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ABSTRACT: Antimicrobial resistance (AMR) is a grand societal
challenge with important dimensions in the water environment
that contribute to its evolution and spread. Environmental
monitoring could provide vital information for mitigating the
spread of AMR; this includes assessing antibiotic resistance genes
(ARGs) circulating among human populations, identifying key
hotspots for evolution and dissemination of resistance, informing
epidemiological and human health risk assessment models, and
quantifying removal efficiencies by domestic wastewater infra-
structure. However, standardized methods for monitoring AMR in
the water environment will be vital to producing the comparable
data sets needed to address such questions. Here we sought to
establish scientific consensus on a framework for such stand-
ardization, evaluating the state of the science and practice of AMR monitoring of wastewater, recycled water, and surface water,
through a literature review, survey, and workshop leveraging the expertise of academic, governmental, consulting, and water utility
professionals.
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■ STANDARDIZED ENVIRONMENTAL MONITORING
IS URGENTLY NEEDED TO ADDRESS THE GLOBAL
PUBLIC HEALTH THREAT OF ANTIMICROBIAL
RESISTANCE

Antimicrobial resistance (AMR) is now recognized as among
the top 10 threats to global health, with current trends in
resistant infections in humans and livestock pointing toward a
potential postantibiotic era.1 The societal and economic
burden of AMR is still being realized, but some stark
projections predict that resistant bacterial infections will
become the leading cause of death worldwide by 2050.2

Global and national action plans have generally embraced a
One Health (humans−animals−environment) framework for
tackling AMR;3,4 however, it is increasingly recognized that
more attention should be focused on environmental
dimensions. The need to better understand the role of the
environment in the spread of antibiotic resistant bacteria
(ARB) and antibiotic resistance genes (ARGs) within and
between humans, plants, and animals was emphasized in the
U.S. National Action Plan for Combating Antibiotic-Resistant
Bacteria,5 where a key objective in the 2020 update is to
expand surveillance efforts. In the environmental sector, there
are numerous avenues by which AMR can evolve and spread,
but a large body of research has demonstrated that water
environments are a unifying transmission pathway (Figure 1).

Human exposure to environmental AMR can take place
through water- or aerosol-borne exposures; this includes
contamination of drinking water, food, or recreational water,
which can result in skin, gastrointestinal, urogenital, and
respiratory colonization and/or infection with resistant
microbes.6−9 Despite evidence that water environments play
a role, studies quantifying that role and the risks associated are
lacking, further emphasizing the need to establish long-term
comparable One Health monitoring data.
A fundamental stumbling block to the advancement of AMR

monitoring of water environments is a lack of agreed upon
targets and standardized methods, including a lack of
benchmarking and threshold data to inform evolutionary,
epidemiological, and other risk modeling efforts. Here we
synthesize key findings from a systematic literature review,
expert survey, and expert workshop in working toward a
framework for meeting this need. In the following sections we
delve into critical environmental dimensions of AMR that
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should be taken into consideration in developing a monitoring
program; expound upon the strengths and weaknesses of
culture-, quantitative polymerase chain reaction (qPCR)-, and
metagenomics-based methodologies; and summarize funda-
mental insights that have been gained through their application
to the study of wastewater, surface water, and recycled water
environments. Subsequently, we distill down the insights
gained through engaging a diverse array of experts across
sectors in an online survey and subsequent workshop and
propose a corresponding framework for standardized monitor-
ing of AMR in water environments that taps into the benefits
of various targets and methods, depending on the monitoring
objective. The ultimate goal was to develop a framework for
engaging the water sector, particularly U.S. water utilities,10 in
a manner that is supported by the current state of the science
and also harmonized with ongoing international efforts to
advance AMR monitoring of water environments. The
framework is intended to support both local and global
monitoring goals.

