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Highlights 10 

• New ddPCR application for virus quantification in wastewater and graywater 11 

• Improved sensitivity relative to qPCR allows greater quantification frequency 12 

• Measured concentrations agree well with previous epidemiology-based simulation 13 

• Results support published pathogen reduction targets for onsite non-potable reuse 14 

Abstract 15 

Risk-based treatment of onsite wastewaters for decentralized reuse requires information on the 16 

occurrence and density of pathogens in source waters, which differ from municipal wastewater 17 
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due to scaling and dilution effects in addition to variable source contributions.  In this first 18 

quantitative report of viral enteric pathogens in onsite-collected graywater and wastewater, 19 

untreated graywater (n=50 samples) and combined wastewater (i.e., including blackwater; n=28) 20 

from three decentralized collection systems were analyzed for two norovirus genogroups 21 

(GI/GII) and human adenoviruses using droplet digital polymerase chain reaction (ddPCR).  22 

Compared to traditional quantitative PCR (qPCR), which had insufficient sensitivity to quantify 23 

viruses in graywater, ddPCR allowed quantification of norovirus GII and adenovirus in 4% and 24 

14% of graywater samples, respectively (none quantifiable for norovirus GI).  Norovirus GII was 25 

routinely quantifiable in combined wastewater by either PCR method (96% of samples), with 26 

well-correlated results between the analyses (R2=0.96) indicating a density range of 5.2–7.9 log10 27 

genome copies/L.  These concentrations are greater than typically reported in centralized 28 

municipal wastewater, yet agree well with an epidemiology-based model previously used to 29 

develop pathogen log-reduction targets (LRTs) for decentralized non-potable water systems.  30 

Results emphasize the unique quality of onsite wastewaters, supporting the previous LRTs and 31 

further quantitative microbial risk assessment (QMRA) of decentralized water reuse. 32 

Keywords 33 

norovirus; graywater; wastewater; digital PCR; QMRA; water reuse 34 

1. Introduction 35 

Decentralized water reuse can provide economic and environmental benefits; however, 36 

expansion of its application has been hindered by uncertain treatment and management 37 

requirements (National Academies of Sciences, Engineering, and Medicine, 2016).  A 38 

fundamental barrier to the development of treatment guidance for decentralized reuse systems 39 
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has been lack of pathogen characterization data for onsite or locally-collected wastewaters, 40 

including graywater (water from bathroom sinks, bathtubs/showers, and clothes washing 41 

machines), blackwater (water from toilets and kitchen sinks), and combined wastewater (mixed 42 

graywater and blackwater).  These water sources experience greater variability in pathogen 43 

densities than municipal wastewater due to both sporadic pathogen infections among small 44 

populations and lack of wastewater dilution by non-domestic sources such as stormwater and 45 

industrial discharges (O’Toole et al., 2014; Schoen et al., 2015).  Intermittent occurrences 46 

present a practical challenge for the interpretation of non-detections during pathogen monitoring, 47 

particularly in the case of graywater where pathogen densities may approach measurement 48 

sensitivity limits.  Indeed, previous efforts to quantify pathogens in graywater have been largely 49 

unsuccessful (Christova-Boal et al., 1996; Winward et al., 2008; Benami et al., 2015). 50 

Epidemiology-based pathogen modeling has been proposed as an alternative method for 51 

generating decentralized wastewater characterizations (Fane et al., 2002; Ottoson and 52 

Strenström, 2003; Barker et al., 2013; Schoen et al., 2014; Jahne et al., 2017).  In these models, 53 

reported illness incidence rates for enteric pathogens are used to simulate the occurrence of 54 

pathogen infections among a population of given size.  For each such infection, the pathogen 55 

shedding duration and daily concentration in feces is then modeled based on reported shedding 56 

characteristics during clinical infections.  Separately, levels of fecal contamination in combined 57 

wastewater or graywater are modeled based on their reported fecal indicator concentrations 58 

relative to raw feces.  Results of the pathogen shedding and fecal contamination models are then 59 

combined to simulate pathogen occurrences and densities in source waters as a function of the 60 

population size contributing to a given wastewater or graywater collection.  This method has 61 

been used to develop influent pathogen characterizations for a quantitative microbial risk 62 
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assessment (QMRA) model of pathogen log-reduction targets (LRTs) for decentralized non-63 

potable water systems (Jahne et al., 2017; Schoen et al., 2017; Sharvelle et al., 2017).  However, 64 

given the lack of pathogen measurement data for onsite-collected wastewaters, the pathogen 65 

simulation results underlying these LRTs have not been validated in the context of actual 66 

pathogen observations. 67 

To improve upon previous detection methods for low-level pathogen densities in wastewaters, 68 

this study presents droplet digital polymerase chain reaction (ddPCR) quantification of viral 69 

enteric pathogens (norovirus genogroups GI and GII and human adenoviruses) in untreated 70 

graywater and combined wastewater.  Measurement results from three different building-scale 71 

decentralized collection systems are compared to the epidemiology-based pathogen simulation 72 

used to model LRTs for non-potable onsite wastewater reuse, and to traditional quantitative PCR 73 

