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A Framework for Standardized Monitoring of AntibioResistance in Aquatic
Environments and Application to Wastewater, Recycled Water, Surface Water, and
Private Wells

Krista M. Liguori

ABSTRACT

Antimicrobial resistance (AMR) is a O#dealth (human, animal, environment)
challenge that requires collaboxej interdisciplinary action. Comparable surveillance
data are needed to effectively inform policy interventions aimed at preventing the spread
of AMR. Environmental monitoring lags behind that of other One Health sectors and is in
need of agreed upon ta&atg and standardized methods. A challenge is that there are
numerous microorganisms, antibiotic resistance genes (ARGs), and mobile genetic
elements and corresponding methods that have been proposed. In this dissertation, a
framework for AMR monitoring ofaquatic environments was developed through a
combination of literature review and stakeholder inmigt surveys and a workshop.
Through this process, three targets were selected for standardization: the sulfonamide
resistance genesyll), the class 1 inggFon integrase genen{ll), and cefotaxime
resistantEscherichia coli.Quantitative polymerase chain reaction (QPC&)d culture

based protocols were developed and pilot tested in two independent laboratories on a set
of six water matrices: wastewategcycled water, and surface water from six different
wastewater utilities engaging in water reuse located in five states across the USA. The
impact of wastewater treatment and advanced water treatment processes was examined in
terms of removal of these tatg. Finally,gQPCR and culture methods were used to
examinethe relationship betweesull, intl1, E. coli and fecal indicatorsn private
household wells across four states in the Southern USA that were identified as
susceptible to storm events. The olldiadings provide a useful baseline occurrence of

the proposed AMR monitoring indicators across a range of water types and protocols that
are accessible to water utilities.



A Framework for Standardized Monitoring of Antibiotic $&gance in Aquatic
Environments and Application to Wastewater, Recycled Water, Surface Water, and
Private Wells

Krista M. Liguori

GENERAL AUDIENCE ABSTRACT

Life-saving drugs and treatments are failing at an increasing rate because of antimicrobial
resistance (AMR). Antimicrobials, such as antibiotics, adewbleedged sword, because

they are an effective weapon for killing diseaseising pathogens, but there they are

used the greater the likelihood that microbes that are resistant to them will survive,
reproduce, and spread. National action plans for AMR have been created by a majority of
countries, emphasizing the importangk antibiotic stewardship ahother mitigation
strategies. However, numerous data gaps need to be addressed in order to identify
strategies that are most likely to be effective andntplementthem. Environmental
surveillance, including wastewater influent, wastewater effluentsarfdce water, could

prove an informative means to track AMR trends with time and relate them to human
activities and corresponding mitigation efforts. The purpose of this dissertation was to
develop a framework for AMR surveillance of aquatic environmantsto test it across

an array of sample types. We considered an array of possible caliwtedDNAbased

targets from available scientific literature and engaged experts and stakeholders in
narrowing down the list to options that were both informatiwefaasible. We developed
protocols for quantifying an antibiotic resistance gendl], a mobile genetic element

that has been implicated in the spread of martibiotic resistanceir(tll), and an
extended spectrum bekactamase (ESBL) producing formf &scherichia coli We
compared the methods between two independent laboratories on untreated wastewater,
treated wastewater, recycled water, and surface water collected from six locations across
five states. We additionally did a survey of private houkkhleell water that was
hypothesized to be vulnerable to contamination due to storms and lack of resources for
maintenance. The results of this research can help to support environmental monitoring
of AMR across the us and globally.
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Chapter 1: Introduction

Antimicrobial Resistance

ASuperbugs, 06 drug f ai Wwhattridhs arelehindmeti@ead!| vy i nf
cl ai ms t-d@ratti @i ditpiosd era i s i mminent?

Antibiotics were first discovered in 1928 and by the time of World War Il were used
to treat battle wounds and pneumonia (Arnaud, 2005). Throughout the war, production
was rajdly scaled and supplies were earmarked for US troops. By the end of 1945, the
war had ended and those attributed with the discovery of penicillin, Alexander Fleming,
Howard Florey, Ernst Chain, were awarded the Nobel Prize for Physiology or Medicine
(Arnaud, 2005). During the acceptance of this award, Fleming also proclaimed the first
warning to the world that antibiotic resistance could undermine the benefits of these
mi r a c | eThem thergisthe ddinger that the ignorant man may easily underdose
himself and, by exposing his microbes to nonlethal quantities of the drug, make them
resistant(Arnaud, 2005p

Nearly 100 years since the original discovevg are seeing the wiekxale impacts of
antibiotic resistance and coming to terms with the limited nature of the healing powers of
antibiotics. Clatworthy et al. (2007) document how quickly resistances have been
observed following the introduction of newtdiotics, often as early as within a year of
introduction. Today, no new classes of antibiotics have been introduced in almost 40
years (Plackett 2020), and there is no human clinical antibiotic in existence to which
antibiotic resistance has not beersetved.