■ WATER ENVIRONMENTS ARE AN
INTERCONNECTING THREAD IN AMR EVOLUTION
AND SPREAD

The environment is now recognized not as only a key avenue
for AMR transmission, e.g., from fecal sources to potential
points of exposure, but also as a source of acquisition of new
ARGs by pathogens.11−14 A major challenge is that ARGs can
be shared among bacteria via mobile genetic elements
(MGEs), and therefore it is necessary to consider their
movement along with ARB and ARGs in the environment. The
current understanding is that most ARGs found in pathogens
were originally recruited from the vast and diverse genetic
reservoir embodied by environmental bacteria.15 Pollution is a
direct source of ARB, ARGs, and MGEs into the environment.

Pollution is also a direct source of antimicrobials, which can
induce a selection pressure and can further maintain and
amplify ARB and ARGs, contributing to the evolution of new
forms of resistance. In fact, recent works have generally
recognized the pollution and other inputs associated with
industrialization over the past 150 years as a primary driver of
AMR proliferation.16,17 ARB, ARGs, and MGEs can ultimately
reach water environments via direct contamination from
aquaculture,18 landfill leachates,19,20 improper treatment of
pharmaceutical manufacturing waste streams,21,22 runoff from
agricultural production,23 combined sewer overflow events,24

and generally from human and animal excreta25 (Figure 1).
MGEs pose a special concern because they can carry several
ARGs and represent a risk to pathogens acquiring resistance.
Sewage is known to contain a confluence of antibiotics,

ARB, ARGs, MGEs, and human bacterial pathogens emanating
from various domestic, industrial, and clinical sources,26,27

which are received by wastewater treatment plants (WWTPs).
WWTPs have important potential to mitigate the spread of
AMR to waterbodies, but they are not intentionally designed
for this purpose. Concern has been raised that special measures
may be warranted for pretreatment of hospital sewage before
discharge,28 or otherwise for treating wastewaters enriched in
clinically relevant forms of AMR. Recycled water, i.e., wherein
WWTP effluent is further treated to a quality appropriate for
the intended potable or nonpotable purpose (e.g., irrigation of
fields or crops), is of special concern because there may be less
opportunity for AMR to attenuate prior to human exposure.29

Research has also brought to light concerns about regrowth of
resistant microorganisms in distribution systems, particularly in
situations of nonpotable recycled water.30,31 Thus, wastewater,
recycled water, and impacted receiving waters have been
identified as key candidate monitoring points for AMR in the
environment32−34 (Figure 1).

Figure 1. Monitoring objectives and transmission pathways for antimicrobials, resistant microorganisms, mobile genetic elements (MGEs), and
antibiotic resistance genes (ARGs) in humans and the environment.
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In order to address the rising threat of drug-resistant
infections and disease, the field must move toward cooperative
understanding of environmental occurrence, human exposures,
effective mitigation strategies, and ultimately a dose−response
assessment for human health risk assessments.35 The first step
in achieving such goals is the development of standardized
methods that can be used both locally and globally to establish
baseline environmental occurrence data specific to all relevant
water environments.36

■ A NEW MILLENNIUM, EVOLVING METHODS, AND
UNDERSTANDING: WHAT HAVE WE LEARNED?

Culture-Based Methods. Culture-based methods are
attractive for AMR monitoring because a target can be
selected with known clinical relevance (e.g., taxonomic groups
containing human pathogens), methods are fairly well
standardized for defining clinical resistance levels (e.g.,
EUCAST,37 CLSI,38 Kirby-Bauer39), and, by definition, the
recovered target is viable. Further, once isolates have been
recovered, they can be subject to further analysis, such as
multidrug-resistance testing, sequence-based typing, or whole
genome sequencing, which can aid in identification of ARG-
carrying MGEs (e.g., plasmids), delineating phylogenetic
relationships among strains, and identifying sources of
outbreak strains. Culture-based targets also are most amenable
to informing human health risk assessments. A challenge to
culture methods for AMR monitoring, however, is that while
there are numerous genera/species found in wastewater and
surface water environments that could be informative as
targets, the typically high levels of background microorganisms
in those environments can increase the likelihood of
interference with methods for isolation of the target. In
addition, the vast majority of environmental microbes cannot
readily be cultured and therefore the broader pool of resistance
in a given environmental reservoir will be overlooked by
culture-based methods.34 No one target can comprehensively
capture the AMR status of a given environment.
Fecal indicator bacteria, such as fecal coliforms, Escherichia

