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Abstract

Antibiotic resistance is a public health issue with links to environmental sources of antibiotic 

resistance genes (ARGs). ARGs from nonviable sources may pose a hazard given the potential for 

transformation whereas ARGs in viable sources may proliferate during host growth or 

conjugation. In this study, ARGs in the effluent from three municipal wastewater treatment plants 

(WWTPs) and the receiving surface waters were investigated using a viability-based qPCR 

technique (vPCR) with propidium monoazide (PMA). ARGs sul1, tet(G), and blaTEM, fecal 

indicator marker BacHum, and 16S rRNA gene copies/mL were found to be significantly lower in 

viable-cells than in total concentrations for WWTP effluent. Viable-cell and total gene copy 

concentrations were similar in downstream samples except for tet(G). Differences with respect to 

season in the prevalence of nonviable ARGs in surface water or WWTP effluent were not 

observed. The results of this study indicate that qPCR may overestimate viable-cell ARGs and 

fecal indicator genes in WWTP effluent but not necessarily in the surface water >1.8km 

downstream.
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1. Introduction

Antibiotic resistance is a major modern public health issue. In the United States at least two 

million illnesses and 23,000 deaths are caused by antibiotic-resistant bacteria annually 

(Centers for Disease Control and Prevention, 2013). Given that antibiotic resistant infections 

in humans have been linked to environmental sources of antibiotic resistance (Casey et al., 

2013), fully addressing the risk posed by ARGs requires understanding environmental 
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hotspots and determining the relative importance of ARGs from viable and nonviable 

sources for different mechanisms of proliferation.

Wastewater treatment plants (WWTPs) have been described as hotspots for the spread of 

antibiotic resistant bacteria and ARGs in the urban environment (Rizzo et al., 2013) and 

correlations have been observed with respect to land use and ARG concentrations (Pruden et 

al., 2012). The oxidizing disinfectants applied in secondary treatment at WWTPs, such as 

chlorine, can inactivate antibiotic resistant bacteria but do not necessarily destroy ARGs 

(Fahrenfeld et al., 2013; Yuan et al., 2015). The release of extracellular ARGs and nonviable 

cells containing ARGs to the environment from activities such as wastewater treatment 

presents a potential risk because of the possibility for these genes to be incorporated into 

competent host genomes by transformation (Chang et al., 2017; Mao et al., 2014). 

Understanding the relative proportion of ARGs that are present in viable versus nonviable 

cells or as extracellular DNA (eDNA) can provide insight into their availability for different 

mechanisms of ARG proliferation (i.e., via growth and/or conjugation versus 

transformation) in a given environmental compartment.

eDNA, including ARG-carrying plasmids, persists in the environment after the host bacteria 

dies, and is therefore potentially available for transformation (Mao et al., 2014). Likewise, 

the total DNA of fecal indicators has been shown to persist long after the decay of culturable 

E. coli and E. faecalis, which occurs within days in surface water (Gutierrez-Cacciabue et 

al., 2016). In contrast to ARGs, 16S rRNA genes from fecal indicators are not generally 

considered a hazard if the host cell is not viable. The relative risk posed by ARGs in viable 

cells compared to extracellular ARGs are not well characterized because the rates of 

conjugation and growth versus transformation are poorly understood. Understanding the 

ratios of these ARG pools is one step towards better characterizing the hazard posed by 

ARGs in different compartments. The viability qPCR (vPCR) method used in this study 

reduces the qPCR signal from DNA originating from nonviable sources in environmental 

samples (Bae and Wuertz, 2009; Eramo et al., 2017b; Nocker et al., 2007b). This is achieved 

using propidium monoazide (PMA), a dye that irreversibly intercalates extracellular DNA or 

DNA in cells with compromised membranes, thereby preventing amplification by qPCR. 

Recent applications of this method for targeting ARGs include (1) determining disinfection 

efficiency of combined sewer overflow effluent with peracetic acid (PAA) (Eramo et al., 

2017b) and (2) measuring microbial decay rates in aerobic and anaerobic sludge (Mantilla-

Calderon, 2017).

The objective of this study was to investigate the relative proportion of ARGs in cells with 

intact membranes to total ARGs observed in WWTP effluent and receiving waters towards 

understanding their availability for proliferation via different mechanisms. The partitioning 

of ARGs in WWTP effluent and receiving waters was evaluated by differentiating viable-

cell ARGs by vPCR from total gene copies by qPCR, the latter of which has been shown to 

serve as a conservative proxy for ARG transformation (Chang et al., 2017). Other bacterial 

genes (BacHum, a human fecal marker, and 16S rRNA genes) were evaluated because these 

target genes are not considered functional genes and therefore may have different fates with 

respect to transformation compared to ARGs. The sampling design also allowed for 

determination of whether the vPCR results varied by season or WWTP. Overall, the results 
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presented have implications for the understanding the relative pool of ARGs available for 

horizontal gene transfer (HGT) via transformation in different aqueous environments.