(qPCR) analysis methods.  To our knowledge, this is the first quantitative report of norovirus 74 

concentrations in graywater or in onsite-collected combined wastewater.  Results will support 75 

future QMRAs evaluating the safety of decentralized water systems and the continued 76 

development of risk-based treatment guidance for decentralized water reuse. 77 

2. Materials and Methods 78 

2.1 Sample Collection and Processing 79 

Untreated water samples were collected from two office facilities and one residential facility in 80 

the United States (CA, CO, and OH).  One office facility supporting approximately 900–1000 81 

persons collects combined wastewater from all sources in the building (WW1) and one office 82 

facility supporting approximately 700–800 persons collects graywater primarily from bathroom 83 

sinks, with additional contributions from janitorial sinks, water fountains, and several showers in 84 
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the building (GW1).  The residential facility collects graywater from bathroom sinks and 85 

showers in a university residence hall supporting approximately 500 persons (GW2).  Twice-86 

weekly sampling targeted the winter season (December through April), i.e. the peak season for 87 

norovirus (Eftim et al., 2017).  To assess potential seasonal effects, additional samples were 88 

collected from WW1 during the summer season (June and July).  A total of 28, 33, and 17 89 

samples were collected from WW1, GW1, and GW2, respectively. 90 

During each sampling event, 5 L (for 25/28 combined wastewater samples) or 10 L (for the 91 

remaining combined wastewater and all graywater samples) of water was collected into a sterile 92 

polypropylene container and filtered through an Asahi Kasei Rexeed®-15S ultrafilter with 30 93 

kDa molecular weight cutoff (Dial Medical Supply, Chester Springs, PA) upon receipt at the 94 

laboratory (< 24 hours at 4˚C).  Ultrafiltration has been demonstrated to provide efficient 95 

recovery compared to alternative methods (Cashdollar and Wymer, 2013) and in this study 96 

achieved a mean recovery of 60% based on wastewater samples evaluated both with and without 97 

the concentration step.  An inline vacuum gauge was used to ensure that the transmembrane 98 

pressure of the ultrafilter did not rise above the manufacture’s stated limit of 66 kPa.  Ultrafilters 99 

were stored at 4˚C and eluted within 72 hours using a filter-sterilized elution solution consisting 100 

of 0.01% sodium polyphosphate (Sigma-Aldrich, St. Louis, MO), 0.01% Tween-80 (Sigma-101 

Aldrich), and 0.001% Y-30 antifoam (Sigma-Aldrich).  Elution solution (200 mL) was circulated 102 

clockwise through each ultrafilter for 2 min, with a 1 min counter-clockwise cycle between the 103 

two clockwise cycles.  The entire sample was then centrifuged at 1500×g for 15 min at 4˚C.  A 104 

solvent extraction was implemented with GW1 samples, where a 15 mL aliquot of supernatant 105 

was added to an equal volume of Vertrel XF (The Chemours Company, Wilmington, DE) in a 106 

sterile 50 mL polypropylene conical tube and vortexed vigorously for 1 min. The sample was 107 
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then centrifuged at 5000×g for 15 min at 4˚C.  At least 10 mL of the aqueous layer was stored at 108 

-70˚C for nucleic acid extraction.  The solvent extraction was omitted from processing samples 109 

collected at WW1 and GW2 as it did not meaningfully impact virus recovery (2–32% difference 110 

in process control trials); instead, the supernatant produced from these samples was used directly 111 

in nucleic acid extraction.  112 

Nucleic acids were extracted from 10 mL of samples with the QIAamp DNA Blood Maxi 113 

Extraction Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions, except 114 

Buffer AVL (Qiagen) was substituted for Buffer AL as the lysing agent and the protease 115 

digestion was omitted.  Nucleic acids were eluted from spin columns twice with the same 1 mL 116 

volume of Buffer AE.  Negative extraction controls using 10 mL of nuclease-free water were 117 

performed with each extraction set.  Extracted nucleic acids were stored at -70˚C. 118 

2.2 qPCR/Reverse Transcription (RT)-qPCR 119 

Human adenoviruses were quantified in samples using qPCR and the TaqMan assay described 120 

previously (Jothikumar et al., 2005).  Reactions consisted of GeneAmp 10X PCR Buffer II 121 

(diluted to 1X; ThermoFisher Scientific, Waltham, MA), 5 mM MgCl2 (ThermoFisher 122 

Scientific), nuclease-free water (Promega Corporation, Madison, WI), 0.4 mM dNTPs (Promega 123 

Corporation), 50X ROX reference dye (diluted to 1X; ThermoFisher Scientific), 1.25 U 124 

AmpliTaq Gold DNA Polymerase (ThermoFisher Scientific), 400 nM primers, 150 nM probe, 125 

and 5µL nucleic acid extracted sample in 25 µl reactions.  PCR occurred on a StepOnePlus Real-126 