Antibiotics specifically target cellular machinery specific to bacteria but are often
unfortunately misused for the futile treatment of viral or other illnesses. This practice
imposes undue selection pressure on corresponding microbiomes ariggeartiie
development and amplification of resistant bacteria. Antibiotics are but one kind of
antimicrobial. Antimicrobials refer to the broader category of agents that can inhibit or
kill microbes, and may specifically or broadly target bacteria, virdsagi, and
parasites. Examples of antimicrobials include antibiotics, fungicides, parasiticides,
disinfectants (e.g., chlorine, quaternary ammonium compounds), heavy metals (e.g.,
copper, silver, zinc), and sterilants. Antimicrobial resistance (AMR}, tista broader
term that refers to the adaptation of a microbe to survive antimicrobial treatment. In 2016,
a report which produced projections of AMR ratasne out with a jarring estimate that
deaths attributable to AMR would exceed cancer deaths @y 206 O6 Nei | | , 2016) .

In global public health, the most concerning cases of AMR have arisen in the
treatment of highmorbidity infectious diseases, including both tuberculosis (TB), caused
by the bacteriunMycobacteriuntuberculosisand human immunodeficiency virus
(HIV), caused by a virus. A rise in HIV treatment failure is currently being witnessed.
While estimates are difficult due to the high portion of people living with HIV who are
undiagnosed or not maintained in care, and the expenses associated withsidtagce
teding in HIV treatment, the World Health Organization (WHO) estimates the rates of
drugresistance among patients upon first diagnosis are in exceedance of 10% (WHO,
2021). To add context, 10% is almost 3 million people worldwide. HIV and TB deaths



are intetwined, as TB is the leading cause of death for patients living with HIV (WHO,
2022).

At the time of writing, TB is recognized as a leading cause of death by infectious
disease, second only to the COVID virus. TB has a long history of outbreaks and
cortinues to be endemic in many countries, particularly impactingioame regions of
the world. The development of antibiotics to treat TB was a revelation for public health,
but the success of streptomycin was dampened when the firstediigtance was
observed soon after its release. In the nearly 80 intervening years, drug resistance has
become a fundamental issue in the treatment of TB, with the adaptation efiraglti
resistant TB (MDRTB) and extensively drugesistant TB (XDRTB). Today we face the
threat of the potential spread of XBHB, a form of the infection that is resistant to

nearly all available antibiotic treatments.
indicates a global treatment success rate of only 60% forrdaigtant strains (WHO,
2022).

Whil e the fearmongering that comes from us

painting a picture-aotitbhethiceoawnmeds sl aff eaeip o
evidence supports the idea that a slow but continuous reduction is occurring in the

efficacy of current antimicrobial regimes for the treatment of infectious diseases. And the

future of AMR that we were warned about in the 1944, is certainly here.

AMR in the Environment

The importance of environmental dimensions of AMR are increasingig be
recognized, as el aborated upon in a r
Strengthening Environmental Action in
2023). Environmental dimensions to AMR are essentially tfolekas a source,
incubator, and@nduit for the spread of AMR.

First, there is vast microbial diversity encountered in the environment that can serve
as a reservoir and source of ARGs that can potentially make their way into human
pathogens. AMR is not just an occurrence of human nredi&MR happens naturally in
the environment, including in soils and waters. For example, many seeds have evolved
antimicrobial properties that protect them from stressors, such as plant pathogens (Wang
et al., 2009). Soil in particular is an extremelyadse environment and in fact is the
source of many naturally produced antibiotics that are used in human medicine. A
reasonable endpoint, therefore, is that some of these microbes gained evolutionary fitness
through mutations that reduced their suscejtijitid those antimicrobials. In this way,

AMR has evolved naturally in many forms and can be found even in pristine
environments at background levels (Nappier et al., 2020; Diaz et al., 2017; Bhullar et al.,
2012).