2. Materials and Methods

2.1 Field sampling and water quality analysis

Samples were collected on three days in the summer (7/30 or 8/5, 8/24, and 8/31/2015) and 

three days in the winter (1/25 or 3/2, 3/7, and 3/14/2016) from the treated effluent of three 

WWTPs (WWTP-A, B, and C in the US mid-Atlantic region) and from surface water 

upstream and downstream of the WWTPs’ discharge locations. WWTP flow rates, upstream, 

and downstream sampling distances are summarized in Tables S1-S2. Surface water and 

treatment plant effluent samples were collected on the same day for as many sampling 

events as possible. Variation from the paired sampling design was due to precipitation that 

occurred before sampling could be completed on 7/30/2015 for WWTP-A downstream 

samples, a plant issue on 8/24/2015 preventing effluent sampling of WWTP-B, and 

inaccessibility to field sites due to snow and ice on 1/25/2016. Composite effluent samples 

(500-mL each) were collected at 8 am, 10 am, and 12 pm. All samples were collected during 

baseflow conditions in sterile 500-mL Nalgene bottles, transported to the lab on ice and 

stored at 4 °C prior to processing. WWTP-A and WWTP-B serve municipalities with major 

hospitals and/or medical facilities within the sewershed, while WWTP-C does not have 

major hospitals and/or medical facilities within the sewershed. Surface water sampling 

locations were chosen based on availability of public access. Further details including 

sampling times for the surface water samples are presented in Table S2.

pH and conductivity of the downstream water samples were measured in the field with an 

Orion Star A329 multimeter (Thermo Scientific, Waltham, MA). Downstream and 

composite effluent samples were analyzed for total suspended solids (TSS) using 

Environmental Sciences Section Method 340.2 (Wisconsin State Lab of Hygiene, 1993). 

Field blanks consisting of autoclaved deionized water were carried in the field on each 

sampling date for QA/QC.

2.2 Cell collection, viability cross-linking and biomolecular analysis

Bacteria from 210 mL aliquots of effluent composite and downstream samples were 

harvested by sequential centrifugation at 4,000×g for 15 min and removing the supernatant 

except for the last 10 mL, as demonstrated by others (Banihashemi et al., 2012; Contreras et 

al., 2011; Luo et al., 2010; Nocker et al., 2007a). Aliquots of centrifuge-concentrated cells 

were either treated with 50 µM propidium monoazide (PMA) or preserved for DNA 

extraction. The former allowed for quantification of the “viable” cell fraction of DNA in the 

samples, defined as DNA in cells with intact membranes, and the latter for quantification of 

total DNA in the samples. A PMA concentration of 50 µM was selected because it was 

sufficient to suppress qPCR signals from heat-inactivated cells without impacting viability. 

Additional preliminary testing showed that 20 µM PMA was not sufficient (data not shown). 

This PMA concentration has been used by others for cells from wastewater, estuarine 

benthic mud, and marine sediment (Nocker et al., 2007a). PMA-treated samples were 

incubated in the dark for 5 min and photoactivated for 15 min using a PMA-Lite™ LED 
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Photolysis Device (Biotium, Fremont, CA) to facilitate cross linking of the dye with DNA. 

PMA methods were adapted from Nocker et al. (2007a and Nocker et al. (2010. A schematic 

of the methodology is provided (Figure S1). Upstream and downstream samples (~200–700 

mL) were also filter concentrated (0.22 µm nitrocellulose) and preserved for DNA 

extraction. Samples were stored at −20 °C until DNA extraction.

DNA was extracted from centrifuge-concentrated cells (500 µL) with and without PMA 

treatment and filter concentrated cells using a FastDNA® SPIN Kit for Soil (MP 

Biomedicals, Solon, OH). Concentrations of select ARGs [sul1 (Pei et al., 2006), tet(G) 

(Aminov et al., 2002), blaTEM (Narciso-da-Rocha et al., 2014)], fecal indicator marker 

BacHum (Kildare et al., 2007) and 16S rRNA gene copies for total bacterial population 

(Muyzer et al., 1993)] were quantified by qPCR. A standard SybrGreen (5 µL SsoFast 

EvaGreen, BioRad, Hercules, CA) chemistry with 0.4 µM forward and reverse primers, and 