coli, and Enterococcus spp., are obvious candidates due to the
long history of regulatory monitoring in water and wastewater
systems and, correspondingly, the high level of standardization
for existing methods.40,41 The World Health Organization’s
Global Antimicrobial Resistance Surveillance System (GLASS)
utilizes a one-target integrated multisectoral approach that
focuses on extended spectrum β-lactamase (ESBL) producing
E. coli as an indicator due to its relevance in human health,
food chain, and the environment.42 Enterococcus spp. could
potentially be a good complement as a Gram-positive
organism, thus representing a distinct suite of antibiotics for
which AMR is a concern.43 On the other hand, bacterial targets
commonly present in sewage that also have broader niches in
the environment than traditional fecal indicators, such as
Pseudomonas aeruginosa and Aeromonas spp., are also important
to consider.44 Because such targets survive and grow in the
environment, they may serve as informative indicators of AMR
that is acquired through horizontal gene transfer (HGT) of
ARGs taking place through anthropogenic activities and
maintained by ambient pollution sources in the receiving
environments.45

Prior application of culture-based methods has proved useful
for tracking the fate and persistence of vancomycin-resistant
Enterococcus faecium in environmental waters due to sewage
overflow.46 Culture-based monitoring has also been widely

applied to examine changes in E. coli populations during
wastewater treatment. One comprehensive study found no
evidence of E. coli acquisition of ARGs during treatment, but
this could be, in part, because E. coli tend to die off during
treatment.47,48 Thus, others have examined resistance patterns
in organisms, such as Aeromonas, which are capable of growth
in WWTPs.49 Research on surface waters and aquaculture
systems has exposed a high rate at which Aeromonas harbor
ARGs, indicating Aeromonas may be an organism of particular
interest when monitoring with the goal of mitigating human
health exposures.45,50

qPCR-Based Methods. Molecular methods opened the
door to assessing AMR in uncultured and unculturable
bacteria, providing an integrated measure across the microbial
community. In particular, qPCR began to be applied in the
mid-2000s for the purpose of directly quantifying ARGs in
various environmental samples, revealing widespread and
striking patterns of elevated ARGs in anthropogenically
impacted aquatic environments.51−53

qPCR can provide very sensitive detection and quantifica-
tion over several logs, which is useful for identifying and
characterizing patterns of anthropogenic influence, as well as
assessing removal of ARGs during wastewater or other water
treatments and informing modeling, such as environmental fate
and human health risk assessment. For example, Pruden et al.54

found a near-perfect correlation between the number of sul1
ARG copies measured in the Poudre River, Colorado,
sediments and the capacities of upstream WWTPs and animal
feeding operations (total volume treated/day and number of
livestock, respectively). Czekalski et al.55 demonstrated that
subsurface discharge of WWTP effluent to Lake Geneva was a
point source of sul, tet, and qnrA genes, whose fate could be
modeled using the quantitative information yielded by qPCR.
Similarly, class 1 integrons (typically tracked by targeting the
corresponding intI1 integrase gene) have been found to be
highly indicative of anthropogenic pollution and are now well-
established as indicators of multiantibiotic resistance and
potential for ARG mobility.56,57 Such patterns of sul1 and intI1
occurrence were readily apparent because (a) these genes have
proven to be strongly associated with anthropogenic sources
and (b) they are abundant in environments such as wastewater,
facilitating efforts to measure their dispersal and attenuation.
However, there is also value in evaluating less abundant, but
more clinically relevant ARGs, such as those encoding
resistance to last-resort antibiotics (e.g., on the CDC urgent,
serious, or concerning threat lists58). vanA (vancomycin
resistance) and blaCTX-M (extended spectrum β-lactamase
(ESBL) resistance) have been proposed for this purpose, but
sparse detection of such genes can undermine analytical
potential. Mobility of ARGs, i.e., their association with MGEs
and thus potential to move across species, is also an important
consideration. Others have similarly sought to classify ARGs
from omics data according to the tendency to be enriched in
anthropogenic environments, mobility, and pathogenicity.59

