). In silico analysisdicated higher specificity of ddPCR for
BacHum was not solely attributed to reduced serisitirelative to gPCR. Marker
concentrations measured by ddPCR for all samplestygere consistently lower than those
measured by gPCR, by a factor of 2.6 + 2.8 for &ahand 18.7 +10.0 for BacHum. We
suggest that differences in assay performance BCRdand gPCR platforms may be linked
to the characteristics of the assay targets (#)aganes with multiple versus single copies
and encoding proteins versus ribosomal RNA) howéweher work is needed to validate
these ideas. We conclude that ddPCR is a suitablefor microbial source tracking,
however, other factors such as cost-effectivenedsaasay-specific performance should be
considered.

Keywords. Microbial source tracking, digital droplet PCR, gtitative PCR, genetic

markers



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

1. Introduction

Several significant technological advances haverawgd the application of microbial
source tracking (MST) to identify origins of fecabntamination in waterways and water
bodies. Use of the polymerase chain reaction (P@R)identify genetic markers in
environmental samples accelerated the developnfenulbvation-independent methods for
MST. PCR-based MST was improved by adoption of-tiea quantitative PCR (qPCR) that
enabled quantification of targeted fecal sourcesk[and Field, 2004, McQuaig et al., 2009,
Seurinck et al., 2005, Bernhard and Field, 2000)s Tmprovement led to the development of
multiple gPCR assays to determine the relativerdmrttons from humans and various animal
sources of fecal contamination (Shanks et al., 28b@&nks et al., 2009, Kildare et al., 2007).
However, uncertainty in gPCR has been linked ta pa8T performance. For example, recent
MST studies using gPCR have reported challengel wgitantification errors due to PCR
inhibition (Noble et al., 2010, Cao et al.,, 2012griability in standard curves and low
reproducibility over time (Shanks et al., 2012),fpemance variability associated with
different sources of cellular reference materiald aeagents (Cao et al., 2013), or different
batches of reagents from the same vendor (Sivaganetsal., 2011), and lack of consistent
standard material (Cao et al., 2013). Recently, Uinded States Environmental Protection
Agency (USEPA) approved two gPCR methods as stdndagthods for water quality
assessment (USEPA, 2013, USEPA, 2012a, USEPA, 201ighlighting the utility of the
technology despite these concerns.

Introduction of a next-generation quantitative toble digital droplet PCR (ddPCR)
(Pinheiro et al., 2012, McDermott et al., 2013, d$ion et al., 2013) promises to address some
limitations of gPCR and further improve the implemation of MST. The workflow for ddPCR

includes partitioning the reagent mix containinBMNA binding fluorescent dye into thousands
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of individual reaction droplets in an oil emulsitmilowed by amplification (McDermott et al.,
2013). The target concentration is determined mnting the droplets that score a positive or a
negative for target amplification based on fluoess® of the DNA-binding dye. The
distribution of positive droplets is processed gdfoisson statistics to generate concentrations
of the target in each sample without the use ¢dadard curve (Hindson et al., 2011).

Several reports indicate ddPCR is superior to giRCRrms of sensitivity, specificity,
accuracy, reproducibility near the limit of detecti and an overall reduction of inhibitor
effects (Pinheiro et al., 2012, McDermott et ab12, Hindson et al., 2013, Whale et al., 2013).
These characteristics have led to the applicatfodd®CR for monitoring bacterial and viral
targets in multiple fields including medicine (Haydet al., 2013), food safety (Floren et al.,
2015, Morisset et al., 2013) and water quality (Ra&t al., 2014, Cao et al., 2015, Te et al.,
2015). Given its increasing application to watealgy assessment (Cao et al., 2015, Te et al.,
2015, Nshimyimana et al. 2018), we sought to evalwdether ddPCR delivered significant
improvements relative to gPCR for performance af Bacteroidales assays recently validated
for MST in tropical environments.

Human-associateBacteroidales genetic marker assays targeting 16S ribosomal RNA
or functional genes have been developed for MSiléatify, quantify and monitor levels of
human fecal pollution by gPCR (Yampara-lquise gt2008, Shanks et al., 2009, Shanks et al.,
2010, Sauer et al.,, 2011, Green et al.,, 2014, Mokn al., 2014, Kildare et al., 2007).
Bacteroidales were preferred due to their ubiquity in human ananal guts, and because their
obligate anaerobic metabolism limits survival inrfage water environments (Fogarty and
Voytek, 2005). Validation of human-associatBdcteroidales 16S rRNA genetic markers
requires testing markers against fecal samples faommals and humans to determine the
sensitivity and cross-reactivity of the assays.aFsamples, and environmental water samples,

6
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are often associated with high levels of inhibitarsl low levels of targets (near the limit of
detection) leading to quantification errors by gP@Rgicak et al., 2010, Cao et al., 2012). In
this study, we compared ddPCR and gPCR-based ietentd quantification of the human-
associatedBacteroidales markers B.theta and BacHum using assay condigstablished by
previous multi-laboratory validation for gPCR (Kalee et al., 2007, Yampara-lquise et al.,
2008, Odagiri et al., 2014, Nshimyimana et al., 7ZZ01and conditions recommended by the
manufacturer for compatibility with emulsion chetnysfor ddPCR. Environmental and fecal
composite samples were characterized to compaay assformance in complex samples and
we determined how the sensitivity, specificity, amcturacy of ddPCR compared to gPCR
using fecal samples collected from human voluniesilsl and domestic animals common in

Southeast Asia (Nshimyimana et al., 2017a), anchgewf mixed origin.
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2. Methods