Time PCR System (ThermoFisher Scientific) by heating to 95°C for 10 min, followed by 40 127 

cycles of 95°C for 15 sec and 60°C for 1 min. 128 
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Noroviruses were quantified in samples using a two-step RT-qPCR and the norovirus GIB and 129 

GII primer-probe assays described previously (Brinkman et al., 2013; Shay et al., 2014).  130 

Reverse transcription reactions were prepared in 15 µL, consisting of GeneAmp 10X PCR 131 

Buffer II (diluted to 1X; ThermoFisher Scientific),  1.5 mM MgCl2 (ThermoFisher Scientific), 132 

0.66 mM dNTPs (Promega Corporation), nuclease-free water, 0.833 nM reverse primer, 25 U 133 

MuLV Reverse Transcriptase (ThermoFisher Scientific), 15 U RNasin Plus Ribonuclease 134 

Inhibitor (Promega Corporation, Madison, WI), and 5 µL nucleic acid extracted sample.  Reverse 135 

transcription was conducted at 43˚C for 60 min followed by 94˚C for 5 min.  The entire volume 136 

of the RT reaction was used in qPCR, with the addition of components at final concentrations of 137 

1X PCR Buffer II, 5 mM MgCl2, 1X ROX reference dye, 500 nM primers, 100 nM probe and 138 

1.25 U AmpliTaq Gold DNA Polymerase in a 25 µL reaction. Cycling was run on the StepOne® 139 

Plus Real-Time PCR System using the PCR conditions stated above.  140 

A master standard curve was generated for each virus target by analyzing dilutions of wild-type 141 

human adenovirus, serotype 5 (Ad5; O.D. 260, Inc., Boise, ID) or a custom Armored RNA 142 

(EPA-1615; Asuragen, Austin, TX; Shay et al., 2014) after nucleic acid extraction using the 143 

QIAamp DNA Blood Mini Extraction Kit (Qiagen) according to the manufacturer’s instructions, 144 

except for the substitution of Buffer AVL (Qiagen) for Buffer AL and omission of the protease 145 

step.  The concentration of each dilution used to construct the standard curve was determined 146 

using ddPCR (described below) and quantification cycle (Cq) values of triplicate reactions were 147 

pooled after three independent qPCR or RT-qPCR assessments.  The dynamic range of the 148 

assays was 0.95–4.79 log10 genome copies/reaction for norovirus GI and GII and 0.63–4.73 log10 149 

genome copies/reaction for adenovirus. 150 
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Every qPCR and RT-qPCR plate contained positive controls (one of the dilutions used to make 151 

the standard curve) and negative controls (10 mM Tris-HCl, pH 8.5; Qiagen). Wastewater and 152 

graywater samples were diluted in a 5-fold series and each dilution was analyzed with 5 replicate 153 

reactions.  Concentration agreement among multiple dilutions of positive samples (<30% 154 

coefficient of variation) indicated lack of PCR inhibition by the sample matrix. 155 

2.3 ddPCR/RT-ddPCR 156 

Adenoviruses were quantified in samples using a duplexed ddPCR reaction with the adenovirus 157 

assay used in qPCR (labeled with FAM) and the assay for an internal amplification control (IAC; 158 

labeled with VIC).  The ddPCR IAC consisted of a linearized custom gene (Integrated DNA 159 

Technologies, Coralville, IA) containing the amplicon of the Hepatitis G primer-probe assay 160 

described previously (Shay et al., 2014).  The 25 µL reactions contained ddPCR Supermix for 161 

Probes (no dUTP; Bio-Rad Laboratories, Inc., Hercules, CA), 900 nM primers, 250 nM probes, 162 

nuclease-free water, approximately 2.8×104 copies of the IAC, and 5 µl of exacted sample.  163 

Droplets were made using the QX200 AutoDG (Bio-Rad Laboratories, Inc.) according to the 164 

manufacturer instructions.  PCR was performed in a C1000 Touch Thermal Cycler with 96-Deep 165 

Well Reaction Module (ThermoFisher Scientific) by heating to 95°C for 5 min, followed by 50 166 

cycles of 95°C for 30 sec and 55°C for 1 min, then a final incubation at 98°C for 10 min.  167 

Amplification in each droplet was assessed with the QX200 Droplet Reader (Bio-Rad 168 

Laboratories, Inc.). 169 

Noroviruses were quantified in samples using a duplexed RT-ddPCR reaction with either of the 170 

primer-probe assays used in qPCR (labeled with FAM) and the assay for a second IAC (labeled 171 

with VIC).  The RT-ddPCR IAC consisted of Luciferase Control RNA (Promega Corporation) 172 



 9

and was detected with the primer-probe assay described previously (Johnson et al., 2005).  The 173 

one-step RT-ddPCR reactions contained One-Step RT-ddPCR Advanced Kit for Probes (BioRad 174 

Laboratories), 20 U Reverse transcriptase (BioRad Laboratories), 15 mM DTT (BioRad 175 