A challenge with qPCR is that it requires the researcher to
select ARGs or other relevant gene target(s) a priori, among
thousands of choices, as is apparent from current ARG
databases (CARD, DeepARG-db). Recently, high throughput
qPCR arrays that include hundreds of ARG targets have been
developed, reducing the need to choose the “right” suite of
ARGs.60 Other markers, such as MGE and pathogen-specific
genes, can also be included. However, the high throughput
qPCR instrumentation is not widely available, quality
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assurance protocols are not well-established, and the addition
of a preamplification step is required to achieve sensitive
detection limits via specific target amplification, all of which are
drawbacks for environmental monitoring.61 Also, guidance
would still be needed on how to interpret high throughput
qPCR data in terms of which occurrence patterns of ARGs are
of concern. Digital droplet PCR (ddPCR) is gaining traction in
the field, lauded as an improved version of qPCR that is more
sensitive and less affected by inhibition. However, few
published ARG studies have yet reported the use of ddPCR.
Metagenomic-Based Methods. Next-generation DNA

sequencing (NGS) applications became accessible in 2009,
enabling for the first time the possibility of profiling “all” ARGs
and other genes in an environmental sample without a priori
selection of targets, i.e., metagenomic sequencing. Metage-
nomic sequencing is carried out through direct extraction of
genomic DNA, fragmentation, and application of NGS to
obtain millions of reads representing the bacterial community
of environmental samples. Metagenomics was initially used to
examine river sediments of highly impacted surface waters
exposed to pharmaceutical (specifically antibiotic) wastewater
discharges.62 Researchers found high levels of ARGs (sul2,
aph-, tet-, qnr-, erm-), transposons, plasmids, and integrons,
which are risk factors for HGT as a propagation mechanism for
AMR in water. Metagenomics is now widely applied for
examining shifts in the resistome (i.e., the collection of all
ARGs across an environmental sample) through WWTPs and
identifying MGEs in order to estimate the extent of HGT
events.63−65 Metagenomics has also been used to characterize
resistomes and treatment efficiencies in recycled water and
drinking water treatment plants.31,66 Most recently, it has been
recognized that metagenomics has potential as a powerful tool
for wastewater-based epidemiology, i.e., monitoring raw
sewage to estimate ARG carriage and shedding of correspond-
ing human populations.67

A major challenge with comparing metagenomic data across
studies is that there are numerous ways to generate, analyze,
and interpret the data.68,69 For example, differences in
sampling (composite versus grab sampling), sample storage
conditions, DNA extraction methodologies, and sequencing
depths and coverages have been shown to bias the generation
and comparison of metagenomic libraries.70−72 Further, ARGs,
MGEs, and other genes of interest can be annotated through
comparison to numerous publicly available databases, includ-
ing CARD,73,74 DeepARG,75 Resfinder,76 MEGARes,77 Re-
sFams,78 resqu,79 SARG,80 ARG-ANNOT,81 BacMet,82 Plas-
FLow,83 ICEberg,84 and ACLAME,85 which vary in complete-
ness, nomenclature, and degree/frequency of curation. The
sequence libraries produced by NGS are semiquantitative; i.e.,
they must be normalized to a denominator in order to compare
across studies. Such denominators include 16S rRNA genes,
the β subunit of RNA polymerase (rpoB), single copy genes, or
simply the size of the sequence library itself, resulting in
relative abundance estimates of ARGs. Another major
challenge is that the random nature of shotgun sequencing
results in high representation of genes in the libraries that are
not of interest, e.g., not ARGs, MGEs, or pathogen markers,
and thus the limit of quantification is typically higher than that
of qPCR86 and very rare genes will not likely be detected. NGS
is already very costly, and attempts at deeper sequencing to
capture more rare sequences further increase the cost.
Assembly, in which assemblers (e.g., IDBA-UD,87 MEGA-