2.1 Sample selection and preparation

A total of 180 genomic DNA (gDNA) samples were exted from human and animal
fecal samples (n=105) and sewage samples (n=20jopsty used in a validation study of
Bacteroidales markers for microbial source tracking in Southe&sia (Nshimyimana et al.,
2017a), environmental water samples collectedapit¢al urban residential areas (n=20), and
composite samples containing both human and arfienat (n=35). Animal fecal samples were
obtained from domesticated animals (cats n=10,it®lox10, dogs n=10 and chickens n=10);
wild animals (wild boars n=10, monkeys n=10, amdi$®n=10); while 35 human stool samples
were obtained from volunteers as previously desdrifNshimyimana et al., 2017a).
Environmental water samples were filtered onto22{Qum membrane Sterivex brand cartridge
filter (MilliporeSigma, Burlington, MA, USA) folloed by DNA extraction, using the
PowerFecdl kit (Mo Bio, Carlsbad, CA, USA) and OneStePCR inhibitor removal kit
(Zymo Research Cops, Irvine, CA, USA) as describedNshimyimana et al., 2017hb).
Procedural control blanks consisted of Steriveterfd that were subjected to DNA extraction
and were identified as NTD (no-target detectedliownstream analyses. The concentration
of each DNA sample was measured by NanoDrop nd-1Q0&hoDrop Technologies,
Wilmington, DE, USA) and was diluted to a concetitra of 2 ng/uL using real-time PCR
grade water (Qiagen, Hilden, Germany) for use tginout this study. Composite fecal samples
(n=35) were prepared under a blind mixing protogbkre aliquots from human and animal
fecal DNAs were combined by one member of the sttehm at a volumetric ratio of
approximately 1:1, while the identities and composs of the mixtures remained unknown to

the rest of the team until after gPCR- and ddPCsetbaquantification was complete. The
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expected detection of markers in composite sampbes determined based on marker levels

measured in the individual samples and taking acmount dilution due to mixing.

2.2 Construction of B. thetaiotaomicron-specific alpha-1-6, mannanase (B.theta) plasmid
and preparation of plasmid stock solutions

A B.theta plasmid was constructed for this studyaagPCR standard. The TagMan
gPCR assay forBacteroides thetaiotaomicron-specific alpha-1-6, mannanase (average
concentration of Bthetaiotaomicron is 1.39 x 16 cells/g of human feces (Yampara-Iquise et
al.,, 2008)) was performed using the StepOnePlusl-Ree PCR System (Applied
Biosystems®, Foster City, CA, USA). Each 25-ul gP@Rction mixture contained 100 pg of
B. thetaiotaomicron (VPI 5482) nucleic acid extract, 1x TagMan® Enwincental Master Mix
2.0 (Applied Biosystems®, Foster City, CA, USA),090M (each) of B.theta-F and B.theta-R
primers, and 250 nM B.theta-P probe #62 (Roche,riflaim, Germany). The thermal cycling
conditions applied were 2 min at 50°C and 10 mi8=f(C, followed by 45 cycles at 94°C for
15 s and 60°C for 1 min. The amplicons were runld&®% agarose gel and the 63-bp target
bands were extracted using a QIAquick® Gel ExtaacKit (Qiagen, Valencia, CA, USA).

Purified amplicons were inserted into the PCR™4-TO®ctor by use of the TA
Cloning® Kit for sequencing (Invitrogen, Carlsb&@ihA, USA). Plasmid DNA containing the
target B. thetaiotaomicron sequences was extracted using a QIAprep Spin NpiFKit
(Qiagen, Valencia, CA, USA). Sequences of insettgdet product were analyzed by ABI
Prism® 3730 Genetic Analyzer in the DNA Sequendtagility at the University of California,
Davis.

Construction of plasmid DNA containing the BacHussay standard was previously
described by our laboratory (Kildare et al., 208@)l fresh plasmid DNA containing the target

9
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BacHum sequences was extracted using a QIAprep BipiPrep Kit for this study (Qiagen,
Valencia, CA, USA). DNA concentrations of plasmtdrglards for B.theta and BacHum were
measured by Qubit 2.0 Fluorometer (ThermoFisheersidic, Waltham, MA, USA) and
converted to plasmid copies based on the molesuaght of plasmid and insert. Plasmid
DNA stock solutions were diluted to #6opies/ul in deionized water and stored as single-use
aliquots at -86C.

2.3 gPCR and ddPCR assays
2.3.1 gPCR assays
A Bio-Rad CFX96 (Bio-Rad, Hercules, CA, USA) (qPCRijachine was used to

quantify concentrations of human-associat®acteroidales gene markers (BacHum and
B.theta). All assays were conducted in 20-uL reasticontaining 10 pL of SsoAdanced
Universal Probes Supermix 2X (Bio-Rad, Hercules, ,CBSA). Primer and probe
concentrations were respectively 400nM and 80nMBacHum, and 900 nM and 250 nM for
B.theta based on published assay conditions (Yaarpaise et al., 2008, Kildare et al., 2007,
Odagiri et al., 2014) (Table S1). Sample DNAs watded in 2 pl volumes containing either 4
ng sample DNA, or water for no template controlsIQY, diluted plasmid standards were
added in 1 pL volumes, molecular quality deionineder was added to reach the final reaction
volume. gPCR reactions were subjected to hot staryme activation at 96 for 3 min,
followed by 40 cycles of $& for 15s, and annealing at°€0for 1 min. After each QPCR run,
data was examined using Bio-Rad CFX96 detectiotesyqdBioRad, Hercules, CA) with
fluorescence threshold set at 200 RFU and autordetation of baseline cycle (Van De
Werfhorst et al., 2011). Standards and samples \waedyzed in triplicate and duplicate,
respectively, and the coefficient of variability\(for crossing point () values were<5.4%

(average CV was 1.5% + SD 1.9%) where replicatealues differed by1.8 G, (averageACp

10
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was 0.56 + SD 1.16) and were thus considered tf begh quality consistent with previously

established criteria for QPCR assay precision (E&eet al. 2013 and Shanks et al. 2016).

All gPCR and ddPCR reactions were prepared in &tbéop hood fitted with a UV-
light for sterilization before and after use (Agalf Systems, Creedmoor, NC, USA) using
electronic pipettes that were calibrated at theryegg of the study (Gilson Inc., Middleton,
WI, USA). At least two negative controls (no DNArtplate) were analyzed for each 96-well
plate. Reproducibility of gPCR conditions and alesef significant batch effects across
multiple 96-well plates was confirmed by close agnent of measured concentrations from
plasmid standards diluted to*16r 1¢ copies/uL and included on each plate (Figure S3).

Potential inhibition of PCR was previously assaj@dundiluted samples by spiking a
target marker at fOcopies/reaction into duplicate qPCRs for each $&ngmd comparing the
measured marker concentration to the standard ifjednt the absence of sample background
(Nshimyimana et al., 2017a). As none of the unddusamples were observed to cause
significant qPCR inhibition using either the B.their BacHum assay, we assumed identical
behavior for the diluted samples considered inghuisly.