Anthropogenic activities to the enviroemt can elevate natural background levels of
AMR through pollution inputs, including pharmaceuticals, metals, and biocides (Larsson
2014). The environment is also a receiving point for various waste streams that can
contain antimicrobials, resistant micesy and ARGs. For example, livestock manures
can contain residual antibiotics that were administered as well as an enriched flora of
resistant microbes (Lima et al., 2020). When land applied, these organisms interact with
soil microbes. Similarly, wastewattreatment plants receive sewage that is rich in
antimicrobials, pathogens, resistant microbes and their ARGs. This has led to concerns

ecent L
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that the biological treatment processes within could potentially represent an ideal
breeding grounds for horizontahtrsfer or ARGs among resident bacteria. Such
environments have been conceptualized as
(Baquero et al., 2008). Correspondingly, it has been advised to avoid applying biological
treatment to pharmaceutical wastes, wiichtain extremely high levels of mixtures of
antibiotics and thus would impose strong selection pressure for resistant forms and can
trigger the mobilization of ARGs (UNEP, 2023; Bengts&aime & Larsson, 2016).

Finally, the environment itself can be @nduit for the spread of resistant
microorganisms and their ARGs. This is apparent in studies of both surface water and air
(Marti et al., 2014; Zhang et al., 2009; Li et al., 2018; Zhang et al., 2019). For this reason,
the important role of water sanitati and hygiene (WASH) in mitigating AMR,
particularly in lowincome settings, is being recognized (World Bank 2019; Jimenez et
al., 2023; UNEP 2023). Fundamental measures to prevent the spread of disease also
minimize the need for antibiotics and assoclatellateral effects on antibiotic resistance.
Pollution of environments in proximity to humans can result in AMR that is more
dangerous to humans as it is more likely to confer resistance in a human pathogen,
resulting in significant risk to public heal(Brinkac et al., 2017). Therefore it is
important to uncover the amount and diversity of resistance genes and resistant organisms
in the environment.

Environmental Monitoring

The COVID-19 pandemic has shed light on the value of wastevibaiszd
surveillance (WBS)hsa valuabldool for assessg and tracikng levels ofhuman
pathogensn the community, which can then be related toitlcg&ence of infection
(Choi et al., 2018)interest in WBS for the purpose of tracking AMR was beginning to
gather momemnim just prior tothe COVID-19 pandemic to uncover how to monitor
AMR in wastewatematrices as well as how to interpret the data collecWdalespread
investmentsn resources, technology, and lalbequired for WBS oBARSCoV-2, has
now created infrasticture that can be harnessedtiady and monitor other human health
concerns, specifically AMRPruden et al., 2021)

During the peak of the COVH29 pandemic, WBS was used by continuously
capturing a subset of sewage over regular time intervals (Randbaak, 2020). These
subsets were subject to reverse transcription (RT) quantitative PCR (gPCR) testing for
SARSCoV-2 specific genes. Upticks in the concentrations of these genes could then be
reported on publifacing dashboards or directly to locaklte departments. This early
reported data allowed the health department to allocate resources, spend more time
examining clinical data, and prepare for a potential outbreak (Hillary et al., 2020). This
same principal can apply to AMR surveillaricerthen smples are collected across
regular intervals, baseline data can be assessed and thresholds set, thereby improving
recognition of significant increases or anomalies that reflects a potential of spread of
specific forms of AMR in the community (Pruden et @D21). When a threshold is
exceeded, the local health department and other stakeholders may be informed, allowing
them to intervene by conducting additional testing, examining clinical data, or assessing
factors that may be increasing AMR indicatorshia water system, such as new or
unregulated pollution sources.



Environmental monitoring aims to uncover the role of the environment in the spread
of AMR, while simultaneously providing means to identify emergenceresistance
determinant®f concern Utilizing sewage to detect increases in resistant organisms and
ARGscan assist local health departments in their programming and to ensure proper
interventions are made to prevent outbreaks of-gesgstant infectiondviuch like with
infectious disease surveillance, direct observation of statistically significant changes in
abundance of resistance determinants and organism, or significant changes in the
diversity or types of resistance observed, may indicate a chamgenmunity health or
increased risk to human health in that comnyfitiamond et al., 2022By reacting to
early signs observed in the environment, public health practitioners can further analyze
the data available and uncover explanatory factors. Tdetaemay help indicate which
antibiotic stewardship practices would be most helpful to mitigate the issue or indicate
that patients presenting with certain infections should be subjected to susceptibility
testing prior to dispatchment of antibioti@tto et al., 2022)

In addition to the direct ability to inform public health interventions, monitoring
environmental occurrence of AMR can answer many research questions that persist. For
example, it would be useful to develop a deeper understanding of i@, and where
new forms of resistance are likely to evolve and spread among microorganisms via
horizontal gene transfer. Further, if the environmental conditions that are most conducive
to the development of resistance in human pathogens can be idettigiedoncerted
efforts to avoid such conditions can be made. Identifying scenarios by which humans are
most likely to be exposed and infected by waterborne sources of AMR could also help to
inform measures to improve WASH, water treatment, and reducarharposure
(Nadimpalli et al., 2018)

AMR Exposure Routes & Human Health

There are several waterborne exposure routes relevant to human health. These include
ingestion, inhalation, and dermal exposures. Ingestion includes not just drinking water
exposurs, but incidental swallowing during recreational activities such as swimming.
Inhalation can occur through the aerosolization of water molecules, which could include
via showers, flushing of toilets, water fountains, and more (Garner et al., 2016). Dermal
exposures can include skin or urogenital colonization (Shuai et al., 2021; Leonard et al.,
2018). In foodproduction, irrigation water can act as a source of contamination for
produce (Islam et al., 2004; Silbergeld et al., 2008).