1 µL diluted DNA extract (1:50 dilution to reduce inhibition) in a 10 µL total reaction 

volume was used for all targets except BacHum. Hydrolysis probe chemistry (5 μL 

SsoFastProbes SuperMix, BioRad, Hercules, CA) for BacHum consisted of 0.07 μM probe, 

0.22 μM forward and reverse primers, and 1 μL diluted DNA extract (1:50). Thermocycler 

(BioRad CFX96 Touch, Hercules, CA) conditions are summarized in Table S3. Samples and 

standards were analyzed in triplicate (technical replicates). A seven-point calibration curve 

and negative control were included in each run. Average amplification efficiency across all 

assays was 89±15 (mean ± SD) and average R2 was 0.99±0.01. Standards were generated 

from 10-fold serial dilutions of cloned and sequenced genes originating from environmental 

samples. A melt curve and/or gel electrophoresis were used to verify the specificity of qPCR 

products. Based on the lowest standard on the curve and factoring in dilution implementing 

during sample processing the limits of quantification were 4.1–4.9 log gene copies/mL for 

the genes tested.

2.3 Matrix spike study

To explore whether environmental matrix effects were interfering with the PMA 

performance in the downstream samples, centrifuge-concentrated river water was spiked 

with heat-inactivated E. coli cells (100ºC, 10 min). E. coli were plated on LB agar prior to 

the heat inactivation to confirm viability and after heat treatment to confirm inactivation. 

Samples were split and treated with PMA (0, 50, or 100 µM) or preserved for DNA 

extraction followed by vPCR or qPCR for 16S rRNA gene copies, as described above.

2.4 Statistical Analysis

All statistical analyses were performed in R (http://www.r-project.org). Except for blaTEM 

and 16S rRNA, which were log transformed, qPCR data were Box-Cox transformed prior to 

analysis given that ≥20% samples had ARGs below detection. A paired Wilcoxon rank sum 

test was used to determine differences (α< 0.05) in transformed absolute ARG (copies/mL) 

or 16S rRNA gene normalized ARG concentrations between the viable-cell and total gene 

copies in samples and between effluent and downstream viable-cell to total ratios for all 

WWTPs. In order to pair viable-cell to total ratios, the second WWTP-B downstream 

sample was excluded from this analysis because the corresponding effluent sample was not 

collected. A Kruskal Wallis test was used to determine differences between effluent and 
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downstream concentrations and seasonal differences in viable or total gene copies for a 

given WWTP. A post-hoc pairwise t-test with a Bonferroni correction for multiple 

comparison was then applied. All sample results were included in the analyses including 

zeros and outliers. The same approach was used to compare pH, TSS, and conductivity data. 

A one-way test for equal means was performed on data from the matrix spike experiment, 

followed by a post-hoc pairwise t-test with a Bonferroni correction for multiple comparison.

3. Results

3.1 Total and viable-cell quantification of ARGs, BacHum fecal indicator marker, and 16S 
rRNA in WWTP effluent and downstream samples

A viability-based approach was used to quantify viable-cell gene copies of ARGs sul1, 

tet(G), and blaTEM, human fecal marker BacHum, and 16S rRNA genes in WWTP effluent 

and surface water to better understand the potential availability of these genes for growth/

conjugation versus transformation. Total concentrations of the target genes were quantified 

by qPCR and concentrations of viable-cell copies were quantified by first pretreating the 

samples with PMA, a membrane impermeable dye. There were significantly lower 

concentrations of all genes tested in the viable-cell fraction compared to the total 

measurements in the paired WWTP effluent samples (p<0.02 for each gene across plants and 

seasons), as would be expected for WWTP effluent disinfected with chlorine (Fig. 1). ARGs 

sul1 and tet(G) were detected in both the viable-cell and total fractions of 76% of effluent 

samples (n=17), where the average ratio of viable-cell to total concentrations (vPCR/qPCR) 

was 0.43 ± 0.52 for sul1 and 0.46 ± 0.29 for tet(G) (Fig. 2). In the other 24% of samples, 

ARGs were either not detected in the viable-cell fractions but present in the total ARG 

measurement or were not detected in either measurement in treated effluent (Fig. 1a, b). The 

ARG blaTEM was detected in both the viable-cell and total measurement in 100% of effluent 

samples at a ratio of viable-cell to total ARGs of 0.69 ± 0.46 (Fig. 1c).