Standard curves for gPCR were established usindotdnserial dilutions of plasmid
stock solution (1bto 1@ copies/uL) for either the B.theta or BacHum targetjuence.
Standard curves of Gralues versus target DNA concentrations for easiaywere generated
and fit by least-squares regression. Data from ltheest concentration standard {10
copy/reaction) were excluded to improve overall gidd, and the next lowest concentration
standard (1b copy/reaction) exhibiting linearity with more camtrated standards, was
operationally defined as the limit of quantificatiLOQ). qPCR standard curves were defined

for BacHum by a slope of -3.37, intercept of 37a0@ for B.theta by a slope of -3.49, intercept

11
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of 35.0. High linearity (R> 0.99) of the qPCR standard dilutions was consisiéth best
practices (Shanks et al., 2016).

Confidence intervals of predicted target conceiuinat on measured gOvalues were
calculated based on propagation of error in thaedstal curve (Harris, 1995). The limit of
detection (LOD) for BacHum and B.theta gPCR ass#&ys determined as the highestv@lue
significantly different from the lowest Galue observed in no template control (NTC) watls
a 95% confidential interval as previously descriffiddhimyimana et al., 2014). At least 2 NTC
wells were considered per 96 well plate (a totaR®fNTC wells per assay; Table S3). NTC
from gPCR runs that included samples (i.e. Plafes #5 for each marker) did not show any
amplification confirming absence of contaminatiamridg sample processing, consistent with
NTC recommendations fddacteroidales assays (Shanks et al., 2016). NTC wells on thie pla
used for amplification of the standard curve intBdatrace levels of background contamination
and the lowest NTC Cp values (Cp = 35.2 and 3% 4Bfotheta and BacHum, respectively)
were used for the LOD calculation. LODs at the 9&$fidence level were thus determined to
be 1.0 copies/reaction for BacHum and 3.0 copiastien for B.theta.

2.3.2 ddPCR assays
Samples were quantified using QX20Mroplet Digital’ PCR (ddPCR) (Bio-Rad,

Hercules, CA, USA) following the manufacturer's eeumendations to ensure appropriate
chemistry for emulsion PCR. B.theta and BacHumassactions were prepared by mixing 10
uL of ddPCR’ Supermix for probes (NodUTP), primers at 900 nMybers at 250 nM and 2 pl
template containing either 4 ng DNA, or sterilizedter for no template controls. Diluted
plasmid standards were added in 1 puL volumes asiy@osontrols. Molecular grade deionized
water was added to bring reaction volumes to 20 fech sample was loaded onto a'D8

cartridge (Bio-Rad, Hercules, CA, USA) with 70 uf. ddPCR" droplet generator oil (Bio-

12
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Rad, Hercules, CA, USA) and subjected to dropleegation on a QX200 Droplet generator
machine (Bio-Rad, Hercules, CA, USA). Forty mideis of each resulting emulsion was
loaded into a 96-well plate and sealed using a PRlate Sealer (Bio-Rad, Hercules, CA,
USA). ddPCR assays were subjected to a thermogyittheenzyme activation at 96 for 10
min; denaturation at 9& for 30 s; annealing and extension at@®@or 1 min; for 40 cycles,
followed by enzyme deactivation at @8 for 10 min, and a continuous hold afC4
Quantification results were read using ddPCBroplet Reader Oil (Bio-Rad, Hercules, CA,
USA); QX200™ Droplet Reader (Bio-Rad, Hercules, G/SA) and QuantaSoft software
(Bio-Rad, Inc., Hercules, CA, USA).

Quiality control for ddPCR was implemented as presip described (Cao et al., 2015,
Huggett et al., 2013, Pinheiro et al., 2012, Nshinana et al. 2018). Briefly, the number of
accepted droplets generated for each sample ruhdBZR in this study was10,000. The
threshold for distinguishing positive from negati@plets was determined manually as the
intensity in relative fluorescence units (RFU) abavhich no droplet signal would be expected
in the NTCs rounded to the nearest 100. The mea@ Bignal intensity and one standard
deviation was 426.2+34.2 (n=18) for B.theta and .%96366.3 (n=20) for BacHum.
Thresholds were defined as the highest NTC dropighal intensity observed plus two
standard deviations for B.theta (500 RFU) and BawH@000 RFU) where assay-specific
differences in baseline RFU can be attributed taatian in quenching efficiency of different
hydrolysis probes (BioRad QX200 Digital Droplet PGRanual) (Supplemental Table 1).
Samples were screened by the bioinformatics toefifidtherain” to confirm that individual
droplets could be unambiguously categorized as aloo\below the thresholds (i.e. no “rain
events”) (Jones et al. 2014). Samples were coresidaositive for the marker if they contained
three or more positive droplets.
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For each sample, 0.12% to 99.0% of droplets géedtravere scored as positive.
Negative and positive controls run on each 96-yédle confirmed the absence of reagent
contamination (all NTC registered as below the cteia limit), and reproducibility of plate-to-
plate PCR quantification conditions (Figure S1)r BAPCR, the dynamic range and limit of
detection were determined by the LOD95 method (Steet al., 2013, CODEX, 2010, Burd,
2010)where amplification of replicate standards of imsiag dilutions (19to 10 copies /uL,
and 50, 25, 12.5, 6, 3, and 1.5 copies/((Lable 1)established the concentration threshold
above which 95% of PCR reactions were positive. lithé of quantification was assumed to
be equal to the LOD since quantification proceadshe absence of a standard curve for
ddPCR.

2.4 ddPCR and gPCR comparison

We used multiple criteria to compare performancel@PCR and gPCR for detection
and quantification of BacHum and B.theta markersluiding: depth of quantification,
precision, sensitivity, specificity, and markertdlsution and concentration in composite and
environmental samples. The depth of quantificatias defined by the assay limit of detection
and precision by the variance among technical cefs of plasmid standards. Assay
sensitivity was determined based on the numberagfet host samples (human stool and
sewage samples) testing positive for the assayeklemg@B.theta and BacHum), divided by the
total number of host samples tested (Kildare et24l07). Specificity was calculated as the
number of non-target host samples that tested wedgatr the assayed marker, divided by the
total number of non-target samples tested (cabdhits dogs, wild boars, monkeys, chicken
and birds) (Kildare et al., 2007). The accuracyhef assays was computed as the ratio of target
and non-target host samples identified correctty the total number of samples tested (Odagiri

et al., 2014) and was thus a function of both smityi and specificity. The prevalence and
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abundance of human markers in environmental angosite fecal samples were compared to
determine how the assays performed in complex ssn@omposite samples were further
analyzed to determine the reproducibility of markietection based on expected levels in
component individual samples, as described prelyqishimyimana et al. 2017a).