Drinking water exposuresan be argued to be most likely to occur in unregulated
systems, which makes the millions of Americans living on private well water of
particular interest in the examination of AMR in drinking water (USGS, 2021). Well
water is only regulated when one wisllused to serve over 25 individuals; therefore,
householdevel wells and small well systems operate completely under the responsibility
of the owner. While this provides freedom for individual landowners to control their
water quality, it unfortunatelieads to many wells falling behind in maintenance or being
neglected entirely (Malecki et al., 2017; Murray et al., 2018). This can increase risk of
waterborne illness in those consuming the water, particularly during storm or flooding
events which can daage or inundate wells, bringing in contaminated flood waters which
are more likely to contain chemicals or pathogens of anthropogenic origin (Pardue et al.,
2005; Mapili et al., 2022).



Calls for Surveillance and Standardization of AMR Targets and
Methods

In order to more effectively understand and quantify risks associated with
environmental sources and pathways of AMR and answer lingering research questions
around how resistances evolve and spread, standardization of methods for monitoring
AMR across Onéiealth environments are crucially needed. Nationally and
internationally, experts have called for the agreement upon informative targets and
standardized methods for measuring them (Pruden et al., Rédéhdonk et al., 2015;
Hujibers et al., 2019; Keenuet al., 2022; Hassotkheir et al., 202}

In 2021 WHO announced the Tricycle Protocol and corresponding international
sampling program wherein they apply a cultbesed method for detecting ESEBL coli
(WHO, 2021) Other international monitoring pragms have also begun, likee Joint
Programming Initiative for Antimicrobial Resistance (JPIAMR), a European Union
based collaborative organization that aims to establish global baseline levels of AMR in
the environmentJPIAMR, 2021) While the Tricycle programfocuses on culturbased
methodgo detect live, culturablg. coli,the JPIAMR programfocuses primarily on
molecular methods to quantify gene targets, AR&GGsand other indicators that can
persist even after advanced treatméWsiO, 2021; JPIAMR, 2021)Culture and
gPCRbased methods are thest prevaleniethodseing used worldwide for detection
of AMR in water environments, each with their own benefits and limitatiomtsaa
explored further within this dissertatiogach have #ir own role respective to the
objectives of monitoringLiguori et al., 2022)

Herein we addressémeed for consensus on monitoring targets and standardized
methodghrough a multipronged approach, including literature review, expert and
stakeholder iput, and development and piissting of protocols for selected targets.

We provide a framework for AMR monitoring that aligns the objective with the target

and lay out opportunities and barriers to standardization. This effort was largely aimed at
methals that would be feasible for US water utilities, but also with an eye towards
coordinating to support comparability with emerging efforts to advance global AMR
monitoring.

Four specific research objectives were pursued in this dissertation, as dattiked i
following subsection. Chapters-2 are each devoted to one of these research objectives,
respectively, and have been included in this dissertation in manuscript format. Chapter 2
has been published in Environmental Science and Technology (Ligudbri 2022), and
Chapters & are currently in preparation for submission to yet to be determined journals.
Chapter 6 provides synthesis, conclusions, and recommendations.

Research Objectives

Objective 1 (Chapter 2):Development a framework to support surveillance of AMR in
aquatic environments by aligning the monitoring target and method with the monitoring
objective.

Objective 2 (Chapter 3):Develop protocols for select AMR monitoring targets and compare
the results obtained when applied to a range of water matrices, including wastewater influent,
wastewater effluent, recycled water, and surface water.



Objective 3 (Chapter 4):Quantify remowl or amplification of AMR targets by conventional
wastewater treatment versus advanced water treatment and compare to background surface water
levels.

Objective 4 (Chapter 5):Survey AMR indicators in private wells across the Southern United
States as #y relate to indicators of fecal contamination and social, economic, and climactic
vulnerabilities.