In addition to the ARG vPCR and qPCR, two other genes were quantified with both 

methods: BacHum human fecal marker and 16S rRNA genes. These genes would 

presumably be less likely to be transformed and maintained in the host cell’s genome 

compared to ARGs which serve as functional genes. In contrast to the ARGs, the BacHum 

marker was detected in the viable-cell fraction of only one effluent sample, where a ratio of 

0.51 viable to total gene copies per mL (vPCR/qPCR) was observed. BacHum was below 

detection in 53% of effluent samples and observed in the total measurement but not viable 

cells in the remaining 41% of samples (Fig. 1d). The average ratio of 0.24 viable-cell to total 

16S rRNA gene copies in effluent samples suggests, as expected, that most bacteria are 

inactivated with a membrane sufficiently damaged to allow PMA dye entry prior to leaving 

the WWTPs sampled in this study (Fig. 1e).

Towards understanding the fate of environmental ARGs, vPCR and qPCR were next applied 

in the receiving surface water. In contrast to the WWTP effluent, viable-cell concentrations 

of sul1, blaTEM, BacHum, and 16S rRNA gene copies via vPCR were not different from the 

total measurement of these genes via qPCR in the downstream samples (all p>0.18). sul1, 

blaTEM, BacHum, and 16S rRNA targets were detected in both the viable-cell and total gene 

copy concentrations in 33%, 83%, 12%, and 100% of downstream samples (n=18), 
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respectively. sul1 was below detection in both the total and viable-cell fraction for 50% of 

samples and observed only in total cells in the remaining three (17%) samples. In the 3/18 

samples where viable-cell blaTEM was not observed, the gene was detected in the total 

measurement via qPCR.

tet(G) was the only gene tested where viable-cell gene copies were significantly lower than 

total gene copies in the downstream samples (p<4.7×10−3). In 76% of downstream samples 

where tet(G) was detected in both the viable-cell fraction and the total measurement via 

qPCR, the ratio of viable-cell to total gene copies was 0.71 ± 0.35. In the remaining samples, 

tet(G) was below detection in both the viable-cell fractions and the total measurement or 

only detected in the total measurement.

3.2 Comparison of WWTP effluent and downstream gene concentrations

Concentrations of viable-cell and total gene copies were also compared between effluent and 

downstream sampling locations to further understand the fate of ARGs and fecal markers 

released from WWTPs. Effluent concentrations of total sul1 were higher than the receiving 

water where the total sul1 gene copies were below detection limits in many (9/17) 

downstream samples (p=0.02; Fig. 1a). When above detection limits, total sul1 gene copies 

downstream were on average 98 ± 6% less than the total sul1 concentration detected in the 

WWTP effluent. Both the 16S rRNA normalized concentrations of the viable-cell and total 

sul1 gene copies (viable-cell sul1/viable-cell 16S rRNA genes and total sul1/total 16S rRNA 

genes), were higher in WWTP effluent samples compared to the downstream samples (all 

p<1.1 ×10−3; Fig. S2a). The concentrations of the other genes measured in the viable-cell 

fractions via vPCR and total measurement via qPCR were similar in effluent and 

downstream samples, both on a volume concentration (gene copies/mL) and a 16S rRNA 

gene copy normalized basis (all p>0.06). For most sampling events, if gene targets were 

detected in the viable fraction of cells downstream, they were also detected in viable cell 

fraction in the corresponding effluent sample. However, on the first winter sampling event, 

sul1 was detected in the viable-cell fraction downstream but not in the viable-cell fraction of 

effluent at WWTP-C, and tet(G) at WWTP-A. (Effluent and downstream samples were not 

paired for this event given sampling access issues.) Detection in viable-cells downstream but 

not in effluent also occurred on the second day of winter sampling for sul1 and tet(G) at 

WWTP-C and WWTP-B, respectively. BacHum exhibited this phenomenon on the last 

summer day of sampling at WWTP-B.

Comparing the ratio of viable-cell to total gene copies observed in WWTP effluent and the 

downstream surface water, the ratio of viable-cell to total gene concentrations (vPCR/qPCR) 

was greater in surface water samples compared to effluent for sul1, tet(G), and 16S (all 

p<0.05; Fig. 2). The ratio of viable-cell to total concentrations was <0.5 for these genes after 

chlorination, but this impact of wastewater disinfection on viable ARG-carrying microbes 

was no longer observed in downstream surface water because there was generally no 

difference between the viable-cell and total concentrations. Similar viable-cell to total 

concentration ratios were observed for both blaTEM and BacHum in effluent and 

downstream samples (p>0.08). In contrast to the other genes, blaTEM was the most 

frequently detected ARG in viable cells and had the highest ratio of viable-cell to total 
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concentrations leaving the WWTPs, while BacHum was detected infrequently in both 

effluent and downstream samples. These results indicate some gene-to-gene differences in 

ARG fate.

