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Abstract: Awareness of the need for surveillance of antimicrobial resistance (AMR) in water envi-
ronments is growing, but there is uncertainty regarding appropriate monitoring targets. Adapting
culture-based fecal indicator monitoring to include antibiotics in the media provides a potentially
low-tech and accessible option, while quantitative polymerase chain reaction (qPCR) targeting key
genes of interest provides a broad, quantitative measure across the microbial community. The
purpose of this study was to compare findings obtained from the culture of cefotaxime-resistant
(cefR) Escherichia coli with two qPCR methods for quantification of antibiotic resistance genes across
wastewater, recycled water, and surface waters. The culture method was a modification of US EPA
Method 1603 for E. coli, in which cefotaxime is included in the medium to capture cefR strains, while
qPCR methods quantified sul1 and intI1. A common standard operating procedure for each target
was applied to samples collected by six water utilities across the United States and processed by
two laboratories. The methods performed consistently, and all three measures reflected the same
overarching trends across water types. The qPCR detection of sul1 yielded the widest dynamic range
of measurement as an AMR indicator (7-log versus 3.5-log for cefR E. coli), while intI1 was the most
frequently detected target (99% versus 96.5% and 50.8% for sul1 and cefR E. coli, respectively). All
methods produced comparable measurements between labs (p < 0.05, Kruskal–Wallis). Further study
is needed to consider how relevant each measure is to capturing hot spots for the evolution and
dissemination of AMR in the environment and as indicators of AMR-associated human health risk.

Keywords: antimicrobial resistance; standard methods; wastewater monitoring

1. Introduction

Antimicrobial resistance (AMR) is no longer a “coming threat” to global health; the
threat has arrived. A comprehensive evaluation of globally available data from 2019
estimated that 4.95 million people die of drug-resistant infections per year [1]. Current
rates of morbidity and disability-adjusted life years due to AMR are competing with, if
not exceeding, those of the global malaria burden [1]. AMR is not confined to hospitals; as
Robinson et al. [2] pointed out, it is the “quintessential One-Health issue”, which showcases
the need for a holistic, interconnected human–animal–environment approach to research,
prevention, and monitoring.

Key environmental dimensions of AMR are increasingly being recognized, as elab-
orated upon in a recent United Nations Environment Programme (UNEP) report [3].
Among several recommendations, the UNEP report identifies the need to establish en-
vironmental AMR monitoring programs to help inform and evaluate policy aimed at
abating the spread of AMR. Similar calls have been made by others (e.g., NASEM [4]),
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and a recent review summarizes opportunities to expand existing AMR monitoring ef-
forts to include water environments [5]. A major stumbling block to achieving a cohesive
surveillance effort is a lack of agreement on targets and methods that are representative
of AMR concerns in the environment.

There have been a number of calls for coordinated AMR monitoring in the environ-
ment, especially in water environments (e.g., [6–9]). Water environments are of central
importance to environmental monitoring, as they serve as receiving bodies for inputs of
antimicrobials, resistant microorganisms, and their antibiotic resistance genes (ARGs)
from various sources, including agriculture, wastewater treatment plants (WWTPs),
and industry. Additionally, aquatic environments have been hypothesized to serve
as a microbial ecological incubator for the evolution of new resistant strains through
horizontal gene transfer [10,11]. Some evidence indicates that aquatic environments are
an exposure source, e.g., via recreation or as a drinking water source [12–15]. Recently,
Liguori et al. [16] solicited expert and stakeholder input in the development of a decision
tree to guide the selection of AMR monitoring targets and methods based on the moni-
toring objective. Four primary objectives of particular relevance to water utilities were
identified: (1) wastewater-based surveillance to identify forms of AMR circulating in
corresponding human populations; (2) identification of forms of AMR escaping wastew-
ater treatment; (3) quantification of AMR removal rates achieved by different treatments;
and (4) identification of hotspots for the evolution and dissemination of AMR.

Given that fecal indicator bacteria are already widely monitored as a water quality
indicator and that corresponding methods have been extensively validated, one approach
gaining attention is an adaptation of those methods via the addition of antibiotics to
the culture media [17,18]. Recently, the World Health Organization published such a
protocol, called the “Tricycle protocol” (in reference to the three domains of One Health),
in which tryptone bile-glucuronide (TBX) agar is amended with cefotaxime (CTX), a
broad-spectrum, third-generation cephalosporin, for the purpose of isolating putative
extended-spectrum beta-lactamase (ESBL)-producing E. coli [18]. While most cefotaxime-
resistant E. coli produce ESBL enzymes encoded by genes such as blaCTX-M [19–22], some
strains overproduce chromosomal AmpC enzymes with a limited spectrum of activity. The
confirmation of ESBL status therefore requires the demonstration of reduced susceptibility
of a given strain in the presence of an inhibitor of beta-lactamases, such as clavulanic
acid [18,23].

ESBL-producing pathogens cause a number of life-threatening infections that have
limited options for treatment as they are resistant to commonly used antibiotics, including
penicillins and cephalosporins [17,18]. The US Centers for Disease Control listed ESBL-
producing Enterobacterales (referred to as Enterobacteriaceae prior to 2020) as a Serious
Threat in 2019 [24], with a 32% increase in these organisms observed from 2019 to 2020 [25].
Infections with cefR and ESBL E. coli can necessitate the use of last-resort antibiotics, such
as carbapenems and colistin [26]. ESBL-producing organisms have been detected with in-
creasing prevalence across the world. The detection of these organisms in the environment
has been inversely correlated with the implementation of antibiotic stewardship in both
food-animal and human settings [17,26–28].

While the general advantage of culture-based methods is that they indicate a viable
endpoint, a limitation of the WHO Tricycle protocol is its singular focus on E. coli. Other
targets have been suggested for inclusion, such as ESBL Enterobacterales, Enterococcus spp.,
Pseudomonas, Aeromonas, or Acinetobacter [16,17,29–31]. Still, no single or combined set of
culture-based targets will be able to fully capture all resistant bacteria in a given water
sample. Molecular methods, e.g., quantitative polymerase chain reaction (qPCR), present
an alternative to culture by facilitating the direct enumeration of ARGs across the microbial
community. The broad dynamic range of qPCR and low detection limit can hypothetically
support the calculation of removal rates and quantitative modeling efforts.

A comprehensive literature review of the application of qPCR for the purpose of
AMR monitoring of wastewater, recycled water, and surface water revealed that sul1 and
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intI1 were the two most commonly applied gene targets [30]. Sul1 encodes resistance
to sulfonamides [32], which were the first antibiotics to be mass-produced for use in
human medicine, and resistance is correspondingly widespread. Sul1 measurements
in surface waters have been found to be highly correlated to inputs from WWTPs and
upstream agricultural operations [33–36]. IntI1 encodes the integrase gene of class 1
integrons, which are mobile genetic elements that often carry multiple ARGs in their
cassettes. These intI1 genes have been correspondingly implicated in the widespread
evolution and dissemination of antibiotic resistance [37]. Like sul1, intI1 is an indicator
of anthropogenic pollution in the environment [35,38] and also often carries genes that
help microbes to survive various environmental stressors [39]. Both sul1 and intI1 are also
commonly linked to fecal pollution [40,41].

The objective of this study was to compare and contrast the trends observed and
conclusions drawn when E. coli were enumerated on media containing cefotaxime (herein
referred to as “cefR E. coli”, in accordance with the WHO Tricycle protocol) versus when
sul1 or intI1 were quantified by qPCR across different water matrices. Specifically, the
methods were compared in parallel by two laboratories across wastewater, recycled water,
and surface water samples collected from six water utilities across the U.S. The findings
can help to inform efforts to identify coordinated AMR surveillance efforts.

2. Results
2.1. Comparison of AMR Measures across Water Matrixes, Geographic Locations, and Water Utilities

CefR E. coli were detected in 100% (14/14) of the influent wastewater samples, but
among all other sample types tested, at least one sample yielded a non-detect. Both total E.
coli and cefR E. coli concentrations differed by water matrix (Kruskal–Wallis, p = 5.9 × 10−8

and p = 2.2 × 10−7, respectively). CefR E. coli was most abundant in wastewater influent
(Figure 1). Total E. coli and cefR E. coli measurements were very strongly correlated
(r2 = 0.9194; p < 2.23 × 10−16).

There were no distinct patterns observed for the sul1 and intI1 genes in the range,
lowest concentration, highest concentration, or median concentration when all data points
were plotted together by utility (Figure 2).

Figure 3 compares the gene target concentrations measured in the four categories
of water matrices. The concentrations of sul1 that were observed here differed by type
of sample (Kruskal–Wallis, p = 2.2 × 10−16). We further compared these data to those
reported across 95 studies in the literature, as detailed in a meta-analysis reported by
Keenum et al. [30]. The ranges and trends within and across water matrices were highly
comparable between this study and that of Keenum et al. Between the two studies, neither
wastewater influent concentrations of sul1 (p = 0.83) nor wastewater effluent concentra-
tions of sul1 differed (Kruskal–Wallis with a Bonferroni-corrected alpha value of 0.0063,
p = 0.030). sul1 concentrations measured in recycled water also did not differ between
studies (Kruskal–Wallis, p = 0.084). The surface water concentrations of sul1 measured in
this study were significantly higher than those reported in the literature (Kruskal–Wallis
with a Bonferroni-corrected alpha value of 0.00625, p = 3.8 × 10−8).

The concentrations of intI1 differed by type of sample (Kruskal–Wallis, p = 2.2× 10−16)
(Figure 3). The patterns observed by water matrix in this study were also comparable to
those found in the literature [30], although the intI1 concentration in wastewater influent
and effluent exceeded the ranges found in the literature by approximately two log10.
The concentrations of intI1 in wastewater influent were significantly higher than those
reported in the literature (Kruskal–Wallis with a Bonferroni-corrected alpha value of 0.0063,
p = 0.00024). In wastewater effluent, the concentrations of intI1 were not significantly
different between this study and the literature (p = 0.10). No differences were found in
terms of intI1 concentration in recycled water (p = 0.79 for intI1). IntI1 concentrations
measured in surface waters in this study were significantly higher than those reported in
the literature (p = 0.0045).
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Figure 1. Occurrence of total E. coli and cefR E. coli cultured in this study by water matrix (indicated 
by color and x-axis). The number of samples tested is indicated in parentheses. Outliers are indicated 
by black data points and defined as 1.5× the interquartile range above Q3 or below Q1. Letters (a,b,c) 
indicate statistically significant groupings according to pairwise t-tests with Bonferroni correction 
(p < 0.05). Biological replicates analyzed at both Virginia Tech and the University of South Florida 
are combined for this analysis. 