Attributions

Chapter 2: Antimicrobial Resistance Monitoring of Water Environments: A Framework
for Standardized Methods and Quality Control

Survey and wrkshop data were collected by Krista Liguori and Ishi Keenum. The
workshop hosting was led by Krista Liguori, Ishi Keenum, Amy Pruded,Valerie J
Harwoal with support fromdeanette Calarco, Benjamin DaxasdErin Milligan.
Conceptualization was led/iKrista Liguori,Amy Pruden, and Valerie J Harwaddata
analysis and writing were led by Krista Liguokiny Pruden, Ishi Keenum, and Valerie
J. Harwood contributed to the preparation and review of the manuscript.

This manuscript isyblished inEnvironment Science and Technology
Liguori, K., Keenum, I., Davis, B. C., Calarco, J., Milligan, E., Harwood, V. J., & Pruden, A.
(2022). Antimicrobial resistance monitoring of water environments: a framework for standardized
methods and quality contrdnvironmental science & technolad6(13), 91499160.

Chapter 3: Comparison of Cefotaxir@esistant Escherichia coli versus sull and intll1
gPCRBased Assessment of Antibiotic Resistance of Wastewater, Surface Water, and
Recycled Water

Sampling kits angbrotocols were created by Krista Liguori and Jeanette Calarco.
Samples were collected-kind by anonymous utility partners and processed by Krista
Liguori, Jeanette Calarco, Benjamin Davis, Erin Milligan, Anna Kurowski, and Gabriel
Maldonado RiveraConeept by Krista LiguoriAmy Pruden, Valerie J Harwoodndlshi
Keenum Manuscript preparation was led by Krista Liguori and editing by Amy Pruden,
Valerie J Harwood, Ishi Keenum, and Benjamin Dauvis.

This manuscript isni preparation for publication to th@urnal Antibioticsfor their
special issueMonitoring the Occurrence and Distribution of Antibiotics, Antibietic
Resistant Bacteria and Antibiotic Resistance Genes in the Environment

Chapter 4: Extent ofRemoval of Key Antibiotic Resistance Indicators by Advanced
Water Treatment Processes and Comparison to de facto Reuse Sources

Sampling kits and protocols were created by Krista Liguori and Jeanette Calarco.
Samples were collected-kind by anonymous uiiy partners and processed by Krista



Liguori, Jeanette Calarco, Benjamin Davis, Erin Milligan, Anna Kurowski, and Gabriel
Maldonado Rivera. Concept by Krista Liguori alohy Prude. Manuscript preparation
was led by Krista Liguori with editing by Amy Pred.

This manuscript is in preparation for publication to the jouSaénce of the Total
Environment

Chapter 5: Survey of Microbiome and Antibiotic Resistance Indicator Genes of
Household Wells Across the Southern United States

Sampling kits and protocols were created by William Rhodes, Kelsey Pieper, Kris
Mapili, and Dongjuan Dai. Sample collection was conducted by citizen scientists,
volunteering homeowners, and partners. Sample processing waswWitlifon Rhodes,
Kelsey Piepr, Kris Mapili,andDongjuan Dai Additional analyses conducted on these
samples was done by Krista Liguori with guidance from Benjamin Davis. This
manuscript was conceptualized by Krista Liguori, Amy Pruden, and Kelsey Pieper.
Writing of the manuscriptsiby Krista Liguori, with editing and review from Amy
Pruden, Kelsey Pieper, and William Rhodes.

This manuscript isni preparation for publication
Chapter 6: Conclusions and Future Work

The final chapter was written by Krista Liguori with editing aadiew from Amy
Pruden.
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Abstract

Antimicrobial resistance (AMR) is a grand societhbllengewith 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 (ABgs)ating 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 infrastructure. Merystandardized
methods for monitoring AMR in the water environment will be vital to produce the
comparable datasets needed to address such questions. Here we sought to establish
scientific consensus on a framework for such standardization, evaluaistate 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.

Synapsis: Standardized methods are a crucial next step in creating internationally
comparable databasfs antibiotic resistancenonitoring of water environments

Keywords: antibiotic resistance, surveillance, standardization, wastewater, recycled
water, surface water
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Standardized Environmental Monitoring is Urgently Needed to
Address the Global Public Health Threat of Antimicrobial Resistance

Antimicrobial resstance (AMR) inow recognized as among the top ten threats to
global healthwith current trends in resistant infections in humans and livestock pointing
towards a potential posintibiotic erd. The societal and economic burderAMR is still
being refized, butsomestark projectiongredict thatesistant bacterial infectiomill
becone the leading cause of death worldwide by 2050