3.3 Matrix spike experiment

Given that differences between vPCR and qPCR results were observed less frequently in 

downstream samples, a separate experiment was performed to determine if matrix effects 

were interfering with the PMA performance in the downstream samples. PMA was found to 

successfully suppress 16S rRNA qPCR signals in centrifuge-concentrated river water cells 

spiked with inactivated (heat-treated) cell cultures, which represented free DNA and cells 

with compromised membranes (Fig. 3). These samples exhibited the same 16S rRNA gene 

copy concentrations as concentrated water only controls (p=0.30). Concentrated water 

samples spiked with the same culture but not heat-treated served as a second control. As 

would be expected, samples spiked with viable cultures were greater than river water 

(p=5.9×10−3) because PMA does not interfere with qPCR for cells with intact membranes. 

Plates with the live spike (not heat-treated) were too numerous to count but plates with heat-

inactivated cultures had no growth, confirming that heat treatment inactivated the E. coli 
culture.

3.4 WWTP and seasonal impacts

No differences in total or viable-cell concentrations between the two seasons sampled were 

observed in effluent and downstream samples for the genes tested (all p>0.06). Downstream 

surface water pH, conductivity and TSS and effluent TSS were also consistent between 

seasons (p>0.45; Table 2). Thus, seasonality did not impact concentrations of genes or water 

quality measurements observed in this study (Fig. S3).

Comparisons were made among the three WWTPs to determine if there were plant-to-plant 

differences. While all WWTP have similar treatment trains consisting of primary 

clarification, activated sludge treatment and secondary clarification followed by chlorination, 

WWTP-A and B have larger influent flow rates (>100 MGD) compared to WWTP-C (<100 

MGD; Table S1). In addition, WWTP-A and WWTP-B serve municipalities with combined 

collection systems while WWTP-C receives water from a separate sanitary collection 

system. Stormwater did not impact the sampling because all samples were collected during 

baseflow conditions. There were no differences observed in the effluent concentrations of 

the viable-cell via vPCR or the total measurement via qPCR of tet(G) and blaTEM between 

the three plants sampled (both p>0.59). In contrast, WWTP-A and WWTP-B had higher 

concentrations of viable-cell and total sul1 compared to WWTP-C (all p<0.02). 

Additionally, WWTP-A had higher BacHum marker and 16S rRNA gene copy total 

concentrations than WWTP-C (p<4.0×10−3). Higher concentrations of TSS were also 

observed at WWTP-A compared to WWTP-C (p=0.02), but no other differences between 

plants were observed (p>0.27; Table 2). The select inter-plant effluent differences observed 

were not preserved downstream: no differences were observed between the three surface 

water bodies sampled for any of the genes tested (all p>0.27).
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4. Discussion

4.1 Total and viable-cell gene concentrations in WWTP effluent and downstream samples

A viability-based qPCR method was applied demonstrating that the ARGs and other target 

genes were significantly lower in the viable-cell fraction of effluent samples compared to 

total gene concentrations. This was expected given that all three WWTPs sampled in this 

study disinfected by chlorine, an oxidant whose disinfectant mechanisms includes the 

disruption of cell membranes by reactive oxygen (McFadden et al., 2017). Cultivation-based 

methods have also been applied to demonstrate that some viable antibiotic resistant bacteria 

are released from wastewater treatment to surface water (Huang et al., 2012; Li et al., 2015). 

While the vPCR method used in this study reduces signal from extracellular DNA and cells 

with compromised membranes, this method may be expected to overestimate the viable 

fraction of cells given that cells may be inactivated without having damaged membranes, 

which may explain the observations of vPCR/qPCR values above zero. The same viability-

based method applied here was recently used to demonstrate the disinfection efficiency of 

PAA on ARG-carrying cells in simulated combined sewer overflow (Eramo et al., 2017b). 

With PAA disinfection, the fractions of viable-cell sul1 and tet(G) concentrations compared 

to total sul1 and tet(G) concentrations reached as low as 5.3×10−3 ± 3.5×10−3, or less than 

1% (Eramo et al., 2017b), while in this study, the percentage was slightly less than 50%. 

Differences in disinfectant, concentration, contact time, and the presence of organic matter 

can affect the disinfection efficiency and may explain the differences in these observations.