There were no distinct patterns observed for the sul1 and intI1 genes in the range, 
lowest concentration, highest concentration, or median concentration when all data points 
were plotted together by utility (Figure 2). 

Figure 1. Occurrence of total E. coli and cefR E. coli cultured in this study by water matrix (indicated
by color and x-axis). The number of samples tested is indicated in parentheses. Outliers are indicated
by black data points and defined as 1.5× the interquartile range above Q3 or below Q1. Letters (a,b,c)
indicate statistically significant groupings according to pairwise t-tests with Bonferroni correction
(p < 0.05). Biological replicates analyzed at both Virginia Tech and the University of South Florida are
combined for this analysis.
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is located. Two utilities were sampled in Nevada (NV) and Florida (FL), while only one utility was
sampled in the other states. Letters indicate statistically significant groupings according to pairwise
t-tests with Bonferroni correction (p < 0.05).
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2.2. Correlation of sul1 and intI1 with cefR E. coli 

Figure 3. Comparison of sul1 concentrations in water matrices in this study (A) with those reported in
the literature [30] (B); comparison of intI1 concentrations in water matrices in this study (C) with those
reported in the literature [30] (D). Biological replicates analyzed at Virginia Tech and the University
of South Florida are combined for this analysis. Data from recycled input and recycled effluent are
combined under the “recycled” category in this analysis for consistency with the data available in
the literature.

2.2. Correlation of sul1 and intI1 with cefR E. coli

Sul1 and intI1 measurements were significantly correlated with cefR E. coli measure-
ments across all sample types (Figure 4). However, the strengths of the correlations were
moderate (r2~0.5). Notably, sul1 and intI1 were above the detection limit in 96.5% and 99%
of the samples, respectively. On the other hand, total E. coli and cefR E. coli were above the
detection limit in 76% and 50.8% of the samples, respectively. Thus, the greater number of
non-detects with the culture-based analysis weakened the correlation.
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Biological replicates analyzed at both Virginia Tech and the University of South Florida are combined
for this analysis. Light blue lines delineate a 1:1 relationship.

sul1 and intI1 were also found to be positively correlated across all samples (Figure S2).
Here, the linear regression model indicated that the correlation was statistically significant
(p = 6.5 × 10−8) and moderate in strength (r2 = 0.40).

2.3. Interlaboratory Comparison

Total E. coli and cefR E. coli concentrations were very strongly correlated between
the two laboratories performing the assay (r2 = 0.9822, p = 2.2 × 10−16; and r2 = 0.9783,
p = 2.2 × 10−16, respectively) (Figure S3). No significant difference was found between the
two labs for total E. coli (p = 0.32) or cefR E. coli (Kruskal–Wallis, p = 0.054).

The qPCR measurements of intI1 and sul1 produced by the two labs were positively
correlated by linear regression (p = 1.1 × 10−8 for intI1 and p = 0.00013 for sul1), with
weak-to-moderate correlation coefficients (r2 = 0.43 and 0.24, respectively) (Figure S4).
No significant difference was detected between labs for intI1 (p = 0.48) or sul1 (p = 0.39)
concentrations by Kruskal–Wallis. Note that samples from the recycled input and surface
upstream water matrices were only analyzed at the VT lab. There is no USF comparison
point, and therefore these two sample types were omitted from this analysis.
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2.4. Repeatability of Technical and Biological Replicates

The majority of culture replicates varied less than <10% from the sample mean. Specif-
ically, technical replicates in 121/136 total E. coli assays and 118/136 cefR E. coli assays
were within 10% difference from the mean. The biological replicates in 114/130 total
E. coli assays and 118/130 for cefR E. coli assays were within 10% difference from the mean
(Figure S5). The water matrix (Levene Test, p = 0.0028) and the utility sampled (Levene Test,
p = 6.4 × 10−5) had a significant effect on the percent deviation from the mean. The most
variation amongst technical replicates was found for surface water samples, particularly
those from utilities A and C. The variance among biological replicates deviated as much
as 100% from their mean. Unlike technical replicates, there were no obvious trends in the
deviation from the mean of biological replicates as a function of the water matrix. However,
the utility where the sample was collected did have a significant impact on the deviation
from the mean (Levene, p = 0.021).

Similarly to culture-based data, the variation of the replicates from the mean for qPCR
data was <10% for the majority of samples (Figure S6). For technical replicates, 373/384
and 456/474 fell within 10% difference from the mean for sul1 and intI1, respectively.
For biological replicates, 124/135 and 139/155 fell below this threshold for sul1 and intI1,
respectively. However, the percent deviation from the mean was significantly affected by the
water matrix (Levene Test, p = 0.0044) and the utility sampled (Levene Test, p = 1.2 × 10−14).
The greatest variation among technical replicates was observed for wastewater samples.
Overall, the intI1 assay yielded a greater percent deviation between technical replicates than
the sul1 assay (t-test, p = 0.022). As would be expected, greater variance among biological
replicates was observed relative to technical replicates. Some biological replicates varied
by as much as 50%. However, there was no obvious trend in the deviation from the mean
of biological replicates as a function of the water matrix (Kruskal–Wallis, p = 0.075), nor
was there any difference in variation amongst those replicates (Levene Test, p = 0.62). The
differences observed in percent difference from the mean across samples were also not
significantly influenced by the laboratory in which they were processed (Kruskal–Wallis,
p = 0.19). There was, however, a significant effect of water utility on the percent difference
from the mean of biological replicates (Kruskal–Wallis, p = 0.0083) as well as the variance
amongst biological replicates (Levene Test, p = 0.0065).

Overall, 12 outliers were detected among the biological replicates, with 1–2 outliers
found amongst each utility’s sample set. In terms of the water matrix, outliers were detected
in wastewater influents (n = 4), recycled water effluents (n = 4), and downstream surface
waters (n = 3).

The measurements of sul1 and intI1 in trip and field blanks were found to be signifi-
cantly lower than those measured in the recycled effluent samples, both when analyzed at
USF (Kruskal–Wallis, p = 3.3 × 10−12) and VT (Kruskal–Wallis, p = 5.4 × 10−7).

3. Discussion
3.1. Limitations of This Study

The sampling events in this study were conducted during the COVID-19 pandemic
and were therefore only made possible by the collaborative commitment of participating
water utilities. Relying on multiple researchers to collect and process samples for shipping
inherently increases variability in the resulting data. We sought to mitigate the introduction
of such variability to the extent possible by providing highly detailed sample protocols,
discussing the protocols, and answering questions through phone conversations and email.
It is noted that if the protocols used here were to be widely adopted for standardized
monitoring, it would be similarly important to ensure that the protocols are clear and to
implement a system to ensure that they are consistently applied. Samples were collected
across a relatively diverse range of waters, covering a cross-section of regions across the
US. Additional sites could include other countries, especially low- and middle-income
countries. A limitation to the interpretability of the data is that samples were only collected
from utilities with advanced treatment that also had the facilities and human resources to
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collect the samples. However, assuming that there is a centralized laboratory to analyze
the samples, the sampling protocol itself was developed to be as simple as possible, incor-
porating a pre-prepared kit. Therefore, it is expected that the approach will be adaptable to
lower-resourced districts.

A recent study found that sul1 and intI1 predict a distinct subset of ARGs when
compared against the shotgun metagenomic sequencing-based ARG profiling of water-
sheds [42]. The examination of currently available E. coli whole-genome sequence data
indicates that 17.27% carry the sul1 gene [43]. sul1 and intI1 were also confirmed to be
correlated, which is consistent with the understanding that sul1 is typically found in the
intI1 operon [38], though the moderate correlation in this study indicates that this is not
always the case and is supported by other studies that have detected moderate-to-strong
correlations [44–46].

3.2. E. coli, sul1, and intI1 Measures Correlate as Indicators of Water Quality

Here we found that sul1 and intI1 were positively correlated with both E. coli and cefR
E. coli. CefR E. coli was also very strongly correlated to total E. coli. E. coli is a well-
established indicator of the efficacy of wastewater treatment and water quality. Under-
standing the significance of sul1 and intI1 as indicators of mobile AMR in the environment
is evolving, but they have consistently been found to strongly correlate with anthropogenic
inputs [35,38,39]. The overall findings are consistent with the general idea that efforts to
promote overall water quality are also likely to help mitigate AMR [3]. However, it is impor-
tant to recognize that not all clinically relevant AMR in the environment is fecal-associated,
and therefore other targets would need to be considered if other sources are of interest [42].

3.3. Linking Measurements to Human Health Risk

One advantage of monitoring cefR E. coli is that they represent viable microorganisms
belonging to a subset of the species known to contain pathogens and a form of resistance
that is highly clinically relevant [14,47,48]. Thus, cefR E. coli is an amenable input to human
health risk assessment (HHRA) models. However, not all cefR E. coli captured by culture
are necessarily pathogens. One study examined a diverse set of sea, lake, canal, and river
water samples as well as wastewater influents and effluents from municipal, hospital, and
airport WWTPs using the WHO Tricycle protocol. They found that 17.1% of the isolated
cefR E. coli (which they refer to as ESBL E. coli) carried virulence markers [48]. Culture
may also overlook viable but nonculturable forms and thus underestimate the associated
exposure risk.

3.4. Applying Measurements for Assessing Removal by Treatment Processes

If the objective is to measure the removal achieved by the treatment technology, then a
benefit of the qPCR of sul1 and intI1 is that it provides a wide dynamic range of detection.
Both qPCR methods produced a large dynamic range of quantitation, with a limit of
detection at 100 gene copies/mL and an upper detection of 1.7× 109 and 2.13 × 108 for sul1
and intI1, respectively. The samples measured across this study fell within the range of
1.41–8.42 log gc/mL and 1.35–9.23 log gc/mL for sul1 and intI1, respectively. E. coli was
also measured over a wide range in this study, with a lower limit of detection as low as
0.1 CFU/100 mL up to the largest detection at 3.28 × 108 CFU/100 mL. However, a
challenge with culture is the need to guess and establish the correct dilution range a priori,
where typically it is manageable to test a range of three 10-fold dilutions. The cefR E. coli
method dynamic range was smaller, with a lower limit of detection at 0.2 CFU/100 mL and
an upper detection value at 4 log CFU/100 mL.