2.5 Statistical analysis

gPCR standard curves (i.e. calibration curves) vgemerated by linear regression of
standard concentrations estimated by dilution jplaamid stock and crossing-point (Cp) values
obtained by measurement of the standard dilutiongiPCR. Sample concentrations were
reported as logl0 values for gPCR and for ddPCRe iag-transformed prior to statistical
analysis unless indicated otherwise. The reped#taloil quantification by ddPCR and gqPCR
was compared by calculating the coefficient of ataon from sample replicates. Pearson
correlation was used to compare human marker ctracems quantified by gPCR and ddPCR
in composite, environmental, and serially dilutédsmid DNA samples. ANOVA and Paired
T-test of environmental samples were used to coentber performance of gPCR and ddPCR in
quantifying levels of human markers in fecally ptdld natural water samples. Mean values of
human and sewage were compared using ANOVA followgdlukey’s honest significant
difference (HSD) post-hoc multiple-comparisons testietermine differences in quantification
across assays in human and sewage samples using?dMESAS Institute Inc., Cary, NC

USA).
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3. Results
3.1 Analysis of plasmid standards
Quantification of plasmid-borne standard dilutiomg ddPCR indicated a dynamic

range of 1.5 to 10copies/reaction for B.theta and 5.8 to* D@pies/reaction for BacHum

(Table 1) where the lower limit of the dynamic rangas defined by the limit of detection with
95% confidence. For ddPCR, quantification of stadslaabove 1D copies/reaction was not

possible due to saturation of droplets with positaignal. Quantification of plasmid-borne
standard dilutions by gPCR indicated a dynamic eanig3.0 to 18 copies/reaction for B.theta

and 1.0 to 1® copies/reaction for BacHum (Table 1). All ddPCRIajlPCR data generated
passed the MIQE guidelines (Bustin et al., 2009gd#it et al., 2013), where the efficiency of
gPCR amplification as determined from analysistahdard curves (Figure S2) ranged from
93% to 98%, falling within the range attributed dood laboratory performance of human
feces-associated assays (Shanks et al., 2012itliaffd Weisberg, 2011) (Figures 2A, 2B and
S2).

3.2 Human and animal fecal samples: Sensitivity, specificity and accuracy

The human-associatdghcteroidales assays BacHum and B.theta, validated as the best
human markers for microbial source tracking in 8pmye and Southeast Asia (Nshimyimana
et al., 2017a), were used to compare the perforemmahc@ddPCR and gPCR implemented on
platforms by the same manufacturer (Biorad). A tieacwas considered to be positive if the
measured concentration was greater than or equilet@assay detection limit for g°PCR or
ddPCR. In general, the prevalence of BacHum atiieEa markers as determined by ddPCR
were the same, or lower, than those determinedAfyRjin sewage, and fecal samples from
humans, domestic animals, and wild animals (FigyceFor human stool samples (n = 35)
ddPCR indicated 34 were positive for the BacHumkaaand 30 were positive for B.theta

indicating a sensitivity of 97.1 and 85.7%, respety. By comparison gPCR indicated higher
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356

marker prevalence with 100% and 94.3% of sampkmte positive for BacHum and B.theta,
respectively. In sewage samples (n=20), ddPCR atelicall samples were positive for both
B.theta and BacHum markers (100% sensitivity), lsinto findings from gPCR (Table 2). The
modest reduction in sensitivity for human markens human stool samples by ddPCR
compared to gPCR (BacHum: 100% to 97.1% and B:il#t&83% to 85.7%) was due to
variation in samples quantified near the detediioits of both platforms.

The specificity and accuracy of BacHum and B.tleetsays were compared for g°PCR
and ddPCR platforms by analysis of non-target ahgamples. For B.theta, both platforms had
a positive cross-reaction for a single cat fecalga out of 70 animal samples tested (Figure 1,
Table 2) indicating similar specificity of the ddRGand qPCR B.theta assay. However, the
accuracy of the B.theta assay was slightly reddmeddPCR (95%) relative to gPCR (97%)
due to the reduced sensitivity of ddPCR for theh&a marker in human stool samples, as
discussed above.

The ddPCR assay improved the specificity and acgufar detecting the BacHum
marker by reducing cross-reaction with non-targemal samples. For ddPCR 7/70 animal
samples tested positive for BacHum while 25/70 weositive by qPCR resulting in a
specificity of 0.88 by ddPCR compared to 0.58 bBP(Tables 2 and 3). Although ddPCR
showed a slightly reduced sensitivity for BacHunmhimman stool samples (100% by gPCR vs.
97% by ddPCR), sensitivity in sewage was 100%, @etall the accuracy of the BacHum
assay was significantly improved to 0.94 by ddPGingared to 0.81 by qPCR due to
heightened specificity (Figure 1C, Tables 2 andS®)ce it is possible that differences in assay
detection limits could impact the comparisons ofs#tevity and specificity, we conducted an
silico analysis to examine assay performance as a funotithe concentration identified as the
assay limit of detection. In order to achieve acgjmty >0.88 as obtained by ddPCR the
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selected qPCR LOD would have to be increased by 608-fold, resulting in over 40%
reduction in assay sensitivity (Figure 3). Thislgsia suggests that the heightened specificity
of the ddPCR platform for the BacHum marker canbetsolely attributed to the slight
reduction (<10%) of ddPCR assay sensitivity reativ gPCR.

3.3 Comparison of human marker prevalence and quantification in composite and

environmental samples

We examined the relationship between concentrattbimiman markers by gPCR and
ddPCR using human stool, sewage, composite, emagatal samples, and standards. Overall,
concentrations in samples determined by gPCR wgrgfisantly higher than those measured
by ddPCR by a factor of 18.7 £ 10.0 and 2.6 + dBHacHum and B.theta, respectively, and
independent of sample type (Table 4, S2). In cehttdutions of B.theta and BacHum plasmid
standards over the interval of 10 to’ D@pies per reaction were measured at nearly tne sa
level by gPCR and ddPCR (gPCR to ddPCR ratios wedret 0.2 for B.theta and 1.3+1.2 for
BacHum; Tables 1 and 4). Further analysis of tHeteti plasmid standards indicated good
agreement of g°PCR measurement of BacHum and B.dmetaldPCR measurement of B.theta
with the concentrations predicted based on theidiluseries (slope near or equal to 1.0 and
intercept near zero for measured versus expectegs;aR > 0.99) (Figure 2). Significant
differences between ddPCR and gPCR based measugseofeBacHum in samples, but not
standards, suggest factors related to the biolbgicd environmental context of the marker

genes may influence quantification results.
3.3.1 Environmental samples

The concentrations of human markers (B.theta armdHBan) in twenty catchment water

samples were quantified by gPCR and ddPCR (FigaArartl B). By ddPCR 8 of 20 samples