The lack of observed differences between vPCR and qPCR results for sul1 and blaTEM in the 

water column downstream of WWTPs is consistent with other reports of ARGs in river 

water samples where the majority of DNA was intracellular DNA (iDNA) rather than eDNA 

(Mao et al., 2014). Those researchers accounted for the loss of eDNA in the water column 

through observations that eDNA was much higher in river sediment samples, suggesting 

deposition was a loss mechanism for extracellular ARGs in the water column (LaPara et al., 

2015; Mao et al., 2014). Sediment samples were not collected in the present study to confirm 

this result, but it is worth noting that vPCR may not perform well at differentiating nonviable 

sources in sediment due to matrix interferences (Kim et al., 2014). In addition to deposition, 

the lack of differences for viable-cell and total gene copies in the water column may also be 

explained by degradation (LaPara et al., 2015), dilution (LaPara et al., 2015), cellular repair 

(Huang et al., 2011), and/or transformation of extracellular gene copies or those associated 

with nonviable cells in WWTP effluent (Mao et al., 2014). In the Mississippi River, it was 

reported that the flow rate relative to WWTP effluent flow resulted in a large dilution effect 

on ARGs, minimizing the measurable impact on receiving water (LaPara et al., 2015). 

Likewise, in this study, no differences were observed between total ARG concentrations in 

surface water samples collected upstream and downstream of the three WWTPs during both 

the summer and winter seasons (p=1.0; Fig. S4). ARGs in these samples were measured by 

filtering of water samples through 0.22 µM nitrocellulose filters followed DNA extraction 

from filters, rather than collection of cells by centrifugation applied for the total and viable-

cell concentrations. The results of upstream and downstream sampling support the 

observation that WWTPs are point sources of nonviable and viable-cell ARG but the 

concentrations of the monitored ARGs present in these WWTP effluents do not significantly 
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impact concentrations >1.8km downstream and indicate that dilution and/or other loss/decay 

mechanisms could be responsible for this phenomenon. The lack of gages in the vicinity of 

sampling locations made it difficult to estimate a dilution rate for the WWTP effluent in this 

study. Another potentially confounding factor, tide direction, did not result in differences in 

ARG concentrations (Table S2). It is not known whether these observations would be 

consistent for the full range of ARGs present in wastewater or whether the hosts of the 

ARGs from WWTPs present a greater human health risk than surface water ARG hosts do. 

Therefore, further study of WWTPs with methods that address these issues are warranted.

BacHum human fecal marker and 16S rRNA genes were also measured in effluent and 

downstream samples to provide information on the fate of non-functional genes to compare 

to the ARG data. Their fate was expected to be different than that of ARGs given than ARGs 

can provide a selective advantage and therefore may be more likely to be transformed. 

BacHum was observed in only one viable-cell effluent sample. This observation is consistent 

with other studies where viable fecal indicator organisms were not detected in secondary 

effluent (Li et al., 2014) or were detected at very low concentrations by vPCR (Varma et al., 

2009). Viability qPCR methods have been used to target pathogens and fecal indicators with 

positive correlations observed between vPCR and cultivation methods (Li et al., 2014; 

Varma et al., 2009). Thus, the utility of this fecal marker gene as an indicator gene for ARGs 

is not clear, consistent with our previous observations during combined sewer overflows 

(Eramo et al., 2017a). The BacHum marker was also observed infrequently in the water 

column downstream from WWTPs. Fecal indicator genes not detected in viable cells may 

have settled, degraded, or, most likely, been too dilute for detection. The presence of 

BacHum suggests human fecal pollution, which is most likely to originate from WWTPs 

during dry weather sampling of urban environments without septic tanks or from cross 

amplification with select other non-human fecal sources (Kildare et al., 2007). As expected, 

the low ratio of viable-cell to total BacHum marker downstream does not provide evidence 

of growth or HGT.

To explore whether environmental matrix effects were interfering with the PMA 

performance in the downstream samples, concentrated river water was spiked with heat-

inactivated cells and analyzed by vPCR and qPCR. PMA was found to successfully suppress 

16S rRNA qPCR signals in centrifuge-concentrated river water cells spiked with inactivated 

(heat-treated) cell cultures, which represented free DNA and cells with compromised 

membranes. This result is attributed to PMA suppression of DNA amplification from the 

heat-treated culture. During PMA treatment, the light exposure inactivates any excess PMA 

that has not entered cells, so that it cannot affect DNA when it is released during DNA 

extraction (Nocker et al., 2010). Also, upon light treatment, the free DNA that binds to PMA 

is rendered insoluble and lost during subsequent DNA extraction (Nocker et al., 2006). This 

result indicates that matrix interference does not explain the different results observed in 

WWTP effluent compared to surface water. The lower concentrations of viable-cell tet(G) 

concentrations compared to total concentrations in this study also supports that differences 

in viability are detectable in surface water samples.
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4.2 Comparison of WWTP effluent and receiving water

While the volume-based concentrations of viable-cell sul1 gene copies (gene copies/mL) in 

the WWTP effluent and downstream samples were similar, sul1 gene carrying cells 

comprised a smaller fraction of the viable-cell microbial community downstream. The sul1 

viable-cell concentration in WWTP effluent was similar to both the viable-cell and the total 

concentration of this gene in downstream samples. This suggests that the nonviable cells 

carrying sul1 and extracellular sul1 genes were, on net, not remaining suspended in the 

water column. Community analysis was not performed in this study therefore any shifts in 

bacterial community composition of ARG hosts between WWTP effluent and receiving 

water that could help explain the fate of the investigated genes are not known.