US CWA guidelines are already established for E. coli, with NPDES generally permit-
ting an allowable geometric mean of 126 CFU/100 mL for weekly samples over the course
of 30 days when the receiving body is designated for recreational uses, as the majority of
receiving bodies examined here are [49]. These criteria could potentially be modified to in-
clude culturable cefR E. coli, but it will be important to recognize that detection frequencies
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will be about 1% those of total E. coli. Achieving non-detects of sul1 and intI1 might not be
feasible from a regulatory standpoint, at least for secondary wastewater treatment. In this
study, non-detects were exceedingly rare for qPCR (1 non-detect for intI1; 6 non-detects for
sul1) compared to the culture method (14 non-detects for total E. coli; 29 non-detects for
cefR E. coli). Among the samples where culturable cefR E. coli were non-detect, sul1 and
intI1 concentrations remained in the 2.98–8.76 log gc/mL and 4.15–8.18 log gc/mL range,
respectively. Thus, censored data tend to be less problematic from a statistical standpoint
for qPCR than culture data. A low rate of non-detects in environmental samples, except for
relatively pristine sites, is consistent with the literature [30,34]. Thus, one possibility for
sul1 and intI1 could be to establish log removal guidelines, as has similarly been applied to
the removal of viral gene copies in water reuse systems, where the WHO recommends that
technologies meet a 6–7-log removal rate [50].

3.5. Assessing Ecological Hot Spots for AMR Selection and Evolution

One challenging monitoring need is to be able to identify a given environment or
set of conditions as representing elevated “risk” for the evolution of new forms or strains
of resistance. For example, pharmaceutical wastewater and affected environments are
thought to pose such a risk because of the elevated selection pressure imposed by high
concentrations of multiple active pharmaceutical ingredients [51,52]. For such a monitoring
purpose, it is helpful to incorporate a denominator so that relative levels can be compared.
In the case of cefR E. coli, normalizing to total E. coli can provide an indication of whether
the resistant form survives better than the generic form when comparing a sample before
and after treatment. In this study, comparing ratios of cefR E. coli to total E. coli suggested
that, although cefR E. coli experience a net decrease through treatment, they may have
a slight selective advantage, at least under some circumstances. Previous research from
Bréchet et al. [53] found relative enrichment of cefR E. coli in comparison to total E. coli
through the examined wastewater treatment plant.

Similarly, it is common to track ratios of sul1 and intI1 to the universal bacterial
housekeeping gene, 16S rRNA, as a means to judge whether the relative proportions of
microorganisms carrying these genes are increasing or decreasing [30]. Such an approach is
best applied when there are multiple points of comparison through time and space. Still, if
the desire is to obtain deeper ecological insight, then metagenomic measures will provide a
more comprehensive picture [54], but they are more costly and require more specialized
expertise. Correspondingly, there has been a convergence of recent efforts to develop tools
for classifying environmental metagenomes in terms of their “resistome risk” that take into
consideration the total numbers of ARGs, their clinical relevance, their presence on a mobile
genetic element, and their likelihood of being carried by or transferred to a pathogen [55,56].
Such metagenomic analytical tools similarly use denominators such as annotated 16S rRNA
genes or numbers of sequencing reads [54].

3.6. Wastewater-Based Surveillance and Epidemiology

Wastewater-based surveillance entails monitoring influent wastewater for markers of
disease to inform public health efforts, while wastewater-based epidemiology takes this a
step further by relating these measures to human disease [57]. Substantial infrastructure
was established for this purpose across the globe as a means to track the spread of COVID-
19, and there is interest in adapting this infrastructure to track AMR [5,58,59]. In the context
of the present study, sul1 and intI1 alone would not be very informative for such purposes,
but adapting qPCR to track emerging ARGs of concern, such as those that encode ESBLs
(e.g., blaTEM, blaCTX-M), carbapenemases (blaNDM, blaVIM, blaOXA), colistin resistance
(mcr), and tigecycline resistance (tetX), could be of value [30,60]. There are efforts to
advance metagenomic-based surveillance of AMR in wastewater, which would provide the
advantage of simultaneous non-targeted detection of ARGs, mobile genetic elements, and
pathogens [5,58,61]. There is a substantial trade-off in terms of the cost of metagenomics;
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however, even with the deepest sequencing, the detection limit will be on the order of 2-log
higher than that of qPCR [54].

Tracking cefR or ESBL E. coli could also be of value to wastewater-based surveillance
and epidemiology by providing an indication of whether such infections are elevated in a
community. One fundamental advantage of culture is that the isolates can be preserved
for additional analysis. For example, the isolates can be subjected to phenotypic resistance
profiling and compared to clinical antibiogram data to track patterns in multi-antibiotic
resistance. The isolates can also be subjected to whole-genome sequencing, which can be
used not only to track the sources of E. coli but also the molecular origin of their ARGs
(e.g., movement on a plasmid). In this way, whole-genome sequencing can contribute to an
ecological understanding of the drivers of resistance.

3.7. Practical Considerations

We adapted the WHO Tricycle protocol by using modified mTEC instead of TBX as
the selective media because the former is an approved EPA standard method (Method
1603 [62]) and therefore can more readily be adopted for AMR monitoring by US water
utilities. To support this approach, we previously performed a comparison of TBX versus
modified mTEC medium amended with cefotaxime and found that they produced very
similar results, with mTEC and incubation in a water bath at 44.5 ◦C providing a small but
significant increase in specificity [63]. The results of the present study further demonstrate
that the cefR E. coli methods tested here produced highly comparable results across states,
water utilities, and laboratories.

The qPCR methods examined here have been widely deployed [30] but have not been
standardized. We found in this study that the data generated from the sul1 and intI1 assays
were significantly correlated between labs, but there was a greater discrepancy compared
to the E. coli culture methods. Other studies have similarly reported challenges in gener-
ating repeatable qPCR measurements between labs [64–66] due to variability in standard
curve production and challenges with reproducibility [64,67], indicating that an effort to
standardize such assays would be beneficial. Transitioning to droplet digital PCR might
help address some discrepancies, particularly those associated with differences in standard
curves (given that no standard curve is required) [68]. We performed a ddPCR analysis
of a subset of samples and found that the measurements were significantly correlated
but systematically about 0.7- and 0.9-log lower than the measurements performed at VT
for sul1 and intI1, respectively (Figure S7). It could not be determined if this was due to
degradation of the DNA extract due to an additional freeze-thaw cycle or because the qPCR
assay systematically overestimated the number of gene copies relative to ddPCR.

A challenge for all culture-based methods is that the samples are subject to short
holding times and must be analyzed upon receipt within a limited time window. As a point
of comparison, this study had six sample types, in both biological and technical duplicates.
For this level of replication for six samples, ~5 h was required for a team of two experienced
researchers on day one of processing, followed by an additional 1–2 h a day of labor for
the next 2–4 days. The number of additional days needed is dependent upon how many
isolation attempts are needed before reaching a pure culture, which is ultimately used
for confirmation of species using PCR and/or isolated for storage [69]. Final results after
species confirmation are attainable two–four days after processing.

In general, qPCR methods allow for greater flexibility in their execution because, once
samples are received and concentrated, they can be preserved for extended periods at
−20 ◦C or −80 ◦C prior to or after DNA extraction [70]. In this study, six samples in
biological and technical triplicates (+standard curves and controls) could be analyzed for
both sul1 and intI1 within 3 workdays, given two lab workers and two thermal cyclers. Day
one was dedicated to filter concentration and storage of filters, day two to DNA extraction,
and day three to qPCR. Thus, person-hours of labor were estimated at 20 for the culture
(including time to prepare the media in advance) and at 30 for qPCR for the corresponding
batches of all 72 and 48 samples, respectively. Based on our experience from this study,
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we estimate that as many as 8–16 samples could be analyzed for the two assays by qPCR
in one batch, while 8–12 samples would be the limit for the culture (these numbers are
exclusive of biological and technical replicates).

A cost analysis indicated that, for six samples collected in triplicate and run with
technical duplication as in our study, the cost of consumables is between USD 120 and
USD 225 for the culture method. For a batch of six samples collected in biological tripli-
cates and analyzed in technical triplicates by qPCR, the cost of consumables is between
USD 570 and USD 650 for the methods performed here (Table S4). In terms of capital
costs, a culture requires an autoclave, a clean workspace, a water bath, and an incubator
(Table S5). The most essential capital cost for qPCR is a real-time thermal cycler, which can
cost on the order of USD 20,000-40,000, as well as a homogenizing instrument to facilitate
DNA extraction. qPCR generally also requires a −20 ◦C freezer for storage of filters and
DNA extracts if the analysis is not immediate. The conversion to droplet digital PCR incurs
even greater capital costs but may be worthwhile if the results are more consistent and
require less troubleshooting. Given that US utilities are already required to monitor E. coli,
there is generally less of a cost barrier as an entry point. However, water utilities in the US
are more commonly equipped with DNA analysis capabilities, including thermal cyclers
and technicians trained on qPCR methods. Liguori et al. [16] found that eight out of nine
utility employees surveyed reported that their organization has the capacity to run qPCR.

3.8. QA/QC Recommendations

An advantage of the E. coli method is that QA/QC criteria have already been estab-
lished in a manner that harmonizes with existing fecal indicator regulatory guidelines.
However, we found that for a large-scale comparative study of this nature, it was not
practically feasible to process the samples within the 2–8 h window specified by EPA
Standard Method 1603. We instead set a limit at 48 h to allow time for shipping and held
the samples on ice to reduce die-off. The high level of replication between labs, despite
this modification, is encouraging. A study that examined the effects of holding time on the
survival of culturable E. coli found that E. coli concentrations in 64% of the samples that
were held on ice and concentrated by membrane filtration did not change significantly after
48 h [71]. While it is desirable to process samples for culturable E. coli as quickly as possible,
studies across large geographic areas require shipping and extended holding times, and
E. coli concentrations are generally stable if samples are held on ice.