Laboratories), 900 nM primers, 250 nM probes, nuclease-free water, approximately 2.8×104 176 

copies of the RT-ddPCR IAC, and 5 µl extracted sample.  The QX200 AutoDG was used to 177 

generate droplets and RT-ddPCR was performed in the C1000 Touch Thermal Cycler with 96-178 

Deep Well Reaction Module by incubating at 50˚C for 60 min, then 95˚C for 10 min, followed 179 

by 50 cycles of 95˚C for 30 sec and 55˚C for 1 min, then final incubation at 98˚C for 10 min.  180 

Amplification was determined for each droplet with the QX200 Droplet Reader (Bio-Rad 181 

Laboratories). 182 

Quality control samples were run on every plate.  Positive PCR controls consisted of Ad5 or the 183 

custom Armored RNA and negative controls consisted of 10 mM Tris-HCl, pH 8.5; all quality 184 

controls were run in triplicate.  Samples with < 10,000 droplets generated were excluded from 185 

analysis and re-run.  PCR inhibition was monitored using the respective IACs, with <65% 186 

recovery vs. control wells indicating severe inhibition and rejection of the sample.  Droplet 187 

fluorescence amplitude data (.csv) were exported from the manufacturer software as described 188 

by Trypsteen et al. (2015) for analysis in R (Version 3.2.3; R Core Team, 2015). 189 

2.4 Data Analysis 190 

For each qPCR plate, the Cq threshold was determined using Equation 1, where ∆Rn is the 191 

average ROX-normalized change in fluorescence data for cycles 3–15 of amplification and SD is 192 

the standard deviation:  193 

   Cq = |Δ��������	
��
|+|(10 ∗ ��������	
��
)|    [1] 194 
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Template concentrations (genome copies/reaction) were determined by interpolation of Cq 195 

values to the fitted standard curves (Supplementary Material Figure S1).  The lower limit of 196 

quantification (LOQ) was defined as the lowest concentration of standard for which ≥ 95% of 197 

replicates were positive (i.e., the limit of detection following Bustin et al., 2009), adjusted by 198 

factors used in determining sample concentrations (described below).  For each sample dilution, 199 

typically ranging from undiluted to 1:25 for graywater or 1:625 for combined wastewater, 200 

concentrations in each replicate reaction (n=5) were averaged, adjusted for dilution of nucleic 201 

acids, and multiplied by a factor of 4000 to account for the splitting of sample volumes during 202 

processing steps  (1/20th of the eluted sample was used in nucleic acid extraction and 1/200th of 203 

the extract was analyzed in each PCR reaction).  Final sample concentrations (genome copies/L 204 

wastewater or graywater) were determined by averaging adjusted concentrations from each 205 

dilution for which ≥ 3 of 5 qPCR reactions were within the range of quantification and dividing 206 

by volume of the original water sample.  For both qPCR and ddPCR assays, LOQs are reported 207 

assuming 10 L samples; 5 L sample LOQs are 0.3 log10 genome copies/L higher. 208 

Exported ddPCR amplitude data were analyzed using the ddpcRquant R package, which models 209 

the fluorescence threshold for droplet classification based on extreme value theory and the 210 

distribution of fluorescence observed in no-template control (NTC) droplets; see Trypsteen et al 211 

(2015) for theoretical and technical details.  During data analysis, negative extraction controls 212 

(n=21) were treated as NTCs to include potential impacts of sample processing and cross-talk 213 

among channels of the multiplexed reaction on background fluorescence of negative droplets 214 

(Jacobs et al., 2017).  To further minimize possible false-positive droplets, plates for each PCR 215 

target were analyzed simultaneously using all defined NTC wells (n=63).  Threshold and block 216 

size parameters were initially set to default values of 0.9995 and 150, respectively; where visual 217 
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inspection of NTC threshold plots suggested suboptimal thresholding (e.g., thresholds drawn 218 

within the main cluster of NTC droplets), threshold percentile was increased iteratively by 219 

factors of 10 until only outlier droplets remained positive by visual inspection.  In the event that 220 

threshold percentile adjustment did not yield satisfactory thresholding at the maximum 221 

recommended setting (0.9999995), the block size was also adjusted to its minimum value (100); 222 

if thresholding remained unsatisfactory, a manual threshold was applied.  Selected parameter 223 

settings and associated threshold plots are provided in Supplementary Material Figure S2.  224 

Following extreme-value thresholding based 10,000 algorithm iterations, classified droplet 225 

counts for each well were pooled across technical ddPCR replicates (n=3) of each sample. 226 

ddPCR sample densities were estimated using a Bayesian model implemented in JAGS 4.2.0 227 