4.3 vPCR versus eDNA extraction methods

Other methods have been used to investigate nonviable sources of ARGs within aqueous 

samples by qPCR. An extraction procedure (Corinaldesi et al., 2005) has also been used to 

differentiate ARGs in extracellular DNA (eDNA) and intracellular DNA (iDNA) in the 

sludge of livestock waste management operations (Zhang et al., 2013) and surface water 

(Mao et al., 2014). This method allows for simultaneous separation of the fractions. 

However, Liu et al. (2018 noted that eDNA concentrations were too low harvest in treated 

water and utilized an adsorption-elution method. This method does not allow for 

simultaneous comparison of the two DNA fractions but allows for observation over time or 

treatments. The benefits of the vPCR method used in this study are that it allows for paired 

analysis of viable-cell and total gene concentrations and that it is simple to apply directly to 

collected cells in ~15min. eDNA/iDNA extractions procedures require multiple washing and 

pelleting steps, while PMA pretreatment only requires collecting bacterial cells and 

particles, here accomplished by centrifuging to generate a pellet. However, the vPCR 

method may not perform well in sediment (Kim et al., 2014) which represents a major 

limitation compared to the extraction methods which were developed for sediment. Even in 

aqueous samples it is recommended that the PMA dye used for vPCR should be titrated to 

determine the correct concentration: if too much is added it can be toxic to cells resulting in 

artificially low vPCR results, and if too little is added one would expect results artificially 

similar to the qPCR. In this study we tested 20–100 µM PMA and found 20 µM was 

insufficient and that results were similar for 50 or 100 µM. In this study select samples, 

mostly in surface water, had vPCR to qPCR ratios (copies/mL : copies/mL) of greater than 

two up to ten (Fig. 2), which was not expected. These anomalies may be due to the 

variability in the environmental split samples for vPCR and qPCR. As stated above, the 

eDNA extraction and vPCR methods have not been previously applied to paired samples, to 

the authors knowledge, but could provide further insight into the fate of eDNA and DNA 

from nonviable cells.

To the authors’ knowledge, the vPCR and extraction methods have not been compared on 

paired samples for ARGs, but have the potential to provide slightly different information: 

extraction is dependent on physically separating iDNA and eDNA, vPCR targets eDNA and 

the fraction of iDNA in cells with compromised membranes. While there is no consensus on 

which methods to apply to establish the risk posed by environmental ARGs and antibiotic 

resistance (Vikesland et al., 2017), the published literature applying either extraction or 
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vPCR provides a basis for defining which environments have or do not have significant 

concentrations or fractions of extracellular/nonviable cell ARGs [i.e., livestock waste 

management structures (Zhang et al., 2013), surface water sediments (Mao et al., 2014), 

PAA-treated combined sewer overflow (Eramo et al., 2017b)]. But, given that these studies 

applied the different methods across different environments, questions remain about the 

relative abundance of extracellular and nonviable sources of ARGs in environmental 

hotspots, including surface waters receiving treated wastewater effluent.

4.4 Implications for understanding the mechanisms driving ARG fate

A critical question with respect to nonviable sources of ARGs measured in this study is 

determining the potential pool of DNA available for HGT via transformation in different 

environments. A risk assessment requires accounting for the relative importance of different 

mechanisms of HGT (Vikesland et al., 2017). Once these environments are identified, 

kinetic investigations can be performed to determine the rates of HGT. At the downstream 

sampling locations in this study located more than 1.8 kilometers away from the WWTPs, 

qPCR and vPCR results were similar for sul1, blaTEM, BacHum marker, and 16S rRNA 

genes indicating nonviable DNA was not present in high abundance, unlike in the WWTP 

effluent, and thus no longer available in high proportion for transformation into viable cells 

in the water column. For tet(G), the nonviable concentrations were a significant proportion 

of the ARGs in the water column. These gene-to-gene differences may be driven by 

differences in the fate of the host cells, although, sul1, tet(G), and blaTEM all encode for 

resistance to antibiotics used to control Gram negative bacteria. Microbial community 

analysis was not performed in this study therefore the shifts in bacterial community 

composition of ARG hosts between WWTP effluent and receiving water that could also 

explain the fate of the genes investigated are not known. Testing for a broader range of 

ARGs may also provide further insight if this approach were repeated with high throughput 

qPCR arrays targeting a broader range of ARGs.