18



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

were positive for the B.theta marker and 9 of 2th@as positive for the BacHum marker,
while by gPCR all samples (20/20) were positivelfoth markers where 13 of 20 and 8 of 20
samples had quantifiable levels (>LOQ) of BacHurd Brtheta, respectively. For all samples,
gPCR indicated significantly higher concentrati@idiuman markers than ddPCR (Paired T.
test BacHum: p < 0.0001 and B.theta: p>0.0012) rbywerage of 11.1-fold for BacHum and
8.1-fold for B.theta (Table 4). The measured cotretions of marker in catchment water
samples by qPCR and ddPCR strongly correlated fitveEa but not for BacHum (B.theta: R =
0.72, p = 0.04, and BacHum: R = 0.42, p = 0.25)h@a: slope = 0.88,%R 0.53, intercept =

0.95, and BacHum: slope = 1.44=R.18, intercept = 0.54) (Figure 4A and 4B).

3.3.2 Composite samples

The prevalence of the BacHum and B.theta markergsac35 composite samples
comprised of DNA from human feces plus a variabietime of DNA from sewage and animal
feces was similar for ddPCR and gPCR, with sevexakeptions. Five composite samples
showed divergent results for presence/absence efBttheta marker; two samples were
ddPCR-positive/qPCR-negative for B.theta while ¢hsamples were ddPCR-negative/qPCR-
positive. Similarly, four composite samples thatrevddPCR-negative for the BacHum marker
were positive by gPCR. Since all composite samplese comprised of DNA previously
analyzed individually by ddPCR and qPCR, the exgmkamnarker occurrence in sample
mixtures was compared to observations from eactiopta to assess the reproducibility of
findings in complex mixtures (Table 2). Analysisafmposite samples by ddPCR yielded the
expected marker incidence in 34 of 35 samples (¥dvoBacHum and 31 of 35 samples for
B.theta (89%). QPCR analyses were similar to ddR@RBacHum with all 35 composite
samples reflecting expectations (100%) and moreabig for B.theta with 26 composite

samples reflecting expectations (74%). Concentratiof human markers (BacHum and
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B.theta) in composite fecal samples determined BER were significantly higher than by
ddPCR by a factor of 26.6-fold and 3.5-fold, respety (Table 4), and for each marker,
concentrations determined by the two PCR technetogvere strongly correlated (B.theta:
slope = 0.98, R= 0.64, intercept = 0.47 and BacHum: slope = OR?5; 0.75, intercept = 2.11

and B.theta: R = 0.80, p < 0.0001 and BacHum: R8§,(p < 0.0001 ) (Figure 5A and 5B).
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4. Discussion

The penetration of ddPCR as a platform for quaintgaPCR holds promise to improve
genetic marker detection and quantification in caxpenvironmental samples. In this study
we sought to address first, whether implementabbddPCR according to the manufacturer's
recommendations for droplet emulsion chemistry su@o good performance for assays
surveying the distribution of the human-associ&acdteroidales markers B.theta and BacHum
in complex fecal and environmental samples. Segonwdt asked whether the assays adapted
for ddPCR improved the detection and quantificatbBacHum and B.theta relative to gPCR
using conditions previously established in mulbdeatory studies and considering depth of
quantification, performance in complex samples, soeament precision, dynamic range,
reliance on external standards, assay sensitasiy,specificity (Table 5).

4.1 Expected ver sus observed outcomes of assay performance

The qPCR method has demonstrated inconsistencesr@os in the detection of
human fecal pollution at low concentrations in eonmental samples (Grgicak et al., 2010,
Cao et al.,, 2012, Harwood et al., 2014). Recentkwaas shown ddPCR to have a high
sensitivity and specificity, estimating target nuer$ without the use of a standard curve
(Hindson et al., 2011, Hindson et al., 2013, Haydeal., 2013, Yang et al., 2014, Cao et al.,
2015, Te et al., 2015). Therefore, our initial estpdon was that ddPCR would emerge as the
superior platform for microbial source tracking fmth assays considered. Our findings for the
most part support this initial hypothesis with ddPGhowing improved specificity and
accuracy relative to qPCR for detection of the BawHmarker with high sensitivity and
reproducibility (Tables 3 and 5, Figure 3), andwimg improved reproducibility for detection
of B.theta marker in fecal composite samples despibdestly reduced sensitivity relative to

gPCR. However, in several criteria gPCR, as implaetkin the current study, was superior to
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434  ddPCR including the precision of replicate measeres) the ability to quantify >f@opies of
435 template, and increased sensitivity for the humanker in fecal and environmental samples
436 (Table 5). Despite high agreement of quantificatresults for plasmid standards for both
437 BacHum and B.theta markers and for the B.theta emank all sample types (Table 5),
438  unexpectedly high variation between qPCR and ddiR@Bsurements of BacHum marker in
439 complex samples (ave. 18.7-fold higher by gPCR3edisignificant questions about the
440  reliability of BacHum quantification and identifitan of the best-performing platform.

441 4.2 Assay performance across platforms and markers

442 Comparison of assay sensitivity, specificity andrikea concentrations revealed high
443  agreement between qPCR and ddPCR platforms foBiheta assay. In contrast, significant
444  differences between platforms was observed for BaeHum marker where qPCR results
445 indicated higher sensitivity, lower specificity,ard8.7-fold higher overall concentrations of
446  BacHum relative to ddPCR in fecal and environmersanples. Notably, variable assay
447  performance was not observed during quantificabbrplasmid standards, suggesting that
448  assay-specific differences in performance may bate@ to sample complexity. Variable
449  performance of B.theta and BacHum assays on theptatiorms may be explained by the
450 nature of the different platforms used (QPCR v®@R), by the conditions used in each assay,
451  or by the properties of each assay's DNA target.

452 4.2.1 Gene Copy Number.