Borchardt et al. [72] recently recommended several QA/QC measures to improve the
accuracy and repeatability of qPCR when applied to environmental samples, referred to as
the EMMI guidelines. The outlined QA/QC processes were included in this study, with the
exception of the 95% probability model for calculating LOD. While the qPCR measurements
in this study were significantly correlated between laboratories, the correlations were weak,
and there were a number of samples with fairly discrepant measures. Efficiencies and r2

coefficients of the standard curves were found to differ between the laboratories, which
might have contributed to the observed variability. Standard curves were included in each
run, as recommended by EMMI, but errors in the standard preparation/quantification
or differences in the sample and standard chemistry could still affect the measurements.
Some sample types also have inherently higher variability among biological replicates,
which could contribute to these differences. For example, grab samples collected under
plug-flow conditions in the WWTP or in corresponding surface waters will be subject to
random differences. However, significant differences in the variance among biological
qPCR replicates were only noted as a function of the water utility, not the water matrix. Such
variance as a function of the water utility could be a result of different personnel collecting
the water or unique on-site challenges to homogeneous sample collection. Interestingly,
both the sample matrix and the utility also had a significant impact on variance among
technical replicates. This suggests that water chemistry might influence the DNA extract
chemistry and correspondingly influence measurements, e.g., through PCR inhibition.
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In a power analysis for linear regression determined for six water matrices, two
labs, and six utilities (72 qPCR samples), a sub-group sample size of 2.77 is required to
obtain significance at the level of 0.05 and a power of 0.8. This analysis indicates that, at a
minimum, biological triplicates are necessary to support statistical comparison for qPCR
analysis. It was also noted that the sul1 assay produced less variance among technical
replicates as compared to the intI1 assay (Figure S6. This sul1 assay in particular has been
used historically in both laboratories and is well established, which could account for some
improved consistency across replicates.

In a power analysis for linear regression determined for four water matrices, two labs,
and six utilities (48 culture samples), a sub-group sample size of 1.5 is required to obtain
significance at the level of 0.05 and a power of 0.7. This indicates that, at a minimum,
biological duplicates are necessary to support statistical comparison for culture analysis.
For total E. coli and cefR E. coli, technical replicates centered closely around their mean,
but variation from the mean did ultimately differ significantly by utility and water matrix.
Some variation amongst technical replicates could be explained by consistency in the
researchers’ technique, and improved homogenization of the sample and matrix prior to
filtration may be able to reduce this effect [73,74]. The biological replicates also varied by
utility and water matrix, with a larger scale of variation observed upwards of 1-log for both
total E. coli and for cefR E. coli. The greatest variance within each sample type was noted
for wastewater influent and effluent, which is reasonable given the inherent heterogeneity
observed as plugs of wastewater flow through a treatment plant. A fair degree of variance
was also observed across the surface water samples included in this study, indicating that
some variation amongst the biological replicates was contributed by local factors, which
include the chemistry of the wastewater or the differences in the technique applied by
the personnel collecting the samples. Surface water is also subject to mixing and flow
conditions that can contribute to the variance in the biological replicate samples.

4. Materials and Methods
4.1. Sampling and Interlaboratory Comparison

Samples for this study were collected from six utilities, each incorporating both
wastewater and water reuse treatment trains, located in five different US states, over
a six-month period. Two utilities were sampled in Florida and Nevada, while one utility
was sampled in each of the other states. We worked with each utility to develop and
implement a tailored sampling plan that captured influent and effluent to the WWTP, input
and effluent to water reuse treatment trains, and a nearby surface water body, ideally one re-
ceiving WWTP effluent if possible. For utilities with surface-water discharge sites, samples
were collected both upstream and downstream of the discharge pipe, with locations specific
to each site due to feasibility and accessibility. A detailed sampling protocol was developed
and is reported in Liguori et al. 2023 [75]. Briefly, each utility partner was provided with
sampling kits, which included all supplies, protocols, and return shipping labels. Sampling
kits were assembled identically for each sample event, with the number and labeling of
bottle sets being adapted for each utility in order to simplify sample collection for utility
personnel and avoid human error such as mislabeling/misinterpretation of sample kit
contents. Duplicate kits were provided for parallel sample collection and shipment for
comparative analysis in the laboratories at Virginia Tech (VT) and the University of South
Florida (USF). All sample types were collected and analyzed in parallel, with the exception
of recycled water input and surface water upstream samples, which were only analyzed at
VT. Throughout the sampling, processing, and analysis steps, Quality Assurance and Qual-
ity Control (QA/QC) were prioritized. Full details about the quality assurance protocol
can be found in [75].

WWTP influent samples (50 mL) were collected after the grit chamber but before
primary settling. Wastewater effluent samples (2 L) were collected following secondary
clarification and not following any further tertiary treatment for uniformity of comparison
across plants. Recycled water samples (2 L) were collected to capture the water entering
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recycled treatment (“input”, typically secondary effluent or tertiary treated water piped
to the recycled treatment facility) and the final treated recycled water effluent coming
out of the facility. Samplers wore clean gloves, and samples were collected in sterilized
bottles. Sample valves/ports were flushed for 30 s before the respective sample bottle
was uncapped and filled to the bottom of the bottle stem. Bottles were then recapped and
placed into the cooler with ice packs.

Surface water samples (2 L) were collected upstream and downstream of the wastewa-
ter discharge point to the water body, where possible. The sampling bottles were placed
about one foot below the water surface, with the cap still on, upstream of the individual
collecting the sample. Once below the water surface, the cap was removed and the bottle
was filled, then recapped before removing it from the water. This process was repeated for
each surface water bottle at their respective locations in the surface water body. All bottles
were maintained on ice for preservation and transport.

A trip blank consisted of 1 L of molecular-grade or autoclaved water that was shipped
with the sampling kits, remained closed throughout the sampling, and was returned with
the bottles. A field blank consisted of 1 L of the same water, but the bottle was opened
during sampling to capture potential contamination resulting from field sampling.

All samples were shipped overnight to enable processing at the laboratories within
24 h of sampling. Upon receipt, all samples were maintained on ice or refrigerated until
processed, up to 8 h. Processing included filter concentration with nitrocellulose or mixed-
cellulose ester filters for both culture and molecular qPCR methods, using filter sizes of
0.45 µm and 0.22 µm, respectively. Small volumes (under 5 mL) were suspended in sterile
buffer prior to application to the filter cups, while sample volumes of 5 mL or greater were
added directly to the filtration cups. Detailed analytical standard operating procedures
developed and used by both laboratories are available at https://ward.cs.vt.edu (accessed
on 30 June 2023) and Liguori et al. [75] and summarized in Table 1.

Table 1. Methods Compared in this Study.

Method Target Rationale Details Assay Reference

Culture

Total E. coli

Comparison point for
cefR E. coli and allows

percent resistance
calculations

Modified mTEC EPA Method 1603 [62]

cefR E. coli
Can cause

difficult-to-treat resistant
infections

Modified mTEC with cefotaxime Modified from EPA
Method 1603 [62]

qPCR

intI1

Indicator of mobile,
anthropogenic sources of

multi-antibiotic
resistance

TaqMan probe assay (5′-3′):
F: GCCTTGATGTTACCCGAGAG; R:

GATCGGTCGAATGCGTGT; P: (6-FAM)
ATTCCTGGCCGTGGTTCTGGGTTTT (BHQ1)

Barraud et al., 2010 [76]

sul1

ARG that encodes
resistance to

sulfonamides and
correlates with

anthropogenic inputs

F (5′-3′): CGCACCGGAAACATCGCTGCAC;
R (5′-3′): TGAAGTTCCGCCGCAAGGCTCG Pei et al., 2006 [33]

4.2. CefR- E. coli Culture

All samples were cultured on modified mTEC media (BD Difco Cat No. B14880) and
modified mTEC with 4 µg/mL cefotaxime (Millipore Sigma Product No. 219504; Fisher Sci
Cat No. AC454950010). The methods used herein were adapted from EPA Method 1603
for E. coli [62] and the WHO Global Tricycle Surveillance of ESBL-E. coli method [18]. At
each lab and for each sample, replication was achieved both in biological duplicates (i.e.,
separate sampling bottles) and technical duplicates (i.e., separate culture plates). From each
biological duplicate bottle, 3 target dilutions were filtered onto membranes in technical

https://ward.cs.vt.edu


Antibiotics 2023, 12, 1252 14 of 20

duplicate (~24 plates were typically analyzed per sample (2 biological duplicates × 3
dilutions × 2 technical duplicates × 2 media types)).

Serial dilutions of wastewater influent samples were made prior to plating in order to
capture a countable range of colonies. To achieve these dilutions, 1 mL of sample was added
to a tube containing 9 mL of sterile phosphate-buffered saline (PBS). This was repeated
serially to achieve a final dilution of 10-4. For all other sample types, the original sample
was added to the filter concentration setup without dilution. The volume of sample filtered
differed based on sample type, as outlined in Table S1.

Samples were concentrated by filtration onto 0.45 µm filters with a 47 mm diameter (ni-
trocellulose: Fisher Cat No. 09-719-555; mixed-cellulose ester: Fisher Cat No. HAWP04700)
and plated in a biosafety level II cabinet. Flame-sterilized forceps were used to place filters
inside autoclaved filter cups. The appropriate volume for each sample type (Table S1)
was then added to the filter cup, which was capped before turning on the vacuum filter
and allowing the sample to pass completely through the filter into the receiving cup. For
volumes of 1 mL, the samples were suspended in 30 mL of sterile PBS prior to filtration to
improve spread across the filter. After the vacuum was turned off, the filter was removed
using flame-sterilized forceps and placed onto the respective media plate. This process
was repeated for all samples, including negative and positive controls, from “cleanest” to
“dirtiest”, utilizing previous experience of working with these sample types to estimate
which samples were likely to contain the least/most number of culturable E. coli to deter-
mine their order, with each cup being rinsed with sterile PBS in between samples. Plates
were inverted and transferred to an incubator at 35 ◦C for two hours. After 2 hours, these
plates were transferred to a pre-heated water bath at 44.5 ◦C for 22 h (± 2 h). Setup and
submersion of plates in the water bath are detailed further in the Supplemental Information
(Figure S1).