(Plummer, 2003) through the R package R2jags (Su and Yajima, 2015).  This method allowed 228 

for estimation of both sample concentrations and associated credible intervals (CrI).  For each 229 

sample, concentration λ (mean genome copies/droplet) was modeled to follow a Poisson 230 

distribution (Hindson et al., 2011): 231 

� = −ln	(1 − �)     [2] 232 

where p is the probability of success (a positive reaction) in a binomial distribution with k 233 

positive and n total droplets: 234 

�~��� !�"#(�, �)     [3] 235 

A noninformative Jefferys prior for p was assumed (Jeffreys, 1946): 236 

�~�%&"(0.5,0.5)     [4] 237 
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with initial values drawn from a unit uniform distribution.  Markov Chain Monte Carlo (MCMC) 238 

was performed using 1,000,000 iterations, thinned by a factor of 10, of 3 independent chains 239 

following a burn-in of 1,000,000 iterations (each).  Convergence was checked based on visual 240 

inspection of trace plots for stability and Gelman-Rubin statistics ≤1.001 (Gelman and Rubin, 241 

1992).  Sample concentrations were estimated using the median posterior value of λ, and 95% 242 

CrI were based on its 2.5th and 97.5th posterior percentiles.  To avoid potential false-positive 243 

sample determinations given the rare occurrence of positive droplets in NTC wells 244 

(Supplementary Material Figure S2 and Table S1), positive samples were defined as those for 245 

which 95% CrI did not overlap with 95% CrI of the merged NTCs.  Final concentrations of 246 

positive samples (genome copies/L wastewater or graywater) were determined based on the 247 

volume of each droplet (0.85 nL; Corbisier et al., 2015); the sample-processing factor of 4000; 248 

and the volume of the original water sample, as described for qPCR above.  The lower LOQ was 249 

defined as the 97.5th percentile NTC concentration following adjustment by these factors.  All 250 

simulations were performed twice to ensure model run consistency within an acceptable 251 

tolerance of 1% difference. 252 

2.5 Epidemiology-based Modeling 253 

Measurement results (detection rates, concentration ranges, and concentration medians) were 254 

compared to previous results of the epidemiology-based pathogen simulation reported by Jahne 255 

et al. (2017); no new simulations were performed.  In the simulation, fecal loading to combined 256 

wastewater and graywater from household sources (wet g feces/L) was modeled based on the 257 

relative concentration of Escherichia coli reported in fresh samples of these waters (i.e., not 258 

stored) compared to that reported in human feces.  Variable E. coli concentration inputs were 259 

modeled using a meta-analysis of available peer-reviewed literature.  Separately, occurrences of 260 
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pathogen shedding among cohort groups representative of potential decentralized system sizes 261 

(5-, 100-, or 1000-person) were simulated as a modified compound binomial process based on 262 

reported distributions of population incident rates (illnesses/person/year) and infection durations 263 

(days/infection).  This model predicted the number of pathogen shedders on each day of a 264 

10,000-year simulation.  Pathogen concentrations in wastewater and graywater were then 265 

modeled by coupling the daily numbers of pathogen shedders with random draws from fecal 266 

contamination models and reported distributions of pathogen shedding densities during an 267 

infection (#/wet g feces).  Refer to Jahne et al. (2017) for a complete discussion of the model and 268 

its inputs. 269 

3. Results and Discussion 270 

3.1 Virus Quantification 271 

To our knowledge, this study provides the first quantitative report of viral enteric pathogens in 272 

graywater and locally-collected combined wastewater, which differs from municipal wastewater 273 

due to scaling and dilution effects (see O'Toole et al. (2014) and Jahne et al. (2017) for a 274 

complete discussion).  Pathogens were quantifiable by ddPCR in each of the three decentralized 275 

wastewater and graywater collection systems studied (Figure 1).  Norovirus GII was the most 276 

frequently quantifiable virus in combined wastewater (27/28 samples, LOQ=2.0 log10 genome 277 

copies/L; 3/50 quantifiable in graywater), whereas adenovirus was the most frequently 278 

quantifiable in graywater (7/50 samples, LOQ=1.8 log10 genome copies/L; 4/28 quantifiable in 279 

combined wastewater).  Norovirus GI was quantifiable in 11/28 combined wastewater samples 280 

(LOQ=2.0 log10 genome copies/L) but was not quantifiable in graywater (0/50 samples).  Among 281 

quantifiable samples, combined wastewater concentrations of adenovirus, norovirus GI, and 282 
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norovirus GII were 2.2–3.2, 2.1–4.0, and 5.2–7.9 log10 genome copies/L, respectively; graywater 283 

concentrations of adenovirus and norovirus GII were 2.0–3.8 and 2.1–2.5 log10 genome copies/L, 284 

respectively.  Complete PCR results are provided in Supplementary Material Table S2. 285 

 286 

Figure 1. Percentage of samples quantifiable for adenovirus (AdV), norovirus genogroup I 287 

(NoVGI), and NoVGII in three decentralized combined wastewater (WW1) and graywater (GW1 288 

and GW2) collection systems by quantitative polymerase chain reaction (qPCR) and droplet 289 

digital PCR (ddPCR).  Also shown are non-detections and putative detections below the lower 290 

limit of quantification (LOQ).  WW-Sim and GW-Sim columns present expected results based 291 

on previously published epidemiology-based simulations of these pathogens in comparably sized 292 

collection systems (Jahne et al., 2017), i.e. 1000-person for combined wastewater (WW-Sim 293 