Global and national action plans have generally embraced a One Health (humans
animalsenvironment) framework for tadkly AMR3#; however it is increasingly
recognized that more attention should be focused on environmental dimensions. The need
to better understand the role of the environment irsgineadof antibiotic resistant
bacteriagARB) andantibiotic resistancgenes(ARGs)within and between humans,
plants, and animalsas emphasized in théS National Action Plafor Combating
Antibiotic-Resistant Bacterfawhere a key objectivia the 2020 updatis to expand
surveillance efforts. In the environmental sectioere are numerous avenues by which
AMR canevolveand 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 througater or aeroseborne exposures; this
includes contamination afrinking water food, or recreational water, which can result in
skin, gastrointestinal, urogenital, and respiratory colonization and/or infection with
resistant microbé<8°, Despite evidence that water environments play a role, studies
guantifying that role and the risks associated are lacking, further emphasizing the need to
establish longerm comparable One Health monitoring data.

A fundamental stumbling block to the adeament 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 kegings from a systematic literature
review, expert survey, and expert workshop in working towards a framework for meeting
this need. In the following sections we delve into critical environmental dimensions of
AMR that should be taken into consideratia developing a monitoring program;
expound upon the strengths and weaknesses of culuantitative polymerase chain
reaction (QPCR) and metagenomidsased methodologies; and summarize fundamental
insights that have been gainttough their appliation 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 seatarsline
survey andsubsequenvorkshop and propose a compesding framework for
standardized monitoring of AMR in water environmethit taps into the benefits of
various targets and methods, depending on the monitoring obje¢tmeeultimate goal
was todevelop a framework for engaging the water sector,quaatily US water
utilities'®, 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 andlgiainitoring
goals.
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Water Environments are an Interconnecting Thread in AMR Evolution
and Spread

The environment is now recognized as not only a key avenue for AMR
transmission, e.g., from fecal sources to potential points of exposure, but also ag a sourc
of acquisition of new ARGs by pathogéh¥1314 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 curent understanding is that most ARGs found in pathogens were originally
recruited from the vast and diverse genetic reservoir embodied by environmental
bacterid®. Pollution is a direct source of ARB, ARGs, and MGEs into the environment.
Pollution is alsa 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 othernputs associated with industrialization over the last 150 years as a primary
driver of AMR proliferation®'”. ARB, ARGs, and MGEs can ultimately reach water
environments via direct contamination from aquacutfuitandfill leachate¥2°
improper treanent of pharmaceutical manufacturing waste stréafhsunoff from
agricultural productiof¥, combined sewer overflow evefftsand generally from human
and animal excretgFigure 1).MGEs pose a special concern because they can carry
several ARGs ancepresent 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
source®?’ which are received by wastetgatreatment 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 hositalage before dischaf§eor otherwise
for treating wastewaters enriched in clinicalglevant forms of AMR. Recycled water,

l.e., wherein WWTP effluent is further treated to a quality appropriate for the intended
potable or nofpotable purpose (e.grrigation of fields or crops), is of special concern
because there may be less opportunity for AMR to attenuate prior to human e¥posure
Research has also brought to light concerns abeagrorgth of resistant microorganisms

in distribution systems, pactilarly in situations of noipotable recycled wat&3% Thus,
wastewater, recycled water, and impacted receiving waters have been identified as key
candidate monitoring points for AMR in the environn¥éat34(Figure 1)

In order toaddress the rising threat of drugsistant infections and disease, the
field must move towards cooperative understanding of environmental occurrence, human
exposures, effective mitigation strategies, and ultimately adsg®nse assessment for
human halth risk assessme#tsThe 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
environment¥.
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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.

A New Millennium, Evolving Methods & Understanding: What Have
we Learned?

Culture-based methods

Culturebased methods are attractiee AMR monitoringbecause a target can be
selected with known clinical relevance (e.g., taxonomic groups containing human
pathogens), methods are faiwell standardized for defining clinical resistance levels
(e.g., EUCAST, CLSF®, Kirby-Bauef?), and by definition, the recovered target is
viable. Further, once isolates have been recovered, they can be subject to further
analysis, such as multidrugsistance testing, sequeruased typing, or whole genome
sequencing, which can aid in identificatiof ARG carryingMGEs (e.g.plasmid3,
delineating phylogenetic relationships among strainsjderdifying sources of outbreak
strains Culturebased targets also are mastenable to informing human health risk
assessments. A challenge to culturehods 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
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microorganisms in those environments gaiease the likelihood ohterferencewith
methods for isolation of the targét. 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 ovesked by culturdbased method$é No one
target can comprehensively capture the AMR status of a given environment.