HIT,88 and metaSpades89) are used to repiece together

portions of the genomes of the organisms representing the
original microbial community, is also a key aspect of
metagenomic analysis that requires consideration for stand-
ardization.90 Assembly is often applied toward identifying
putative linkages between ARGs, MGEs, and pathogens, a key
frontier in the application of AMR risk assessment.91 A major
challenge to assembly has also been that the dominant
sequencing technology currently applied for environmental
metagenomics, Illumina (Illumina, Inc., San Diego, CA),
produces large sequence libraries, but with very short (∼150
bp) reads, which are computationally challenging to accurately
piece together. Newly emerging methods such as long-read
DNA sequencing, hybrid assembly, or proximity ligation prior
to sequencing can help reduce such uncertainties.90,92

■ CRITICAL RESEARCH NEEDS CALL FOR
STANDARDIZED METHODS FOR AMR
MONITORING OF WATER ENVIRONMENTS

At this point it is clear that human activities profoundly shape
the levels and types of AMR encountered in natural
ecosystems, especially impacted water environments (Figure
1). There is also evidence that the environment is a source of
resistant infections in clinical settings. However, there are still
several critical questions that must be addressed in order to
effectively tackle the spread of AMR, particularly from an
environmental perspective. Some of these questions include
the following:

• What kinds and levels of ARGs in various water
environments (wastewater, recycled water, surface
water) result in elevated exposure and risk of acquiring
a resistant infection?

• What are the key hotspots for horizontal transfer of
ARGs and the evolution of new forms of resistant
pathogens, and how might such hotspots be prioritized
for mitigation efforts?

• Which environmental factors in aquatic environments,
such as concentrations/mixtures of antibiotics/heavy
metals/antimicrobials and physicochemical parameters
(e.g., pH, temperature), substantially elevate selective
pressure for resistant microbes and maintenance of
ARGs?

• What are the relative contributions of various environ-
mental sources of AMR to resistant infections observed
in humans?

• What are the most concerning epidemiological linkages
between AMR observed in the environment, plants, and
animals and infections found in humans?

Coordinated environmental surveillance efforts employing
standard methods, ideally at local, regional, national, and global
scales, will be required to address these questions and to
inform corresponding policy and practice to stem the spread of
AMR.36

■ LOCAL AND GLOBAL COLLABORATION
REQUIRED TO STANDARDIZE MONITORING

There have been a number of recent calls for standardization of
targets and methods for environmental AMR monitor-
ing.32,93−96 Because AMR is complex, a multitarget, adaptable
approach will be required, depending on the objective of the
monitoring program. The complexity of AMR also mandates
special attention to quality assurance/quality control in
experimental design, execution, and reporting.97
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Berendonk et al.93 remains a highly influential paper that set
the stage for environmental surveillance of antibiotic resistance
and a need for standardized methods. There it is argued that
consistency and comparability are needed to assess the global
antibiotic resistome, to inform future policy, science, and
medicine.93 Pruden et al.32 outlined how the environmental
link to AMR makes it a uniquely interdisciplinary challenge
that will require engineering, environmental science, medicine,
agriculture, public health, and policy to generate meaningful
data and coordinate effective mitigation strategies. Overall,
some of the authors’ recommendations included stand-
ardization of methods for surveillance, agreement on targets
for monitoring, and coordinated global research representing
varying water matrixes and contexts. Hujibers et al.94 outlined
five main monitoring objectives within a One Health
conceptual framework (paraphrased) addressing the following:
the risk of transmission of already antibiotic-resistant bacteria
to humans; the risk of accelerating the evolution of antibiotic
resistance in pathogens through pollution with selective agents
and bacteria of human or animal origin; the risks antibiotics
pose to aquatic and terrestrial ecosystem health; the
population-level prevalence of ARBs/ARGs; population-level
antibiotic use.
The World Health Organization (WHO) recently proposed