5. Conclusions

Overall results from this study confirm that qPCR is a conservative proxy (i.e., overestimate) 

for analyzing viable-cell ARGs in chlorinated WWTP effluent. In contrast, in downstream 

water, qPCR represented a reasonably accurate measure of sul1 and blaTEM concentrations 

1.8–3.9 km from WWTP outfalls but overestimated the viable-cell concentrations of tet(G). 

How close to the WWTP outfalls this observation would be consistent is not clear but likely 

is a function of dilution factor and the background prevalence of these genes in the receiving 

waterbody. Therefore, it would be advisable to sample the water column closer to the 

WWTP outfalls in future research to look for evidence of significant fractions of eDNA and 

nonviable cells with sul1 and blaTEM in the water column that would be available for 

transformation (the lack of public access points prevented that in this study) or to focus on 

bed sediments, which were found by others to have significant amounts of eDNA (Mao et 

al., 2014). The lack of seasonal differences in these observations indicates treatment and 

fate/transport process maybe consistent across seasons. Analyses of a broader suite of ARGs 

are needed to determine how consistent this finding is across resistance types. Quantifying 

the risk posed by ARGs in the environment will require understanding the relative hazard 
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posed by viable versus nonviable-cell ARG. In particular, there is a need to compare the 

rates of horizontal gene transfer from these ARG reservoirs to pathogenic organisms and 

determine if these rates are concentration dependent (if so, vPCR could have utility towards 

understanding the risk posed by environmental ARG).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Viability qPCR demonstrated in wastewater effluent, downstream surface 

water

• Effluent viable-cell copies < total for antibiotic resistance genes, fecal 

markers

• Differences were generally not preserved downstream

• Results improve understanding of prevalence of nonviable sources of ARG
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Figure 1. 
Concentrations of ARGs (a.) sul1, (b.) tet(G), and (c.) blaTEM, (d.) fecal indicator marker 

BacHum, and (e.) 16S rRNA present overall (total) and in viable cells only (viable) 

measured in effluent and downstream samples from wastewater treatment plant A, B, and C 

during summer and winter seasons. Boxes represent upper and lower quartiles, whiskers 

extend to high and low data points excluding outliers, and dots indicate outliers.
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Figure 2. 
Ratios of viable-cell gene concentrations measured by vPCR to total gene concentrations 

measured by qPCR in effluent and downstream samples.
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Figure 3. 
Concentrations of 16S rRNA in centrifuge-concentrated E. coli culture at exponential phase, 

river samples only (water pellet), centrifuge-concentrated river samples with a live cell 

culture spike (water pellet + live), and centrifuge-concentrated river samples with an 

inactivated (heat-treated) cell culture spike (water pellet + dead). Samples were analyzed by 

qPCR (0 µM PMA) and vPCR (50 or 100 µM PMA), which represent total and viable-cell 

concentrations, respectively.
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Table 1

Average pH, conductivity and TSS (+/− standard deviation) collected from upstream, influent, effluent, and 

downstream samples from three wastewater treatment plants during the summer and winter seasons (n=2* or 

3).

Plant A Plant B Plant C

Summer Winter Summer Winter Summer Winter

pH
Upstream 7.55 ± 0.11 7.63 ± 0.06 7.40 ± 0.40 7.61 ± 0.22 7.45 ± 0.05 7.7 ± 0.3

Downstream 7.84 ± 0.07 7.77 ± 0.34 7.65 ± 0.18 7.63 ± 0.34 7.49 ± 0.27 7.38 ± 0.54

Conductivity (mS/cm)
Upstream 249 ± 397 6.63 ± 9.49 278 ± 454 11.3 ± 10.6 3.36 ± 4.23 0.54 ± 0.49

Downstream 341 ± 529 28.4 ± 13.4 367 ± 580 25.7 ± 9.36 2.50 ± 3.55 1.43 ± 599

TSS (mg/L)

Upstream 74.9 ± 32.9 58.7 ± 35 75.8 ± 28.5 90.7 ± 63.9 5.00 ± 1.67 21.7 ± 26.4

Influent 95.5 ± 33.1 211 ± 93 252 ± 19 262 ± 76 276 ± 58 244 ± 32

Effluent 20.6 ± 4.1 20.0 ± 12.2 8.33 ± 7.07 14.3 ± 3.5 3.33 ± 5.77 10.1 ± 10.5

Downstream 118 ± 108 179 ± 192 499 ± 488 223 ± 300 6.67 ± 7.64 56.3 ± 77.3
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