1000P) and 100- or 1000-person for graywater (GW-Sim 100P and GW-Sim 1000P), where bars 294 

represent the percentage of daily simulations (n=365×10,000) that would fall within each 295 
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category given respective LOQs for each PCR assay.  Since the simulation did not distinguish 296 

between norovirus genogroups, expected results for NoVGII represent NoVGI and NoVGII 297 

combined. 298 

As previously reported (Hindson et al., 2011; Cavé et al., 2016), ddPCR methods were more 299 

sensitive than qPCR; qPCR LOQs (3.2 log10 genome copies/L for both norovirus genogroups and 300 

3.4 log10 genome copies/L for adenovirus) were 1.2–1.6 log10 genome copies/L higher than 301 

LOQs for the ddPCR method.  Of note, ddPCR data analysis methods applied here were based 302 

on the observed distribution of fluorescence in NTC droplets (Tryptsteen et al., 2015), rather 303 

than automated or manual thresholds (e.g., using Bio-Rad Laboratories on-board QuantaSoft 304 

software) or an inaccurate normal assumption (e.g., Strain et al., 2013; Dreo et al., 2014; Jones et 305 

al., 2014).   While it is acknowledged that the iterative procedure used to determine appropriate 306 

settings for extreme-value threshold models introduced subjectivity to the analysis, the method 307 

allows reproducibility of results using reported settings (Supplementary Material Figure S2) and 308 

is based on appropriate mathematical assumptions.  Importantly, it also allowed for the objective 309 

handling of rain (i.e., droplets that fall between negative and positive populations), since 310 

thresholding was based only on NTC wells and did not require analyst judgement about the 311 

appropriate level of rain to include (or exclude rain entirely, e.g., Strain et al., 2013; Jones et al., 312 

2014).  See Trypsteen et al. (2015) for a complete discussion of the extreme value thresholding 313 

approach.  Furthermore, use of the Bayesian model for determining sample concentrations 314 

facilitated estimation of CrI about concentration estimates; in turn, this enabled determination of 315 

LOQs based on NTC CrI.  The method therefore statistically differentiated likely true positive 316 

samples (95% credibility) from sporadic false-positive droplets, which have been observed by 317 
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others to limit sensitivity (Strain et al., 2013; Kiselinova et al., 2014).  This is a critical 318 

consideration given low anticipated pathogen concentrations highly sensitivity to method LOQs.   319 

Since concentrations quantifiable by ddPCR often fell close to ddPCR LOQs and below the 320 

qPCR LOQs, the numbers of samples with quantifiable concentrations of each target were 321 

greater for ddPCR than qPCR (Figure 1).  Indeed, with the exception of one sample quantifiable 322 

for adenovirus, the viruses were unquantifiable by qPCR in all 50 samples of graywater.  In 323 

combined wastewater, norovirus GII densities were high enough for quantification by either 324 

method (Figure 2), with well correlated results (R2=0.96) supporting accuracy of the newer 325 

ddPCR approach in wastewater matrices.  This agreement also indicates that PCR inhibition did 326 

not meaningfully affect performance of either method, since the volumes of extract analyzed per 327 

reaction were vastly different.  For the two samples, one combined wastewater and one 328 

graywater, where adenovirus was quantifiable by both methods, concentrations determined by 329 

qPCR were 1.6 and 0.3 log10 genome copies/L greater than concentrations determined by ddPCR 330 

using the same DNA extracts and primer/probe set.  In the case of the more extreme difference, 331 

both qPCR and ddPCR measurements were 0.6 log10 genome copies/L above their respective 332 

LOQs, highlighting remaining challenges to sample quantification near method sensitivity limits. 333 
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 334 

Figure 2. Norovirus genogroup II concentrations in decentralized combined wastewater 335 

collections as determined by quantitative polymerase chain reaction (qPCR) and droplet digital 336 

PCR (ddPCR).  Results are compared to a previously published epidemiology-based simulation 337 

of norovirus genogroups in a comparably sized 1000-person wastewater collection (Jahne et al., 338 

2017); “Sim” lines indicate the respective percentiles of daily simulations (n=365×10,000). 339 

Additionally, both qPCR and ddPCR analysis methods resulted in putative detections below their 340 

respective LOQs (Figure 1).  For ddPCR, these represented samples with 95% CrI overlapping 341 

with NTC CrI, typically equating to a single positive droplet.  For qPCR, these represented 342 

samples with Cq values < 40 yet beyond the standard curve range of quantification, typically 343 

equating to < 1 copy per reaction.  In either case, putative detections could not be confirmed as 344 

positive samples following the relatively strict analysis criteria described in Methods, e.g. qPCR 345 