a standard method for ESBL-producing E. coli, under the
Global Tricycle Surveillance program.42 The ESBL-EC Tri-
cycle Protocol aims for a simple, feasible, and comparable
method to enable global and multisectoral engagement in the
surveillance of AMR that is relevant across One Health
matrixes.98 Establishing a Monitoring Baseline for Antimicro-
bial Resistance in Key Environments (EMBARK) is an
international program by the Joint Programming Initiative
for Antimicrobial Resistance (JPIAMR), which aims to identify
baseline levels of environmental AMR by region and types of
resistance and thereafter standardize methods for surveillance
and monitoring of those resistances worldwide.99 In the United
States, a multiagency program was initiated in 1996 to
encourage collaboration toward tackling AMR, the National
Antimicrobial Resistance Monitoring System (NARMS),
which has historically focused on culture-based monitoring of
retail meat. Currently an effort is underway to extend
monitoring efforts into the environment by utilizing existing
EPA National Rivers and Streams Assessment (NRSA)
infrastructure to detect AMR in surface waters, as an integrator
of multiple environmental inputs (e.g., Figure 1).100

■ A WAY FORWARD: GUIDANCE FROM AN EXPERT
SURVEY AND WORKSHOP

An expert survey was conducted to provide insight into which
methods are most commonly used for AMR monitoring,
identify common barriers to implementation, and consider
boundaries to application (e.g., cost, time, labor, expertise).
The survey was conducted online and reached 105 experts,
who resided mainly in North America, Europe, Asia, and Africa
and spanned various relevant fields across academia, research
institutions, state and federal governments, consulting, and
water/wastewater utilities. The queries solicited input on
recommended culture, qPCR, and metagenomic targets for
monitoring AMR in water environments. The survey ultimately
served to narrow down the list of commonly employed targets
and protocols to a core list of methods whose efficacy had been
validated. These methods were then discussed at the expert
workshop in terms of appropriateness for standardization. A

summary of the methods and findings of the survey is provided
in the Supporting Information (section 1, Figures SI 1−SI 7).
The expert survey participants and/or their organizations

were confirmed to be familiar with all three categories of
methods, with 81% indicating use of qPCR, 75% culturing fecal
coliforms, 66% engaging in some form of metagenomics
(Table SI 2), and 81% claiming to be “familiar with next-
generation sequencing” (Figure SI 4). In terms of the desired
attributes of the targets, both “relevance to human health” and
ability to inform “human health risk assessment” were the most
frequently selected as the first or second most important
among nine choices, using a sliding scale to order importance
(Figure SI 7). A “quantifiable” target and one that captures
“HGT potential” also were commonly selected within the top
three most important attributes.
From a selection of seven culture targets, in which

participants could choose two options, the majority selected
E. coli (53%), followed by Enterococci (30%) (Figure SI 2).
Enterobacteriaceae ranked a close third (29%), followed by
Pseudomonas aeruginosa (15%), Acinetobacter baumannii
(11.4%), Salmonella spp. (8.6%), and Aeromonas spp. (6.6%).
On the basis of the survey, E. coli and Enterococci spp. were
obvious choices to pursue further as complementary Gram-
positive and Gram-negative fecal indicator organisms that
already have widely applied standard methods for water
samples. Enterobacteriaceae and Salmonella spp., which are
also Gram-negative fecal-derived bacteria, were not considered
further because of redundancy with the clearly popular E. coli.
P. aeruginosa, A. baumannii, and Aeromonas spp. were
considered further as candidate targets known for regrowth
in water environments, which could contribute to the evolution
of multiantibiotic resistant strains, and where further
evaluation was warranted to assess suitability for stand-
ardization.
Similarly, survey participants were directed to select three