453 Assay-specific variation in marker quantification ddPCR and gPCR platforms may
454  be expected based on the way each platform ingenaith multiple-copy genes that are
455  genetically-linked (Wang et al., 2016). The B.thataay target is expected to occur as a single-
456  copy in the genome (Yampara-lquise et al., 2008)enthe 16S rRNA gene targeted by the

457 BacHum assay may be multi-copy in certain membédrsthe Bacteroidales (up to 6
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operons/genome, (Klappenbach et al., 2000)) althauliether these operons occur with close
proximity in the genome cannot be determined siBaeHum primers target the taxonomic
order-level, and thus an unknown diversity of geedgpes. While gPCR is expected to
independently quantify multi-copy genes co-occyrtam the same DNA fragment, the droplet-
based analysis of ddPCR would be expected to smghboring multi-copy genes together as
a single count, underestimating the true copy nurabd potentially affecting determination of
presence/absence for low-abundance targets. Tauspilti-copy genes that co-occur in the
same gene neighborhood, ddPCR may provide lowecerdration estimates than gPCR
(Wang et al., 2016) and lower apparent sensitamigt cross-reactivity for targets near the limit
of detection. As the BacHum marker is associateth vda multi-copy rRNA operon,
undercounting of separate ribosomal targets thatiroon the same DNA fragment may thus
contribute to the reduced estimates for BacHum eradoncentration by ddPCR relative to
gPCR in complex samples. Plasmid standards would@&onfluenced by this assay-specific
difference as plasmids are purified in a size-¢pleananner to contain a single target gene
copy.

4.2.2 PCR reagent composition.

Master mix composition may also contribute to défeces in assay performance on
gPCR and ddPCR platforms. We also note that PCRitidm is unlikely to play a major role
in our study as all templates previously testedatieg for significant PCR inhibition
(Nshimyimana et al. 2017a). Assay conditions foPG& were selected to be compatible with
the emulsion PCR platform, per the manufacturet®mmendations. For the B.theta assay,
which had identically high specificity across ddPCid gPCR platforms, identical
concentrations of primers and probes were useddtir platforms. In contrast, for BacHum the
primer and probe concentrations recommended foC&l®ere higher than those previously
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optimized for the qPCR assay (Kildare et al., 200A)pically, increased concentrations of
template DNA or oligonucleotides are associated hwiincreased probability of
(mis)hybridization with reduced specificity and ieased sensitivity of PCR assays (Innis and
Gelfand, 1990, Wang et al, 2014); however, we okeskhigher specificity for the BacHum
ddPCR assay despite higher concentrations of priamel probes. We thus attribute this
heightened specificity to the ddPCR platform, arat to the elevated primer and probe
concentrations, which would be predicted to haeedpposite effect.

4.2.3 Abundance of closely related non-target secge for ribosomal RNA versus
protein-coding marker genes.

Co-occurring non-target sequences may inflate eséisnof target abundance when the
fidelity of primer and probe hybridization is coroprised. This effect may be assay-specific
depending on the extent of closely related gertiersity in primer and probe binding sites.
The BacHumprimerstarget a phylogenetically variable region of theSIRNA gene and
closely related non-target organisms are expecte@d-{ccur in complex samples. In contrast,
the B.theta assay targets a conserved protein-gagine, where less fine-scale phylogenetic
diversity may be expected at the primer and probeimg sites. Thus, the B.theta assay may be
less vulnerable to small changes in PCR conditibat affect the fidelity of primer and probe
hybridization, while such shifts in fidelity may @&vle amplification of non-exact matches for
BacHum. It is possible that the qPCR platform agmlyents in this study yielded less stringent
binding of primers and probes than the ddPCR piatfdkeduced specificity of the BacHum
gPCR assay in animal fecal samples relative to &IB@ports this notion. If true, reduced
specificity of BacHum primer and probe binding agrigPCR may explain the large variation
between gPCR and ddPCR measurements observed istildy in complex samples. Plasmid
standards would not be susceptible to this assegHsp difference since plasmid-borne
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standards reflect a single target DNA sequencevandd not have closely related diversity at
the target sequence.

4.3 Tradeoffs between assay sensitivity and specificity

While further work is necessary to validate thevabmodels to explain the different
behaviors of the two assays on the ddPCR and gHR@&tffmms, taken together gene copy
number and expected abundance of closely relateearget sequences, may help to explain
the high reproducibility of plasmid standard quiecdition and B.theta specificity estimates
across gPCR and ddPCR platforms and the elevateldBa marker levels measured by gPCR
in complex samples.

Consideration of results from this study in light g°PCR results obtained from a
previous study conducted by our group reveals antiai tradeoff between specificity and
sensitivity for the BacHum assay that is not evidenthe B.theta assay. In Nshimyimana et al
2017, gPCR analyses indicated that BacHum and tB.there the best performing markers for
MST based on observed specificities (91% and 9&%pactively) and sensitivities (65% and
69%, respectively) for human fecal material (Nshimgna et al 2017). In the current study,
which has employed both gPCR and ddPCR, the sahsitf the BacHum and B.theta assays
were markedly improved for both platforms, with banged high specificity for the B.theta
assay. In contrast, the specificity of the BacHwssagt was significantly reduced by gPCR
implemented in the current work although speciigémained similar when determined by
ddPCR. gPCR analyses from the two studies empl@eatical thermal cycling parameters
and concentrations of primers and probes, withIpédentical profiles of human and animal
fecal materials (modified in this study by a staddzed template dilution across samples and
excluding Myna Birds due to prior non-detectiorBaicteroidales DNA). These qPCR analyses

were conducted in separate laboratories, usingeréifit master mix reagents, on gPCR
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machines from different manufacturers, and wittower baseline threshold observed in the
current work. Lower limits of marker detection a®hed in this study by qPCR, may explain
part of the increased sensitivity for both markdrswever would not explain the decreased
specificity of the gPCR assay for BacHum while Btthspecificity remained high.

An in silico analysis of increased limit of detecti set point for presence/absence
determination in this study (Figure 3) did not oest BacHum assay specificity to levels
observed previously by gPCR (Nshimyimana et al 2@t #ia ddPCR (this study), indicating
that variations in BacHum assay specificity acrgCR systems and between qPCR and
ddPCR was likely influenced by additional unknowaatbrs, which could potentially be related
to the nature of the DNA targets as discussedamtkvious section. Notably, in this study the
ddPCR platform was able to simultaneously delivahbhigh sensitivity (97%) and specificity
(88%) for the BacHum marker suggesting reduced atspom potential trade-offs between
sensitivity and specificity.