After the 20–24 h incubation, plates were removed from the water bath, and colony-
forming units (CFUs) were enumerated on all plates, manually marking each colony with
a permanent marker. Numbers are reported here for dilutions that produced CFUs in
a countable range (10–100 CFU per plate). Species confirmation was conducted on five
colonies per water matrix, per sampling event, up to a total of 30 samples per sampling
event where sufficient colonies grew (Table S2).

4.3. qPCR Enumeration of sul1 and intI1

All samples designated for qPCR analysis were filtered to clogging onto 0.22 µm filters
with a 47 mm diameter (Millipore Sigma Cat No: GSWG047S6). Clogging was defined as
no liquid penetrating the filter for a period of 10 or more minutes. All sample bottles were
weighed before and after filtering to determine the net difference and, therefore, estimate
the volume of sample filtered. Autoclaved filter cups and flame-sterilized forceps were
used in a biosafety cabinet to minimize potential for sample contamination.

Filters were removed from the cups using flame-sterilized forceps and folded into
sterile O-ring microcentrifuge tubes for storage. A filter blank (50 mL of sterile PBS) was
filtered at each sample processing event to serve as a negative control throughout the
extraction process. Each tube containing a filter was filled to cover the filter with a 50%
ethanol solution to prevent degradation of DNA in storage and stored at −20 ◦C until
DNA extraction within 20 days [74]. After thawing at room temperature, filters were
removed and shredded using flame-sterilized forceps and subsequently extracted using
the FastDNA SpinKit for Soil (MP Bio Cat No. 6560200). When the SpinKit directions
suggested a range of options, the more conservative (e.g., longer time, high temp., larger
tube) was implemented. The resulting DNA extracts were stored in molecular-grade water
at −20 ◦C.

qPCR was performed in technical triplicate using primers and probes, where appli-
cable, as reported previously by Pei et al. [33] and Barraud et al. [76] for sul1 and intI1,
respectively (Table 1). For the qPCR master mix, 12.5 µL of PowerSYBR Green was used
for dye assays and TaqMan Environmental Master Mix 2.0 for probe-based assays, with
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a total reaction volume of 25 µL per well. Standard curves were created using Gblocks
(Integrated DNA Technologies, Coralville, IA, USA) designed specifically for each gene
target (sequence available in Table S3). Gblocks were serially diluted and analyzed along
the first row of each qPCR plate for each standard curve, with the typical dilution ranging
from 108 to 102. All qPCR analysis was conducted on a Bio-Rad CFX RT-PCR thermal
cycler (Bio-Rad, Hercules, CA, USA). The resulting data were compared to those extracted
from the study carried out by Keenum et al. [30] for comparable samples.

4.4. Statistical Analysis

The dilution that produced CFUs most centrally within the countable range was
reported for culture-based analysis. The CFUs/mL for the selected dilution were averaged
across the two technical replicates (A and B) and converted to a per 100 mL basis to produce
the final count of CFUs/100 mL for each sample. The limit of detection was identified for
each plate as equivalent to 1 colony per the highest volume of sample plated. Non-detects
were assigned a value of one-half the limit of detection. For lawns and growth that were
too numerous to count, a value of 750 was assigned as an arbitrary high value > highest
countable number. Culture data were compiled and averaged in Excel, then loaded into R
(version 4.1.2) for all statistical analyses.

qPCR data were extracted from Bio-Rad CFX manager instrument software (version 3.1).
The lowest standard that produced quantifiable concentrations in 2/3 of the technical
replicates was set as the limit of detection. The lowest standard that produced quantifi-
able concentrations for 3/3 of the standard technical replicates was set as the limit of
quantification. Technical replicates were averaged for all samples for which at least 2/3
of the technical replicates produced a measurable gene target. Samples with a signal be-
low the limit of detection were marked as non-detects and assigned a value of 1.25 gene
copies per milliliter for statistical purposes. Measurements falling between the limit of
detection and limit of quantification were assigned a value half that of the limit of quantifi-
cation. The qPCR data were compiled in Excel and transferred into R (version 4.1.2) for all
statistical analyses.

All culture and qPCR data were log-transformed prior to analysis. Neither culture
nor qPCR data were found to be normally distributed according to the Shapiro–Wilks test.
Kruskal–Wallis was used as a non-parametric test for differences between groups. Levene
tests were used to test for differences in variance between groups. Linear regressions were
used to assess the strength of correlations (r-squared values) across all water matrices.
Additionally, Spearman’s rank correlations were used to assess the strength of correlations
within each water matrix to separate effects from water type (Table S6). Statistical signifi-
cance was set across this study at p < 0.05. Bonferroni adjustments to p-values were made
where applicable by dividing by the number of simultaneous tests being performed.

To assess the regression coefficient between culture data and qPCR data on a sample-
by-sample basis, the biological triplicates from qPCR were averaged in order to produce a
dataset with even numbers of samples in each group (qPCR and culture). In order to assess
replication, technical and biological replicates were averaged, and then each sample was
compared to its corresponding average. To determine the percent deviation from the mean,
the mean was subtracted from each of the individual replicate concentrations, then that
was divided by the mean and multiplied by 100. Outlier analysis was conducted utilizing
the interquartile ranges calculated in the geom_boxplot function of ggplot2 with outlier
detection enabled.

5. Conclusions

This study provides a systematic comparison of candidate targets for global monitoring
of AMR in water environments. Data were compared from six distinct wastewaters,
recycled waters, and surface waters across the US. The general trends produced by cefR
E. coli, sul1, and intI1 enumeration were similar, i.e., highest in raw wastewater and lowest
in recycled water effluents, and all three measures were significantly correlated with each
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other. Although the intention for the selection of the targets in this study was for them
to serve as indicators of AMR, it is important to recognize that they measure distinct
aspects of AMR and therefore have their own limitations in terms of technical and logistical
significance. Therefore, there are a number of considerations in selecting a target for AMR
monitoring, depending on the monitoring objective and the circumstances [8,16]. This
study provides detailed practical guidance for implementing these targets for the purpose
of AMR monitoring in aquatic environments, including considerations with respect to the
resources required, repeatability, comparability, ease of implementation, QA/QC, and the
overall monitoring objectives that they are suitable to address. Additional work is needed
to test and compare alternative culture targets, such as Enterococcus, and qPCR targets, such
as blaCTXM, vanA, and tetA.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12081252/s1, Figure S1: Setup and submersion of culture
plates in the water bath; Figure S2: Correlation of sul1 and intI1 (gene copies/mL), with shape
indicating utility where sample was collected and color indicating water matrix. Adjusted linear
regression r-squared value and p-value are reported. Biological replicates analyzed at both Virginia
Tech and the University of South Florida are combined for this analysis. Light blue lines delineate a
1:1 relationship. Figure S3: Interlab comparison of total E. coli (A) and cefR E. coli (B) concentrations
measured across water matrices, with USF on the x-axis and VT on the y-axis. Note that recycled
input and surface upstream samples were not collected at USF and therefore were omitted in this
analysis. Light blue lines delineate a 1:1 relationship. Figure S4: Interlab comparison of intI1 (A)
and sul1 (B) qPCR measurements. Recycled input and surface upstream samples were not analyzed
at USF and are excluded from this analysis. Light blue lines delineate a 1:1 relationship. Figure S5:
The percent difference from the mean for each technical replicate for total E. coli (A) and cefR E. coli
(B) and biological replicate for total E. coli (C) and cefR E. coli (D) of each sample cultured (samples
are unlabeled across the X-axis). Colors indicate water matrix sample; Shapes indicate utility where
sample was collected. The mean here is the average of three technical and biological replicates,
respectively, collected at the same site and time, and processed at the same laboratory. The horizontal
line indicates 0% deviation from the mean as a reference. Replicates analyzed at both Virginia Tech
and University of South Florida are all included in this analysis. Figure S6: The percent difference
from the mean for each technical replicate for intI1 (A) and sul1 (B) and biological replicate for intI1
(C) and sul1 (D) of each sample (samples are unlabeled across the x-axis). Colors indicate water
matrix sample; shapes indicate utility where sample was collected. The mean here is the average
of three technical and biological replicates collected at the same site and time and processed at the
same laboratory. The horizontal line indicates 0% deviation from the mean as a reference. Replicates
analyzed at both Virginia Tech and the University of South Florida are all included in this analysis.
Figure S7: Correlation of sul1 (A) and int1 (B) concentrations (gene copies/ml) by qPCR and ddPCR.
Color indicates water matrix. Adjusted linear regression r-squared value and p-value are reported.
Biological replicates analyzed at Virginia Tech are included in this analysis. ddPCR was conducted by
partners at US EPA’s Office of Research and Development. Light blue lines delineate a 1:1 relationship.
Table S1: Sample volumes used to concentrate samples for culture assays by membrane filtration;
Table S2: PCR Sequence for species confirmation by uidA; Table S3: qPCR Sequence sul1/intI Gblock
standard. Table S4: Estimates and assumptions for cost analysis of methods for 6 samples (plus
biological and technical triplicates for qPCR and biological triplicates and technical duplicates for
culture). Table S5: Capital Costs Associated with Methods; Table S6: Spearman’s correlation for each
set of variables for which overall correlations were presented in this paper, with relationships tested
within each individual water matrix to assess impact of water matrix variety. Reference [69] is cited
in the Supplementary Materials.

Author Contributions: Conceptualization, A.P., V.J.H., I.K. and K.L.; methodology, K.L., J.C., I.K.
and B.C.D.; validation, G.M.R. and A.K.; laboratory analysis, K.L.; resources, A.P. and V.J.H.; data
curation, K.L. and J.C.; writing—original draft preparation, K.L.; writing—review and editing, A.P.,
V.J.H., I.K. and B.C.D.; visualization, K.L.; supervision, V.J.H. and A.P.; project administration, K.L.
and J.C.; funding acquisition, A.P., V.J.H. and I.K. All authors have read and agreed to the published
version of the manuscript.

https://www.mdpi.com/article/10.3390/antibiotics12081252/s1
https://www.mdpi.com/article/10.3390/antibiotics12081252/s1


Antibiotics 2023, 12, 1252 17 of 20

Funding: This research was funded by the Water Research Foundation, grant number 5052. Ad-
ditional funding was provided by the National Science Foundation Research Traineeship Award
#2125798 and the NSF CLSI Award #2004751.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data, protocols, and QA/QC procedures produced in this study
are available in the Water Research Foundation report for Project #5052 published 20 January 2023,
which can be found at https://www.waterrf.org/resource/standardizing-methods-qaqc-standards-
investigating-occurrence-and-removal-antibiotic-3.