targets from a list of 16 ARGs and one integron commonly
targeted by qPCR for AMR monitoring of water environments
(Figure SI 3). The five most frequently selected qPCR-based
targets were ranked as follows: intI1 (36%), blaCTX-M (23%),
sul1 (21%), vanA (15%), and tet(A) (12%). These five gene
targets naturally captured key attributes of interest, such as
strongly correlating with anthropogenic inputs (intI1, sul1),
occurring at sufficient abundances in wastewater to quantify
removal rates (intI1, sul1, tet(A)), encoding highly clinically
relevant forms of resistance with suspected environmental
linkages (blaCTX-M, vanA), high associations with multianti-
biotic resistance (intI1, sul1), and relevance to HGT (intI1,
sul1), while also representing resistance to four different
antibiotic classes (sulfonamides, β-lactams, glycopeptides, and
tetracyclines). Therefore, these five gene targets were selected
for further consideration for potential standard methods.
A systematic Web of Science literature review was

conducted to evaluate the application of the five culture
targets, the five qPCR targets, and metagenomics for
monitoring of AMR in wastewater, recycled water, and surface
water environments. This literature review was provided to
participants to review in advance of the expert workshop. The
search terms and protocol for the literature review are provided
in the Supporting Information (section 1a), with the portion
devoted to qPCR recently being published.95 The workshop
took place on four days over a two-week period (May 2021)
and was attended by 49 (43 U.S., 6 international) experts
representing academia (17), industry (8), federal governmental
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Table 1. Summary of Advantages and Disadvantages of the Methods and Targets for AMR Monitoring of Water Environments
Identified in This Study through Literature Review, Expert Survey, and Expert Workshop
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agencies (e.g., EPA, FDA, USDA) (13), state and local
governmental organizations (2), United Nations agencies
(WHO) (1), and water utilities (9). In addition to the
literature review, the workshop participants were provided with
a summary of the results of the online survey. The workshop
itself was generally structured around leading with an expert
presentation on the state of the science of one of four
categories of methods (culture of fecal indicators, culture of
targets with environmental niches, qPCR, and metagenomics)
followed by discussion in breakout groups and a poll to rank
the methods discussed within each category in terms of

suitability for water utility monitoring of AMR. The workshop
concluded with a panel discussion led by U.S. water utility
representatives focused on the feasibility, benefits, challenges,
and limitations of AMR monitoring of water environments and
a final poll to assess opinions on these aspects and obtain a
ranking of all of the methods for AMR monitoring of water
environments that were discussed at the workshop. A summary
of the overall assessment of the method categories and targets
gathered from the workshop presentations, discussions, and
polls is provided in Table 1 and the Supporting Information
(section 3).

Table 1. continued

Figure 2. Decision tree for selecting culture-, qPCR-, or metagenomics-derived monitoring methods for AMR monitoring of wastewater, recycled
water, or surface water, depending on the monitoring objective. Dashed lines indicate the potential for enhanced realization of research objectives
when molecular methods are coupled with culture. WBE, wastewater-based epidemiology.
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On the basis of the analysis of workshop discussion notes,
recordings, and polls, a major outcome of the workshop that
became well apparent was that the question “which is the best
target for AMR monitoring of water environments?” is highly
dependent on the objective or motivating research question
(Figures SI 8−SI 10 and SI 15−SI 17). Together, the
participants and moderators worked throughout the workshop
to develop a decision tree based on four fundamental
objectives that can subsequently guide the selection of culture-,
qPCR-, and metagenomic-based methods, corresponding
targets, and where to sample (Figure 2). Targets and methods
that can also conceivably inform human health risk assessment
are bolded in the tree, given that human health relevance and
ability to inform risk assessment were prioritized attributes for
both survey and workshop participants (Figures SI 7 and SI
12).
In general, the workshop participants tended to be forward