LOQs based on 95% positive standards; combined analysis of ddPCR plates to include 346 
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maximum NTC variability; and comparison of respective 95% CrI for ddPCR samples and NTCs 347 

when making positive sample determinations.  These criteria were specifically designed to 348 

minimize false-positive occurrences in the dataset given the public health implications of 349 

reported pathogen detection.  However, noting that an unknown subset of the putative samples is 350 

indeed likely positive, it is worthwhile to consider potential gains that could be made with 351 

improved measurement sensitivity.  Although current methods could not characterize these 352 

samples, they should not be discounted as entirely negative; this is supported by positive 353 

detections near the respective LOQs. 354 

3.2 Reuse Implications 355 

Previous QMRA of decentralized water reuse has been limited by unavailability of direct 356 

pathogen monitoring data, in part due to insufficient method sensitivity for low-level pathogen 357 

detection in onsite-collected waters such as graywater and rainwater (roof runoff) (Schoen et al., 358 

2017).  This study provides new quantitative enteric virus data to support future such efforts, 359 

with complete measurement results provided in Supplemental Material Table S2 for subsequent 360 

analysis and use.  Data generated from the two graywater sites may be combined to reduce site-361 

specificity and pool limited detection results, although it is noted that appropriate statistical 362 

methods for left-censored data must be applied.  Densities of norovirus GII in the combined 363 

wastewater can be utilized directly yet remain site-specific.  As discussed below, general 364 

agreement of measurement results with the epidemiology-based model presented by Jahne et al. 365 

(2017) also supports further use of these simulated values in QMRA, particularly given the 366 

continued method sensitivity limitations observed here.       367 
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Since quantitative measurements of enteric viruses in decentralized wastewater and graywater 368 

were previously unavailable, results are compared to the epidemiology-based simulations 369 

previously used to develop pathogen LRTs for these source waters (Jahne et al., 2017; Schoen et 370 

al., 2017; Sharvelle et al., 2017).  In order to generate broadly-applicable treatment targets, the 371 

previous model was based on a meta-analysis of fecal contamination data (i.e., fecal indicator 372 

bacteria) in onsite-collected waters from the United States, Australia, Europe, and Israel and 373 

national or state-level illness incidence rates reported by the Centers for Disease Control and 374 

Prevention.  Therefore, while population and source characteristics may differer from site-to-site, 375 

simulation results are intended to capture this inherent variability and be generally representative 376 

of onsite systems such as those monitored in the current study.  It should be noted, however, that 377 

use of reported illness rates in the model neglects asymptomatic infections that may contribute to 378 

measured pathogen loads (Jahne et al., 2017).    379 

In combined wastewater, the ddPCR quantification rate of norovirus GII (96%) agreed well with 380 

the comparable 1000-person simulation (99% for all genogroups combined) (Figure 1).  381 

Densities of detected norovirus GII ranged between 5.2–7.9 log10 genome copies/L, within the 382 

90% range of simulation results (3.6–8.2 log10 genome copies/L), and the measurement median 383 

(6.1 log10 genome copies/L) reflected the simulation median (6.5 log10 genome copies/L) within 384 

0.4 orders of magnitude (Figure 2).  When norovirus GI was quantifiable in combined 385 

wastewater (39% of samples), its concentration was 2.2–4.7 log10 genome copies/L lower than 386 

the concentration of norovirus GII and therefore did not contribute meaningfully to overall 387 

norovirus concentrations as presented by the model.  While it should be noted that the infectivity 388 

of noroviruses detected by PCR methods is unknown, it has nonetheless been suggested that the 389 

pathogen be specifically considered in the evaluation of water reuse projects (Nappier et al., 390 
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2018), as was done for development of the decentralized non-potable system LRTs (Sharvelle et 391 

al., 2017).  See Nappier et al. (2018) for a complete discussion of norovirus use in risk 392 

assessment. 393 

For adenovirus, the ddPCR quantification rate (14%) was slightly lower than previously 394 

predicted by the epidemiology-based model (20%) (Figure 1), but within the 90% range of 395 

modeled occurrence rates during individual years of the simulation (11–30%) (Jahne et al., 396 

2017).  However, combined wastewater concentrations of adenovirus by ddPCR (2.2–3.2 log10 397 

genome copies/L; median 2.4 log10 genome copies/L) were considerably lower than predicted by 398 

the model (90% range 4.0–8.0 log10 genome copies/L; median 6.0 log10 genome copies/L) and 399 

comparable to those found in graywater.  As noted above, adenovirus concentrations near 400 

method LOQs (1.8 log10 genome copies/L for ddPCR) differed among ddPCR and qPCR assays, 401 

indicating quantification uncertainty in these low-level detections.  Adenovirus was included in 402 

this study due to its high fecal shedding during an infection, persistence in aquatic environments, 403 

and common detection in municipal wastewater (Allard and Vantarakis, 2017), which were 404 

anticipated to result in high frequency of detection and quantification; rather, norovirus appears 405 

to be a more consistent viral pathogen in decentralized wastewater at this site.  This is 406 

particularly relevant because proposed virus LRTs for decentralized non-potable water systems 407 

were based largely on norovirus (Sharvelle et al., 2017), for which measurements agreed well 408 

with the simulation used to develop them (Figure 2). 409 

Two recent studies have performed meta-analyses of norovirus concentrations in untreated 410 

municipal wastewater, which differs from locally-collected wastewater due to population scaling 411 