Fecal indicator bacteriauch as fecal coliform&scherichia coliand
Enterococcuspp., are obvious candidates due to the long histomgofatory
monitoring in water and wastewater systems and correspondingly, the high level of
standardization for existing methé#$. Wor | d Heal t h Organi zati onds
Antimicrobial Resistance Surveillance System (GLASS) utilizes aanget inegrated
multisectoral approach that focuses on ESBLcolias an indicator due to its relevance
in human health, food chain, and the environfferiEnterococcuspp. could potentially
be a good complement as a Grpositive organism, thus representindistinct suite of
antibiotics for which AMR is a conceth On the other hand, bacterial targets commonly
present in sewaghat also haveroader niches in the environment than traditional fecal
indicators, such aBseudomonas aeruginoaadAeromonaspp., are also important to
considef*. Because such targets survive and grow in the environment, thesenvayas
informative indicators of AMR that is acquired through horizontal gene trafi$€&F) of
ARGs taking plac¢hrough anthropogenic activitiescamaintained by ambient pollution
sourcesn the receiving environmertes

Prior application of culturdased methods has proved useful for tracking fate and
persistence of vancomyenesistant. faeciumin environmental waters due to sewage
overflow*. Culturebased monitoring has also been widely applied to examine changes in
E. colipopulations during wastewater treatment. One comprehensive study found no
evidence oE. coliacquisition of ARGs during treatment, but this could be, in part,
becausé. coli tend to die off during treatmett®. Thus, others have examined
resistance patterns in organisms, sucher®monaswhich are capable of growth in
WWTPS®, Research on surface waters and aquaculture systems has exposed a high rate
at whichAerononasharbor ARGs, indicatingeromonagnay be an organism of
particular interest when monitoring with the goal of mitigating human health
exposure®®,

gPCRbased methods

Molecular methods opened the door to assessing AMR in uncultured and
unculturable bacteria, providing an integrated measure across the microbial community.
In particular,gPCR began to be appliedthe mid2000sfor the purpose of directly
guantifying ARG in various environmental samples, revealindespread andtriking
patterns of elevated ARGs in anthropogenicatipacted aquatic environmep#&,

gPCR can provide very sensitive detection and quantification over several logs,
which is useful foidentifying 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, Prudent@l>* found a near perfect correlation betweenrthmber ofsull
ARG copies measured Poudre River, Colorado, sedimenatsd the capacities of
upstream WWTPs and animal feeding operations (total volume treated/day and number
of livestock respectively). Czekalski et’alemonstrated that subsurface discharge of
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WWTP effluentto Lake Genevavas a point source all, tet, andgnrAgeneswhose
fate could be modeled using the quantitative information yielded by gBiGHarly,
class 1 integrons (typically tracked by targeting the correspomdiigntegrase gene)
have been found to leghly indicative of anthropogenic fpation andare now well
established amdicators of multiantibiotic resistance and potential for ARG
mobility®%>”. Such patterns afull andintl1 occurrence were readily apparent because (a)
these genes have proven to be strongly associated witlopogenic 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 clinicallyrelevant ARGs, such as those enogdesistance to lasesort
antibiotics(e.g., on the CDC urgent, serious, or concerning thred€)istanA
(vancomycin resistance) abthCTX-M (extended spectrum bekactamase (ESBL)
resistance) have been proposed for this purpose, but spardedeiEsuch 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 cl asmsgitoftendedcRiGlze erfrichedm 6 o mi ¢
in anthropogenic environmentsobility, and pathogenici®y.

A challenge with gPCR is that it requires the researcher to select ARGs or other
relevant gene target(a)priori, among thousands of choices, as is apparent dronent
ARG database@CARD, DeepARGdb). Recently, high throughput gPCR arrays that
include hundreds of ARG targets have been developed, reducing the need to choose the
Ari ght o s DOthee mankérssuslRa@/KSE and pathogespecific genes, can
also be included. However, the high throughput gPCR instrumentation is not widely
available quality assurance protocols are not vesitablished, and the addition of a{pre
amplification step is required to achieve sensitive detection limitspéaific target
amplification, all of whicharedrawbacls for environmental monitorirfg. Also, guidance
would still be needed on how to interpret high throughput gPCR data in terms of which
occurrence patterns of ARGs are of concern. Digital droplet BERCGR) 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.