thinking, yet practical, in terms of recommending a framework
for advancing standardized monitoring of AMR in water
environments. Many highlighted the need to establish sample
storage guidance to enable sharing of samples across partnering
researchers and countries as well as archiving samples for
future analysis. As new resistances evolve and our under-
standing of the role ARGs plays develops, studies on archived
water samples can showcase temporal relationships and assess
effectiveness of mitigation strategies, such as the research done
by Knapp et al.101 with a 48 year archive of soils. Based on
results from the expert survey (Figure SI 5), one aim was to
narrow down the list of targets to what experts considered
reasonable (three to five assays). In terms of culture-based
methods, the top three selections based on the workshop polls
were E. coli, Enterococcus spp., and P. aeruginosa, which
conveniently captured a Gram-negative and Gram-positive
organism with long regulatory histories and P. aeruginosa as an
organism capable of regrowth in water environments and
notoriously prone to multidrug resistance.
While recognizing the benefits of culture, participants were

concerned that it would be a step backward not to move
forward with inclusion of molecular measures in an AMR
monitoring program. Such perspectives were reflected in the
selection of qPCR-based methods as best balancing being
“both informative and feasible” and the selection of
metagenomics as being the “most informative” method for
AMR monitoring (Figure SI 8). The ranking of qPCR targets
based on the workshop polls were in strong accordance with
the expert survey, with intI1 as the clear top choice, sul1 and
vanA tending to be second choice, and blaCTX-M being split
across first, second, and third choices (Figure SI 10).
There was notable enthusiasm for metagenomics, but with a

recognition that it will be the most difficult to standardize. One
challenge is the cost of conducting NGS; most experts
surveyed thought $10−$50 per sample was a reasonable cost
for monitoring, with only three participants selecting >$300 as
a reasonable cost. Advice gathered at the workshop could help
guide such an endeavor, considering aspects such as required
sequencing depths, recommended annotation databases and
parameters, denominators for normalization, accuracy of
assembly, and positive and negative controls for validation
(Figure SI 11, Table 1).
When workshop participants were polled regarding when

they thought that the U.S. water sector would be ready to
implement standard methods for AMR monitoring, 40.7% of
respondents chose 10 years, followed by 5 years (33.3%), 3

years (14.8%), now (7.4%), and never (3.7%). It was clear
throughout workshop discussions that regulatory requirements
or other incentives are likely necessary to encourage broad-
scale participation of water utilities in AMR monitoring.
Emerging practice and regulation around water reuse was
discussed as a potential example to follow, where molecular
methods for pathogen detection have gained a strong footing.
Larger WWTPs with more resources are also in a position to
proactively set the standards of approaches applied. Taking
action without regulatory requirement could earn favor with
the general public, which is very concerned about the potential
for future public health threats, given the current pandemic.
Interestingly, when polled at the end of the workshop about

which AMR monitoring objectives would be of most interest to
water utilities, it was “assess AMR status in a human
population and compare to other populations (e.g., waste-
water-based epidemiology)” that received the most votes
(37%). This suggests that recent momentum in monitoring
sewage for SARS-CoV-2 could spur adoption of monitoring of
AMR-relevant targets and open the door to broader AMR
monitoring to meet other objectives as well.36 For example,
“quantifying removal of AMR through wastewater/recycled
water” (29.6%) and “identifying types of AMR of clinical
concern that might escape treatment” (25.9%) also ranked
high. However, none of these monitoring objectives can be met
without an agreed-upon framework and standard methods and
approaches for monitoring AMR in aquatic environments.

■ RECOMMENDATIONS
The framework proposed in this feature article helps to better
align target and method selection with monitoring objectives,
while also laying out a path for standardizing approaches for
monitoring AMR in water and wastewater in the United States
and globally. On the basis of the feedback provided from the
expert survey and workshop, it was possible to prioritize
methods that are widely suitable and applicable for utilities,
academics, government researchers, and industry scientists
alike. The decision tree developed herein can provide a
framework that is adaptable to specific monitoring locations
and objectives and can support more detailed guidance,
including standard operating procedures, to support data
comparability. Such an effort is critically needed to break down
current silos that limit data comparability and aid in supporting
broader global AMR surveillance goals, including tracking and
mitigating the spread of AMR via water environments and
informing epidemiological studies and human health risk
assessments.
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