and wastewater dilution effects (O’Toole et al., 2014; Jahne et al., 2017).  Pouillot et al. (2015) 412 

estimated mean norovirus GII and GI concentrations of 3.9 and 1.5 log10 genome copies/L, 413 
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respectively, in the United States and Canada; Eftim et al. (2017) estimated mean 4.7 and 3.3 414 

log10 genome copies/L, respectively, in the same region.  As in this work, norovirus GII was 415 

greater than GI in both studies.  Although these studies differed in inclusion criteria and analysis 416 

methods (including handling of non-detects), both sets of mean norovirus GII results were 417 

considerably lower than measured in the decentralized system of this study (mean 6.3 log10 418 

genome copies/L).  The current measurements therefore support the distinction of pathogen load 419 

between centralized and decentralized wastewater collections, a central premise of the 420 

epidemiology-based concentration model and associated decentralized system LRTs (Jahne et 421 

al., 2017; Schoen et al., 2017; Sharvelle et al., 2017).  Nonetheless, both previous studies also 422 

report considerable variation within their data and model results, and site-specific differences, as 423 

well as spatiotemporal variability in norovirus outbreak dynamics, cannot be discounted (Eftim 424 

et al., 2017).  It should also be noted that different processing and analytical methods were used 425 

among individual studies underlying the meta-analyses, potentially impacting comparability of 426 

results.  Contrary to the previous reports, norovirus GII showed limited seasonality in wastewater 427 

samples; summer sample concentrations were within the range observed during the peak winter 428 

season (Figure 2).  However, the sample size in this study was much smaller than the sample 429 

sizes of the meta-analyses.  Seasonality was not considered in the simulation model. 430 

In graywater, ddPCR quantification rates of adenovirus in both systems (12% and 15%) were 431 

within the 2–18% range predicted by 100- and 1000-person simulations that bracket their 432 

population sizes (Figure 1).  Norovirus GII was quantifiable by ddPCR in fewer graywater 433 

samples (9% and 0% for the two systems) than predicted by the simulation (24–88%).  However, 434 

an additional 27% and 17% of samples from either site had putative detections below ddPCR 435 

LOQs (Figure 1), and the 5th percentile annual norovirus occurrence rate for 100-person 436 
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collections was half of its median value (22% vs. 45%) (Jahne et al., 2017), indicating that 437 

individual years could experience considerable variability in norovirus occurrence among small 438 

population sizes.  Fecal contamination of graywater is inherently variable with specific 439 

characteristics of the water source and its use, including source type and user behavior (Nolde et 440 

al., 2000; Jefferson et al., 2004).  Graywater collected from an office building and university 441 

dormitory in this study may therefore not completely align with the sources and use patterns of 442 

domestic residential systems modeled by Jahne et al. (2017).  The quantification rate of 443 

norovirus at the office building site (GW1; 9%), for which bathroom sinks were the primary 444 

graywater source, was comparable to that of O'Toole et al. (2012), who detected norovirus GI in 445 

8% of bathroom sink graywater samples using qualitative PCR.  Although limited graywater 446 

samples were quantifiable for either adenovirus (n=7/50) or norovirus (n=3/50), observed 447 

concentrations (2.0–3.8 and 2.1–2.5 log10 genome copies/L, respectively) were within the ranges 448 

predicted by the 100- and 1000-person simulations (Figure 3).  Further study of additional 449 

graywater collection systems with varying source characteristics is warranted. 450 
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 451 

Figure 3. Concentrations of adenovirus (AdV) and norovirus genogroup II (NoVGII) in 452 

graywater as measured by droplet digital polymerase chain reaction (ddPCR) and predicted by a 453 

previously published epidemiology-based pathogen simulation (Jahne et al., 2017) for 100- and 454 

1000-person population sizes (Sim 100P and Sim 1000P, respectively) that bracket observed 455 

systems (500 and 700–800 persons).  For ddPCR, AdV n=7 and NoVGII n=3 quantifiable 456 

detections.  The simulation results include positive pathogen occurrences from n=365×10,000 457 

daily simulations and do not distinguish between norovirus genogroups.  Boxplots represent 458 

minimums, medians, and maximums. 459 



 24

4. Conclusions 460 

This work demonstrates that previously-reported enteric virus reduction targets for decentralized 461 

wastewater collections are appropriate in the context of direct pathogen observations; in general, 462 

previously-unavailable measurements agree well with the modeled concentrations underpinning 463 

LRT estimates.  Moreover, the study provides much-needed empirical data to inform future 464 

QMRA efforts.  While ddPCR offers improved sensitivity over qPCR, additional methods 465 

development remains necessary for routine quantification of enteric viruses, particularly in 466 

graywater.  Future monitoring efforts should also consider parasitic protozoa (Cryptosporidium 467 

spp. and Giardia lamblia) and enteric bacteria (Campylobacter jejuni) to validate proposed LRTs 468 

for the respective pathogen classes, as well as other onsite-available alternative water sources 469 

including roof runoff and stormwater. 470 
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