Acknowledgments: We thank the anonymous water utilities that contributed in-kind services to
make this study possible. We also thank Nichole Brinkman and Scott Keely of the US Environmental
Protection Agency Office of Research and Development for their consultation and assistance in the
comparative analysis via ddPCR.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analysis, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results. An independent Scientific Advisory Board appointed by the
funders provided feedback as the research progressed.

References
1. Murray, C.J.L.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Aguilar, G.R.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al.

Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 2022, 399, 629–655. [CrossRef] [PubMed]
2. Robinson, T.P.; Bu, D.P.; Carrique-Mas, J.; Fèvre, E.M.; Gilbert, M.; Grace, D.; Hay, S.I.; Jiwakanon, J.; Kakkar, M.; Kariuki, S.; et al.

Antibiotic resistance is the quintessential One Health issue. Trans. R. Soc. Trop. Med. Hyg. 2016, 110, 377–380. [CrossRef] [PubMed]
3. United Nations Environment Programme. Bracing for Superbugs: Strengthening Environmental Action in the One Health

Response to Antimicrobial Resistance. Geneva. 2023. Available online: https://www.unep.org/resources/superbugs/
environmental-action (accessed on 3 April 2023).

4. National Academies of Sciences, Engineering, and Medicine. Combating Antimicrobial Resistance and Protecting the Miracle of
Modern Medicine; The National Academies Press: Washington, DC, USA, 2022. [CrossRef]

5. Pruden, A.; Vikesland, P.J.; Davis, B.C.; de Roda Husman, A.M. Seizing the moment: Now is the time for integrated global
surveillance of antimicrobial resistance in wastewater environments. Curr. Opin. Microbiol. 2021, 64, 91–99. [CrossRef] [PubMed]

6. Berendonk, T.U.; Manaia, C.M.; Merlin, C.; Fatta-Kassinos, D.; Cytryn, E.; Walsh, F.; Bürgmann, H.; Sørum, H.; Norström, M.;
Pons, M.N.; et al. Tackling antibiotic resistance: The environmental framework. Nat. Rev. Microbiol. 2015, 13, 310–317. [CrossRef]

7. Anjum, M.F.; Schmitt, H.; Börjesson, S.; Berendonk, T.U.; Donner, E.; Stehling, E.G.; Boerlin, P.; Topp, E.; Jardine, C.; Li, X.; et al.
The potential of using E. coli as an indicator for the surveillance of antimicrobial resistance (AMR) in the environment. Curr. Opin.
Microbiol. 2021, 64, 152–158. [CrossRef]

8. Wuijts, S.; van den Berg, H.H.; Miller, J.; Abebe, L.; Sobsey, M.; Andremont, A.; Medlicott, K.O.; van Passel, M.W.; de Roda
Husman, A.M. Towards a research agenda for water, sanitation and antimicrobial resistance. J. Water Health 2017, 15, 175–184.
[CrossRef]

9. Huijbers, P.M.; Flach, C.F.; Larsson, D.J. A conceptual framework for the environmental surveillance of antibiotics and antibiotic
resistance. Environ. Int. 2019, 130, 104880. [CrossRef]

10. Baquero, F.; Martinez, J.L.; Canton, R. Antibiotics and antibiotic resistance in water environments. Curr. Opin. Biotechnol. 2008, 19,
260–265. [CrossRef]

11. Lupo, A.; Coyne, S.; Berendonk, T.U. Origin and evolution of antibiotic resistance: The common mechanisms of emergence and
spread in water bodies. Front. Microbiol. 2012, 3, 18. [CrossRef] [PubMed]

12. Nappier, S.P.; Liguori, K.; Ichida, A.M.; Stewart, J.R.; Jones, K.R. Antibiotic resistance in recreational waters: State of the science.
Int. J. Environ. Res. Public Health 2020, 17, 8034. [CrossRef]

13. Leonard, A.F.; Zhang, L.; Balfour, A.J.; Garside, R.; Gaze, W.H. Human recreational exposure to antibiotic resistant bacteria in
coastal bathing waters. Environ. Int. 2015, 82, 92–100. [CrossRef] [PubMed]

14. Jørgensen, S.B.; Søraas, A.V.; Arnesen, L.S.; Leegaard, T.M.; Sundsfjord, A.; Jenum, P.A. A comparison of extended spectrum
β-lactamase producing Escherichia coli from clinical, recreational water and wastewater samples associated in time and location.
PLoS ONE 2017, 12, e0186576. [CrossRef] [PubMed]

15. Amarasiri, M.; Sano, D.; Suzuki, S. Understanding human health risks caused by antibiotic resistant bacteria (ARB) and antibiotic
resistance genes (ARG) in water environments: Current knowledge and questions to be answered. Crit. Rev. Environ. Sci. Technol.
2020, 50, 2016–2059. [CrossRef]

https://www.waterrf.org/resource/standardizing-methods-qaqc-standards-investigating-occurrence-and-removal-antibiotic-3
https://www.waterrf.org/resource/standardizing-methods-qaqc-standards-investigating-occurrence-and-removal-antibiotic-3
https://doi.org/10.1016/S0140-6736(21)02724-0
https://www.ncbi.nlm.nih.gov/pubmed/35065702
https://doi.org/10.1093/trstmh/trw048
https://www.ncbi.nlm.nih.gov/pubmed/27475987
https://www.unep.org/resources/superbugs/environmental-action
https://www.unep.org/resources/superbugs/environmental-action
https://doi.org/10.17226/26350
https://doi.org/10.1016/j.mib.2021.09.013
https://www.ncbi.nlm.nih.gov/pubmed/34655936
https://doi.org/10.1038/nrmicro3439
https://doi.org/10.1016/j.mib.2021.09.011
https://doi.org/10.2166/wh.2017.124
https://doi.org/10.1016/j.envint.2019.05.074
https://doi.org/10.1016/j.copbio.2008.05.006
https://doi.org/10.3389/fmicb.2012.00018
https://www.ncbi.nlm.nih.gov/pubmed/22303296
https://doi.org/10.3390/ijerph17218034
https://doi.org/10.1016/j.envint.2015.02.013
https://www.ncbi.nlm.nih.gov/pubmed/25832996
https://doi.org/10.1371/journal.pone.0186576
https://www.ncbi.nlm.nih.gov/pubmed/29040337
https://doi.org/10.1080/10643389.2019.1692611


Antibiotics 2023, 12, 1252 18 of 20

16. Liguori, K.; Keenum, I.; Davis, B.C.; Calarco, J.; Milligan, E.; Hardwood, V.J.; Pruden, A. Antimicrobial Resistance Monitoring of
Water Environments: A Framework for Standardized Methods and Quality Control. Environ. Sci. Technol. 2022, 56, 9149–9160.
[CrossRef] [PubMed]

17. Marano, R.B.; Fernandes, T.; Manaia, C.M.; Nunes, O.; Morrison, D.; Berendonk, T.U.; Kreuzinger, N.; Tenson, T.; Corno, G.;
Fatta-Kassinos, D.; et al. A global multinational survey of cefotaxime-resistant coliforms in urban wastewater treatment plants.
Environ. Int. 2020, 144, 106035. [CrossRef]

18. World Health Organization. WHO Integrated Global Surveillance on ESBL-Producing E. coli Using a “One Health” Approach:
Implementation and Opportunities. 2021. Available online: https://www.who.int/publications/i/item/9789240021402 (accessed
on 29 December 2022).

19. Adegoke, A.A.; Madu, C.E.; Aiyegoro, O.A.; Stenström, T.A.; Okoh, A.I. Antibiogram and beta-lactamase genes among cefotaxime
resistant E. coli from wastewater treatment plant. Antimicrob. Resist. Infect. Control. 2020, 9, 1–12. [CrossRef]

20. Melzer, M.; Petersen, I. Mortality following bacteraemic infection caused by extended spectrum beta-lactamase (ESBL) producing
E. coli compared to non-ESBL producing E. coli. J. Infect. 2007, 55, 254–259. [CrossRef]

21. Korzeniewska, E.; Korzeniewska, A.; Harnisz, M. Antibiotic resistant Escherichia coli in hospital and municipal sewage and their
emission to the environment. Ecotoxicol. Environ. Saf. 2013, 91, 96–102. [CrossRef]

22. Mir, R.A.; Weppelmann, T.A.; Johnson, J.A.; Archer, D.; Morris, J.G., Jr.; Jeong, K.C. Identification and characterization of
cefotaxime resistant bacteria in beef cattle. PLoS ONE 2016, 11, e0163279. [CrossRef]

23. Wiegand, I.; Geiss, H.K.; Mack, D.; Sturenburg, E.; Seifert, H. Detection of extended-spectrum beta-lactamases among Enterobac-
teriaceae by use of semiautomated microbiology systems and manual detection procedures. J. Clin. Microbiol. 2007, 45, 1167–1174.
[CrossRef]

24. CDC. Antibiotic Resistance Threats in the United States, 2019; U.S. Department of Health and Human Services, CDC: Atlanta, GA,
USA, 2019.

25. CDC. COVID-19: U.S. Impact on Antimicrobial Resistance, Special Report 2022; U.S. Department of Health and Human Services, CDC:
Atlanta, GA, USA, 2022. Available online: https://www.cdc.gov/drugresistance/covid19.html (accessed on 20 January 2023).