4.4 Comparison to earlier studies

Previous studies employing ddPCR and qPCR have\@tssimilar results as reported
here for limit of detection, dynamic range, assagcgsion, and variability of gPCR and
ddPCR-based measurements of the same targetsedtin@dal reproducibility of B.theta and
BacHum marker concentrations in replicates as nmeddoy gPCR and ddPCR and the limits
of detection for ddPCR are within the range ofieastudies for different assays (Morisset et
al., 2013, Whale et al., 2013, Cao et al., 2015)il&ly, gPCR demonstrated a wider linear
dynamic range than ddPCR for serially diluted stadd in two recent studies targeting
different microbial marker sequences with applmatito water quality monitoring in

California, USA (Cao et al., 2015) and Singapore €T al., 2015).
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Observed trends differ for similar comparisons oPC&R and ddPCR-based
measurements of the same targets. A tropical squdytifyingMicrocystis demonstrated that
gPCR measurements were 1.3-fold to 6.8-fold (awe£a§-fold) higher than ddPCR (Te et al.,
2015). In contrast, in two different studies of genuantification in clinical samples
concentrations measured by qPCR tended to be 7d@pldo 30-fold) lower (Hindson et al.,
2013) than those determined by ddPCR (Taylor et28l15). Such studies, like ours, were
based on gPCR assays that met the MIQE (2009) atds\draising the distinct possibility that
significant variability can exist between qPCR adiPCR platforms. Further work is needed to
understand how assay-specific factors, such as-oogy gene linkage and properties of the
DNA targets, including closely-related complexitymay lead to differences in platform
performance.

Overall the performance of ddPCR and gPCR validdwesitility of either platform for
MST using B.theta. For the BacHum marker, the ddp@®orm was validated while variation
across gPCR platforms suggest trade-offs betwesayaensitivity and specificity that should
be taken into consideration for multi-laboratorydses. Given the importance of source
identification at low concentrations of target inveonmental samples and uncertainties that
may be associated with qPCR standard curves, tRERderformance was more consistent in
this study and thus would be preferable to gPCRMSIT (Table 5). However, the application
of ddPCR for MST should be based on consideratidgheoperformance of the selected genetic
marker, expected levels of target in water sampaese processed, and other factors such as

cost-effectiveness

5.5 Conclusions
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» Digital droplet PCR implemented according to thenafacturer's recommendations for
primer and probe concentrations is a suitable gulaiffor microbial source tracking
using the humamacteroidales markers BacHum and B.theta.

» Performance similarity between qPCR and ddPCRiat for sensitivity, specificity,
and detecting human markers in composite sampthksaite both methods can be used
with similar confidence for presence/absence detetion of the B.theta marker.

e Similar or higher reproducibility of ddPCR-based rkeat detection with enhanced
specificity for BacHum and quantification indepentef a standard curve, prone to

systematic errors, make ddPCR attractive for MST.
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600 Supplementary data related to this article havenbeabmitted in a different file.
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Tablel. Quantification of plasmid stock solution dilutioosntaining targeted markers BacHum or B.theta blyRjRnd ddPCR methods

Expected gPCR (log copies/reaction) ddPCR (log copies/reaction)
concentration®

Copies/ logcopies BacHum SD % CV  Btheta SD % CV BacHum SD % CV B.theta SD % CV
reaction reaction

10° 8.0 7.4 0.01 0.22 7.7 0.08 1.12 TNTC ND ND TNTC ND ND
10 7.0 7.1 0.16 2.35 7.6 0.17 2.29 TNTC ND ND TNTC ND ND
10° 6.0 6.2 0.02 0.33 6.0 0.04 0.59 TNTC ND ND TNTC ND ND
10° 5.0 5.3 0.02 0.45 4.8 0.03 0.64 TNTC ND ND TNTC ND ND
10 4.0 4.1 0.09 2.33 3.9 0.02 056 3.6 0.05 1.49 4.0 0.04 1.09
10° 3.0 2.9 0.05 1.90 2.8 0.04 132 28 0.04 147 2.6 0.02 0.65
100 2.0 1.8 0.06 3.57 1.9 0.00 0.08 20 0.07 3.18 2.0 0.00 0.26
50 1.7 ND ND ND ND ND ND 1.8 0.02 1.20 1.6 0.03 1.65
25 1.4 ND ND ND ND ND ND 1.5 0.03 222 1.4 0.01 0.76
12.5 1.1 ND ND ND ND ND ND 1.2 0.02 1.66 1.1 0.02 2.23
10 1 0.76 0.02 4.78 1.2 0.03 282 11 0.06 5.72 0.9 0.02 2.10
5.8 0.7 ND ND ND ND ND ND 0.7%** 0.03 3.53 ND ND ND
3.5 0.5 ND ND ND ND ND ND 0.77 040 544 0.4* 0.01 2.40
1.5 0.2 ND ND ND ND ND ND 0 0 0 0.2 0.06 3.50

Notes: 'Copy numbers in standards were calculated baseplasmid molecular weight, measured concentratiorstatk solution, and

dilution.

Abbreviations: CV: coefficient of variation, ND: lWdetermined; TNTC: positive droplets were Too nuwas to count;
All averages represent triplicate samples withreste denoting exceptions based on duplicate €% (t*), and n=9 (***) samples.
Italic font represent values obtained below the detectiontdigétermined at 95% confidence: gPCR BacHum =cages/reaction; qPCR
B.theta = 3.0 copies/reaction; ddPCR BacHum = §es/reaction; ddPCR B.theta = 1.5 copies/reaction
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822 Table 2. Performance of human-associatBdcteroidales assays as revealed by qPCR and
823 ddPCR quantification of human fecal samples andefticated and wild animal fecal samples,
824  and environmental and composite samples.

841

842

843

825
Per centage of positive samples n 826
Sample category gPCR ddPCR 827
BacHum B. theta BacHum B.theta °R
Humans 53
Sewage 95 100 100 100 830
Human Stool 100 94.3 97.1 85.7 831
Domesticated Animals 232
Rabbits 60 0 50 0 10
Dogs 10 0 0 0 1633
Cats 100 10 0 10 1634
Chickens 80 0 20 0 193¢
Wild Animals
Monkeys 0 0 1(5'3 3
Wild boards 0 0 1837
Myna birds 0 0 1Q3s
Environmental (water) 100 45 40 29339
Per centage of agreement (Observed vs. Expected detection) n
Composite Fecal 97.1 88.6 3510
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Table 3. Human assay performance metrics calculated usiegl&a and B. theta gPCR and
ddPCR concentrations

Assay performanceSample Type

gPCR ddPCR
metric®
BacHum B.theta BacHum B.theta
Sengitivity Sewage (n=20) 0.95 1.00 1.00 1.00
Human stool (n=35) 1.00 0.94 0.97 0.85
Specificity Animals (n=60} 0.58 0.98 0.88 0.98
Accuracy Sewage, human sto0.77 0.97 0.94 0.95

and animals (n=105)

Notes: #Sensitivity = TP/(TP+FN); Specificity = TN/(TN+FPAccuracy =
(TP+TN)/(TP+TN+FP+FN) as described in Kildare e2@07 and Odagiri et al 2014. (TP: true
positive; TN: true negative; FP: false positive;:False negative)

®Mynah Birds (n = 10) were excluded from specifigigiculation as their feces tested negative
for the Bacteroidales universal marker (BacUniNshimyimana et al 2017 and they were
confirmed to be negative for B. theta and BacHungBZR and ddPCR in this study.
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854  Table4. Comparison of gPCR and ddPCR based on measurefmamnan-associated B. theta and BacHum markersssample
855 typesto standards measured by Qubit fluorometry at baicentration followed by dilution. Average and na@dreported are
856 BacHum & B.theta marker concentrations determined®CR divided by the concentration determined diyCR.