26. Larcher, R.; Laffont-Lozes, P.; Roger, C.; Doncesco, R.; Groul-Viaud, C.; Martin, A.; Loubet, P.; Lavigne, J.P.; Pantel, A.; Sotto, A.
Last resort beta-lactam antibiotics for treatment of New-Delhi Metallo-Beta-Lactamase producing Enterobacterales and other
Difficult-to-Treat Resistance in Gram-negative bacteria: A real-life study. Front. Cell. Infect. Microbiol. 2022, 12, 1048633. [CrossRef]
[PubMed]

27. Høg, B.B.; Bager, F.; Korsgaard, H.B.; Ellis-Iversen, J.; Pedersen, K.; Jensen, L.B.; Hendriksen, R.S.; Bortolaia, V.; Larsen, A.R.;
Petersen, A. DANMAP 2017-Use of Antimicrobial Agents and Occurrence of Antimicrobial Resistance in Bacteria from Food Animals,
Food and Humans in Denmark; DTU: Lyngby, Denmark, 2018.

28. Schechner, V.; Temkin, E.; Harbarth, S.; Carmeli, Y.; Schwaber, M.J. Epidemiological interpretation of studies examining the effect
of antibiotic usage on resistance. Clin. Microbiol. Rev. 2013, 26, 289–307. [CrossRef] [PubMed]

29. Davis, B.C.; Keenum, I.; Calarco, J.; Liguori, K.; Milligan, E.; Pruden, A.; Harwood, V.J. Towards the standardization of
Enterococcus culture methods for waterborne antibiotic resistance monitoring: A critical review of trends across studies. Water
Res. X 2022, 17, 100161. [CrossRef]

30. Keenum, I.; Liguori, K.; Calarco, J.; Davis, B.C.; Milligan, E.; Harwood, V.J.; Pruden, A. A framework for standardized qPCR-
targets and protocols for quantifying antibiotic resistance in surface water, recycled water and wastewater. Crit. Rev. Environ. Sci.
Technol. 2022, 52, 4395–4419. [CrossRef]

31. Milligan, E.G.; Calarco, J.; Davis, B.C.; Keenum, I.M.; Liguori, K.; Pruden, A.; Harwood, V.J. A Systematic Review of Culture-
Based Methods for Monitoring Antibiotic-Resistant Acinetobacter, Aeromonas, and Pseudomonas as Environmentally Relevant
Pathogens in Wastewater and Surface Water. Curr. Environ. Health Rep. 2023, 10, 1–18. [CrossRef]

32. Sköld, O. Sulfonamide resistance: Mechanisms and trends. Drug Resist. Updates 2000, 3, 155–160. [CrossRef]
33. Pei, R.; Kim, S.C.; Carlson, K.H.; Pruden, A. Effect of river landscape on the sediment concentrations of antibiotics and

corresponding antibiotic resistance genes (ARG). Water Res. 2006, 40, 2427–2435. [CrossRef]
34. Pruden, A.; Arabi, M.; Storteboom, H.N. Correlation between upstream human activities and riverine antibiotic resistance genes.

Environ. Sci. Technol. 2012, 46, 11541–11549. [CrossRef]
35. Nardelli, M.; Scalzo, P.M.; Ramírez, M.S.; Quiroga, M.P.; Cassini, M.H.; Centrón, D. Class 1 integrons in environments with

different degrees of urbanization. PLoS ONE 2012, 7, e39223. [CrossRef]
36. Czekalski, N.; Sigdel, R.; Birtel, J.; Matthews, B.; Bürgmann, H. Does human activity impact the natural antibiotic resistance

background? Abundance of antibiotic resistance genes in 21 Swiss lakes. Environ. Int. 2015, 81, 45–55. [CrossRef]
37. Gillings, M.R. Integrons: Past, present, and future. Microbiol. Mol. Biol. Rev. 2014, 78, 257–277. [CrossRef] [PubMed]
38. Gillings, M.R.; Gaze, W.H.; Pruden, A.; Smalla, K.; Tiedje, J.M.; Ku, J. Using the Class 1 Integron-Integrase Gene as a Proxy for

Anthropogenic Pollution. ISME J. 2015, 9, 1269–1279. [CrossRef]
39. Hardwick, S.A.; Stokes, H.W.; Findlay, S.; Taylor, M.; Gillings, M.R. Quantification of class 1 integron abundance in natural

environments using real-time quantitative PCR. FEMS Microbiol. Lett. 2008, 278, 207–212. [CrossRef] [PubMed]
40. Karkman, A.; Do, T.T.; Walsh, F.; Virta, M.P. Antibiotic-resistance genes in waste water. Trends Microbiol. 2018, 26, 220–228.

[CrossRef] [PubMed]

https://doi.org/10.1021/acs.est.1c08918
https://www.ncbi.nlm.nih.gov/pubmed/35732277
https://doi.org/10.1016/j.envint.2020.106035
https://www.who.int/publications/i/item/9789240021402
https://doi.org/10.1186/s13756-020-0702-4
https://doi.org/10.1016/j.jinf.2007.04.007
https://doi.org/10.1016/j.ecoenv.2013.01.014
https://doi.org/10.1371/journal.pone.0163279
https://doi.org/10.1128/JCM.01988-06
https://www.cdc.gov/drugresistance/covid19.html
https://doi.org/10.3389/fcimb.2022.1048633
https://www.ncbi.nlm.nih.gov/pubmed/36544909
https://doi.org/10.1128/CMR.00001-13
https://www.ncbi.nlm.nih.gov/pubmed/23554418
https://doi.org/10.1016/j.wroa.2022.100161
https://doi.org/10.1080/10643389.2021.2024739
https://doi.org/10.1007/s40572-023-00393-9
https://doi.org/10.1054/drup.2000.0146
https://doi.org/10.1016/j.watres.2006.04.017
https://doi.org/10.1021/es302657r
https://doi.org/10.1371/journal.pone.0039223
https://doi.org/10.1016/j.envint.2015.04.005
https://doi.org/10.1128/MMBR.00056-13
https://www.ncbi.nlm.nih.gov/pubmed/24847022
https://doi.org/10.1038/ismej.2014.226
https://doi.org/10.1111/j.1574-6968.2007.00992.x
https://www.ncbi.nlm.nih.gov/pubmed/18042230
https://doi.org/10.1016/j.tim.2017.09.005
https://www.ncbi.nlm.nih.gov/pubmed/29033338


Antibiotics 2023, 12, 1252 19 of 20

41. Tarek, M.H.; Garner, E. A proposed framework for the identification of indicator genes for monitoring antibiotic resistance in
wastewater: Insights from metagenomic sequencing. Sci. Total Environ. 2023, 854, 158698. [CrossRef] [PubMed]

42. Davis, B.C.; Riquelme, M.V.; Ramirez-Toro, G.; Bandaragoda, C.; Garner, E.; Rhoads, W.J.; Vikesland, P.; Pruden, A. Demonstrating
an integrated antibiotic resistance gene surveillance approach in Puerto Rican watersheds Post-Hurricane Maria. Environ. Sci.
Technol. 2020, 54, 15108–15119. [CrossRef]

43. CARD; Andrew, G.; McArthur, G.D.W. SUL1. The Comprehensive Antibiotic Resistance Database. Available online: https://card.
mcmaster.ca/ontology/36549 (accessed on 14 March 2023).

44. Makkaew, P.; Kongprajug, A.; Chyerochana, N.; Sresung, M.; Precha, N.; Mongkolsuk, S.; Sirikanchana, K. Persisting antibiotic
resistance gene pollution and its association with human sewage sources in tropical marine beach waters. Int. J. Hyg. Environ.
Health 2021, 238, 113859. [CrossRef]

45. Huang, Z.; Zhao, W.; Xu, T.; Zheng, B.; Yin, D. Occurrence and distribution of antibiotic resistance genes in the water and
sediments of Qingcaosha Reservoir, Shanghai, China. Environ. Sci. Eur. 2019, 31, 1–9. [CrossRef]

46. Adelowo, O.O.; Helbig, T.; Knecht, C.; Reincke, F.; Mäusezahl, I.; Müller, J.A. High abundances of class 1 integrase and
sulfonamide resistance genes, and characterisation of class 1 integron gene cassettes in four urban wetlands in Nigeria. PLoS
ONE 2018, 13, e0208269. [CrossRef]

47. Branger, C.; Zamfir, O.; Geoffroy, S.; Laurans, G.; Arlet, G.; Thien, H.V.; Gouriou, S.; Picard, B.; Denamur, E. Genetic background
of Escherichia coli and extended-spectrum β-lactamase type. Emerg. Infect. Dis. 2005, 11, 54. [CrossRef]

48. Franz, E.; Veenman, C.; van Hoek, A.H.; Husman, A.D.R.; Blaak, H. Pathogenic Escherichia coli producing Extended-Spectrum
β-Lactamases isolated from surface water and wastewater. Sci. Rep. 2015, 5, 1–9. [CrossRef]

49. US EPA. FAQ: NPDES Water-Quality Based Permit Limits for Recreational. 2014. Available online: https://www3.epa.gov/
npdes/pubs/npdes_pathogen_faq.pdf (accessed on 5 April 2023).

50. WHO. WHO Guidelines for the Safe Use of Wastewater, Excreta and Greywater (Volume IV: Excreta and Greywater Use in Agriculture);
World Health Organization (WHO): Geneva, Switzerland, 2006; ISBN 9241546859.

51. Bengtsson-Palme, J.; Larsson, D.J. Concentrations of antibiotics predicted to select for resistant bacteria: Proposed limits for
environmental regulation. Environ. Int. 2016, 86, 140–149. [CrossRef]

52. Manaia, C.M.; Aga, D.S.; Cytryn, E.; Gaze, W.H.; Graham, D.W.; Guo, J.; Leonard, A.F.; Li, L.; Murray, A.K.; Nunes, O.C. The
Complex Interplay Between Antibiotic Resistance and Pharmaceutical and Personal Care Products in the Environment. Environ.
Toxicol. Chem. 2022; ahead of print. [CrossRef] [PubMed]

53. Bréchet, C.; Plantin, J.; Sauget, M.; Thouverez, M.; Talon, D.; Cholley, P.; Guyeux, C.; Hocquet, D.; Bertrand, X. Wastewater
treatment plants release large amounts of extended-spectrum β-lactamase–producing Escherichia coli into the environment. Clin.
Infect. Dis. 2014, 58, 1658–1665. [CrossRef] [PubMed]

54. Davis, B.C.; Brown, C.; Gupta, S.; Calarco, J.; Liguori, K.; Milligan, E.; Harwood, V.J.; Pruden, A.; Keenum, I. Recommendations
for the use of metagenomics for routine monitoring of antibiotic resistance in wastewater and impacted aquatic environments.
Crit. Rev. Environ. Sci. Technol. 2023, 53, 1–26. [CrossRef]

55. Martínez, J.L.; Coque, T.M.; Baquero, F. What is a resistance gene? Ranking risk in resistomes. Nat. Rev. Microbiol. 2015, 13,
116–123. [CrossRef]

56. Oh, M.; Pruden, A.; Chen, C.; Heath, L.S.; Xia, K.; Zhang, L. MetaCompare: A computational pipeline for prioritizing environ-
mental resistome risk. FEMS Microbiol. Ecol. 2018, 94, fiy079. [CrossRef]

57. Larsen, D.A.; Green, H.; Collins, M.B.; Kmush, B.L. Wastewater monitoring, surveillance and epidemiology: A review of
terminology for a common understanding. FEMS Microbes 2021, 2, xtab011. [CrossRef]

58. Aarestrup, F.M.; Woolhouse, M.E. Using sewage for surveillance of antimicrobial resistance. Science 2020, 367, 630–632. [CrossRef]
59. Adhikari, S.; Halden, R.U. Opportunities and limits of wastewater-based epidemiology for tracking global health and attainment

of UN sustainable development goals. Environ. Int. 2022, 163, 107217. [CrossRef]
60. Miłobedzka, A.; Ferreira, C.; Vaz-Moreira, I.; Calderón-Franco, D.; Gorecki, A.; Purkrtova, S.; Bartacek, J.; Dziewit, L.; Singleton,

C.M.; Nielsen, P.H. Monitoring antibiotic resistance genes in wastewater environments: The challenges of filling a gap in the
one-health cycle. J. Hazard. Mater. 2022, 424, 127407. [CrossRef] [PubMed]

61. Prieto Riquelme, M.V.; Garner, E.; Gupta, S.; Metch, J.; Zhu, N.; Blair, M.F.; Arango-Argoty, G.; Maile-Moskowitz, A.; Li, A.D.;
Flach, C.F. Demonstrating a Comprehensive Wastewater-Based Surveillance Approach That Differentiates Globally Sourced
Resistomes. Environ. Sci. Technol. 2022, 56, 14982–14993. [CrossRef] [PubMed]

62. U.S. Environmental Protection Agency (USEPA). Method 1603: E. coli in Water by Membrane Filtration Using Modified mTEC. In
Standard Methods (Issue September); EPA: Washington, DC, USA, 2014.

63. Calarco, J.; Liguori, K.; Keenum, I.; Davis, B.C.; Milligan, E.; Pruden, A.; Harwood, V.J. Effect of Methodological Rigor on Trends in
Antibiotic Resistance of E. coli in Built and Natural Aquatic Habitats; University of South Florida: Tampa, FL, USA, 2023; manuscript
in preparation.

64. Rocha, J.; Fernandes, T.; Riquelme, M.V.; Zhu, N.; Pruden, A.; Manaia, C.M. Comparison of culture-and quantitative PCR-based
indicators of antibiotic resistance in wastewater, recycled water, and tap water. Int. J. Environ. Res. Public Health 2019, 16, 4217.
[CrossRef]

65. Taylor, S.C.; Nadeau, K.; Abbasi, M.; Lachance, C.; Nguyen, M.; Fenrich, J. The ultimate qPCR experiment: Producing publication
quality, reproducible data the first time. Trends Biotechnol. 2019, 37, 761–774. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2022.158698
https://www.ncbi.nlm.nih.gov/pubmed/36108825
https://doi.org/10.1021/acs.est.0c05567
https://card.mcmaster.ca/ontology/36549
https://card.mcmaster.ca/ontology/36549
https://doi.org/10.1016/j.ijheh.2021.113859
https://doi.org/10.1186/s12302-019-0265-2
https://doi.org/10.1371/journal.pone.0208269
https://doi.org/10.3201/eid1101.040257
https://doi.org/10.1038/srep14372
https://www3.epa.gov/npdes/pubs/npdes_pathogen_faq.pdf
https://www3.epa.gov/npdes/pubs/npdes_pathogen_faq.pdf
https://doi.org/10.1016/j.envint.2015.10.015
https://doi.org/10.1002/etc.5555
https://www.ncbi.nlm.nih.gov/pubmed/36582150
https://doi.org/10.1093/cid/ciu190
https://www.ncbi.nlm.nih.gov/pubmed/24795329
https://doi.org/10.1080/10643389.2023.2181620
https://doi.org/10.1038/nrmicro3399
https://doi.org/10.1093/femsec/fiy079
https://doi.org/10.1093/femsmc/xtab011
https://doi.org/10.1126/science.aba3432
https://doi.org/10.1016/j.envint.2022.107217
https://doi.org/10.1016/j.jhazmat.2021.127407
https://www.ncbi.nlm.nih.gov/pubmed/34629195
https://doi.org/10.1021/acs.est.1c08673
https://www.ncbi.nlm.nih.gov/pubmed/35759608
https://doi.org/10.3390/ijerph16214217
https://doi.org/10.1016/j.tibtech.2018.12.002


Antibiotics 2023, 12, 1252 20 of 20

66. Sanders, R.; Mason, D.J.; Foy, C.A.; Huggett, J.F. Considerations for accurate gene expression measurement by reverse transcription
quantitative PCR when analysing clinical samples. Anal. Bioanal. Chem. 2014, 406, 6471–6483. [CrossRef]

67. Grgicak, C.M.; Urban, Z.M.; Cotton, R.W. Investigation of reproducibility and error associated with qPCR methods using
Quantifiler®Duo DNA quantification kit. J. Forensic Sci. 2010, 55, 1331–1339. [CrossRef] [PubMed]

68. Kokkoris, V.; Vukicevich, E.; Richards, A.; Thomsen, C.; Hart, M.M. Challenges using droplet digital PCR for environmental
samples. Appl. Microbiol. 2021, 1, 74–88. [CrossRef]

69. Chern, E.C.; Brenner, K.P.; Wymer, L.; Haugland, R.A. Comparison of Fecal Indicator Bacteria Densities in Marine Recreational
Waters by QPCR. Water Expo. Health 2009, 1, 203–214. [CrossRef]

70. Li, A.D.; Metch, J.W.; Wang, Y.; Garner, E.; Zhang, A.N.; Riquelme, M.V.; Vikesland, P.J.; Pruden, A.; Zhang, T. Effects of sample
preservation and DNA extraction on enumeration of antibiotic resistance genes in wastewater. FEMS Microbiol. Ecol. 2018, 94, 189.
[CrossRef]

71. Pope, M.L.; Bussen, M.; Feige, M.A.; Shadix, L.; Gonder, S.; Rodgers, C.; Chambers, Y.; Pulz, J.; Miller, K.; Connell, K.; et al.
Assessment of the effects of holding time and temperature on Escherichia coli densities in surface water samples. Appl. Environ.
Microbiol. 2003, 69, 6201–6207. [CrossRef]

72. Borchardt, M.A.; Boehm, A.B.; Salit, M.; Spencer, S.K.; Wigginton, K.R.; Noble, R.T. The environmental microbiology minimum
information (EMMI) guidelines: qPCR and dPCR quality and reporting for environmental microbiology. Environ. Sci. Technol.
2021, 55, 10210–10223. [CrossRef] [PubMed]

73. Webb, D.; Hamilton, M.A.; Harkin, G.J.; Lawrence, S.; Camper, A.K.; Lewandowski, Z. Assessing technician effects when
extracting quantities from microscope images. J. Microbiol. Methods 2003, 53, 97–106. [CrossRef] [PubMed]

74. Li, H.; Chen, Z.; Zhu, W. Variability: Human nature and its impact on measurement and statistical analysis. J. Sport Health Sci.
2019, 8, 527. [PubMed]

75. Liguori, K.; Keenum, I.; Davis, B.; Milligan, E.; Heath, L.S.; Pruden, A.; Calarco, J.; Harwood, V.J. Standardizing Methods with
QA/QC Standards for Investigating the Occurrence and Removal of Antibiotic Resistant Bacteria/Antibiotic Resistance Genes (ARB/ARGs)
in Surface Water, Wastewater, and Recycled Water. Project 5052; The Water Research Foundation: Denver, CO, USA, 2023; p. 239.

76. Barraud, O.; Baclet, M.-C.; Denis, F.; Ploy, M.-C. Quantitative multiplex real-time PCR for detecting class 1, 2 and 3 integrons.
J. Antimicrob. Chemother. 2010, 65, 1642–1645. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00216-014-7857-x
https://doi.org/10.1111/j.1556-4029.2010.01460.x
https://www.ncbi.nlm.nih.gov/pubmed/20629910
https://doi.org/10.3390/applmicrobiol1010007
https://doi.org/10.1007/s12403-009-0019-2
https://doi.org/10.1093/femsec/fix189
https://doi.org/10.1128/AEM.69.10.6201-6207.2003
https://doi.org/10.1021/acs.est.1c01767
https://www.ncbi.nlm.nih.gov/pubmed/34286966
https://doi.org/10.1016/S0167-7012(02)00228-2
https://www.ncbi.nlm.nih.gov/pubmed/12609728
https://www.ncbi.nlm.nih.gov/pubmed/31720063
https://doi.org/10.1093/jac/dkq167
https://www.ncbi.nlm.nih.gov/pubmed/20542899

	Introduction 
	Results 
	Comparison of AMR Measures across Water Matrixes, Geographic Locations, and Water Utilities 
	Correlation of sul1 and intI1 with cefR E. coli 
	Interlaboratory Comparison 
	Repeatability of Technical and Biological Replicates 

	Discussion 
	Limitations of This Study 
	E. coli, sul1, and intI1 Measures Correlate as Indicators of Water Quality 
	Linking Measurements to Human Health Risk 
	Applying Measurements for Assessing Removal by Treatment Processes 
	Assessing Ecological Hot Spots for AMR Selection and Evolution 
	Wastewater-Based Surveillance and Epidemiology 
	Practical Considerations 
	QA/QC Recommendations 

	Materials and Methods 
	Sampling and Interlaboratory Comparison 
	CefR- E. coli Culture 
	qPCR Enumeration of sul1 and intI1 
	Statistical Analysis 

	Conclusions 
	References