Type of samples Average (SD) Median (Range)

BacHum

Human (n = 35) 26.8 (11.6) 24.7 (1.3-44.1)

Sewage (n = 20) 14.9 (5.1) 16.4 (4.8-21.1)

Composite (n = 35) 26.6 (9.4) 28.9 (0.6-38.7)

Environmental (n = 20) 11.6 (3.6) 12.3 (2.9-18.5)

Standards(n = 4) 1.3 (1.2) 1.0 (0.5-3.2)

All Data (n = 114) 18.7 (10.0) 18.5 (0.1-38.7)

B.theta

Human (n = 35) 3.3(2.3) 2.7 (0.4-10.4)

Sewage (n = 20) 2.8 (1.6) 3.7 (0.8-7.6)

Composite (n = 35) 3.5(1.8) 3.7 (0.0-6.4)

Environmental (n = 20) 8.1 (5.1) 11.1 (1.8-15.0)

Standards(n = 4) 1.1 (0.2) 1.0 (0.9-1.3)

All Data (n = 114) 2.6 (2.8) 3.1 (0.0-14.6)
857 & Marker concentrations in samples were measureaes/reaction. Average, standard deviation, medizax and min
858 were determined for ratios of gPCR- to ddPCR-messuoncentrations for each sample within each saigpe.
859 ®Plasmid dilutions at 10 to f@opies/reactiomere measured by ddPCR.
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860 Table5. Comparison of ddPCR and gPCR for microbial sotnaeking using Human-
861 associatedBacteroidales markers BacHum and B.theta
Comparison of ddPCR and gPCR gPCR ddPCR Superior
platform
» Precision of replicate standar CV (0.08t04.8) CV (0.261t05.7) % gPCR
testing %
» Upper limit of detection 10° 10* qPCR
(copies per reaction)
e Limit of detection (LOD) for
BacHum and B.theta, 1.0 and 3.0 5.8 and 1.5 gPCR
respectively (copies per
reaction)
e Limit of quantification (LOQ)
for BacHum and B.theta, 11 5304120 5.8and 1.5 ddPCR
respectively (copies per
reaction)
* LOD base reproducibility of
presence/absence results in 4PCR &
fecal composite samples for 100% and 77%  97% and 89% ddPCR
BacHum and B. theta,
respectively
* Prevalence of markers in 100% 40-45% gPCR
environmental samples
» Specificity for BacHum and  58% and 98% 88% and 98% ddPCR
B.theta, respectively
* Sensitivity for BacHum and  100% to 94% 97% to 85% qPCR
B.theta in human feces,
respectively
» Quantification dependent on Dependent Independent ddPCR

error-prone standard curve

862
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qPCR = ddPCR i:B.theta ii: BacHum

Figure 1. Distribution of concentrations of human-associaBadteroidales markers B.theta

(bt) and BacHum (bh) in human stool (Figure 1AWwage (Figure 1B), and domesticated
animal fecal samples (Figure 1C) as quantified qusidPCR (black) and qPCR (dark grey).
Box and whiskers plots depict median and quarii¢ridutions with outliers plotted as single
points. All individual assay limits of detection me below 1 logl0 Copies/Reaction.
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871

872  Figure2. Measured concentrations of positive controlswohlnBacteroidales markers (B.theta and BacHum) quantified using gRG&

873 ddPCR compared to expected concentrations basddution of plasmid standards where DNA concentragi of the lowest dilutions were

874  measured by Qubit Fluorometry. A slope of 1 aRd(RO9 demonstrate a good fit between measured greteed concentrations. QPCR

875  efficiencies of BacHum and B.theta assays are dstrated (2A and 2B) (Efficiency=1("""21). X-axis is the expected concentrations and Y-
876  axis is the measure concentrations by qPCR (2BR&)ar by ddPCR (2A and 2C). Measured and expemedentrations of BacHum (0 —

877  10° copies/reaction) by qPCR (2A). Measured and egpeobncentrations of B.theta (0 - tBpies/reaction) by gPCR (2B). Measured and
878  expected concentrations of BacHum (0 £ d@pies/reaction) by ddPCR (2C). Measured and éggemncentrations of B.theta (0 =10

879  copies/reaction) by ddPCR (2D).
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Figure 3. In silico analysis of variation of gPCR assay performanca fasction of the concentration identified as &issay limit of
detection.Higher thresholds for limits of detection are ass@d with decreased sensitivity and slight to rveally increased
sensitivity for B. theta and BacHum gPCR assayspeaetively. DAPCR results indicated for comparigsymbols with black
border). Asterisks on the x-axis denote limits efedtion at the indicated confidence thresholdft?CR (dd) and gPCR (q).
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886  Figure 4. Comparison of concentrations of humBacteroidales markers (BacHum and B.theta) in environmental desip
887 Comparison of concentrations of B.theta quantifled ddPCR and gPCR in environmental samples (4A)mg@aoison of
888  concentrations of BacHum quantified by ddPCR an@Rjfh environmental samples (4B). All graphs inelgiope and Rvalues.
889  Environmental samples are expressed as log Cogastian of sampled water volume and only concdntratabove the limit of
890 detection (LOD) plotted.
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Highlights:
1. Digita droplet (dd) PCR was validated for Bacteroidales-based microbia source

tracking

2. Sensitivity of quantitative (q) PCR for Bacteroidales human markers in feces was
superior to ddPCR

3. Assay specificity and reproducibility in feces by ddPCR were greater than or nearly
equal to those by gPCR

4. gPCR and ddPCR platform performance may vary with assay



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