Metagenomidased methods

Nextgeneration DNA sguencing (NGS) applications became accessible in 2009,
enabling for the first time the possibility
environmental sample withoatpriori selection of targets, i.e., metagenomic sequencing.
Metagenomic sequengjns 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 highipnpacted surface waters exposed to pharmaceutical
(specifically antibiotic) wastewater discharffeResearchers found high levels of ARGs
(sul2, aph, tet, gnr-, erm), transposons, plasmids, and integrons, which are risk factors
for HGT as a propagatiomechanism 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 WWT&w identifying MGEs in order to estimate the
extent of HGT even864%, Metagenomics has also been used to characterize resistomes
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and treatment efficiencies in recycled water and drinking water treatmentpfariost
recently, it has been recognized that metagenomics has potential as a powerful tool for
wastewatebased epidemiology, i.e., monitoring raw sewage to estimate ARG carriage
and shedding of corresponding human populations
A major challenge with comparing metagenomic data across studies is that there are
numerous ways to generate, analyze, and intetpeedat&.%°. For example, differences
in sampling (composite vs grab sampling), sample storage conditions, DNA extraction
methodologies, and sequencing depths and coverages have been shown to bias the
generation and comparison of metagenomic libr&t&$> Further, ARGs, MGEs, and
other genes of interest can be annotated through comparison to numerous-publicly
available databases, including: CAR, DeepARGS, Resfindef®, MEGARe<’,
ResFam¥&, resqu®, SARGP, ARG-ANNOT?!, BacMet?, PlasFLov#3, ICEberd? and
ACLAME®®, which vary in completeness, nomenclature, and degree/frequency of
curation. The sequence libraries produced by NGS arecamiitative, i.e., they must
be normalized to a denominator in order to compare across sti&lieb denominators
i nclude: 16S rRNA genes, pdBesingle®pybemas,i t of
or simply the size of the sequence library itself, resulting in relative abundance estimates
of ARGs. Another major challenge is that the random natusdotgun 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 gPCGRand very rare genes will ndkély be detected. NGS is already
very costly and attempts at deeper sequencing to capture more rare sequences further
increases cost

Assembly in which assemblers (e.dDBA-UD®, MEGAHIT®, and
metaSpadé?) are used to kpiece together portions dig¢ genomes of the organisms
representing the original microbial community, is also a key aspect of metagenomic
analysis that requires consideration for standardizZ&tidissembly is often applied
towards identifyingputativelinkages between ARGs, MGEad pathogensa key
frontier in the application of AMR risk assessni&m\ major challenge to assembly has
also been that the dominant sequencing technology currently applied for environmental
metagenomicd]lumina (lllumina, Inc., San Diego, CA), prodes 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 ledp reduce such
uncertaintie%-°

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 ecosysig 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 effectivackle the spread of AMR, particularly from an
environmental perspective. Some of these questions include:
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1 What kinds and levels of ARGs in various water environments (wastewater,
recycled water, surface water) result in elevated exposure and risk ofraugja
resistant infection?

1 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?

1 Which environmental factors in aquatic environnis, 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?

T What are the relative contribubns of various environmental sources of AMR to
resistantinfections observed in humans?

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

Coordinated envinamental surveillance efforts employing standard methods, ideally
atlocal, regional, national, and global scales, will be required to address these questions
andto inform corresponding policy amtactice to stem the spread of ARPR

Local and Global Collaboration Required to Standardize Monitoring

There have been a number of reasits for standardization ¢érgets and
methodsor environmental AMR monitoring®3°4%, Because AMR is complex, a multi
target, adaptable approach will be reegd, 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

Berendonk et &€ remains a highly influential papé#rat set the stage for
environmental surveillance of antibiotic resistance and a need for standardized methods.
There it is argued that consistency and comparability is needed to assess the global
antibiotic resistome, to inform future policy, scienced amedicin€®. Pruden et al?
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 datacanddinate effective mitigation
strategies. Overall, some of the authorsoé re
methods for surveillance, agreement on targets for monitoring, and coordinated global
research representing varying water matrices antextsnHujibers et aP* outline five
main monitoring objectives within a One Health conceptual framewankaphrasej
addressingrisk of transmission of already antibictiesistant bacteria to humamisk of
accelerating the evolution of antibioticsigtance in pathogens through pollution with
selective agents and bacteria of human or animal origks antibiotics post aquatic
and terrestrial ecosystem health; populat®rel prevalence of ARBs/ARGs; and
populationlevel antibiotic use.

WHO recently proposed atandard method for ESBfroducingE. coli, under the
Global Tricycle Surveillance progrdf The ESBLEC Tricycle Protocol aims for a
simple, feasible, and comparable method to enable global and multisectoral engagement
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in the surveillace of AMR that is relevant across One Health mafficEstablishing a
Monitoring Baseline for Antimicrobial Resistance in Key Environments (EMBARK) is
an international program by the Joint Programming Initiative for Antimicrobial
Resistanc¢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 worldwileln the U.S., a mukiagency program was
initiatedin 1996 to encourage collaboration towards tackling AMR, the National
Antimicrobial Resistance Monitoring System (NARMS), which has historically focused
on culturebased monitoring of retail meat. Currently an effort is underway to extend
monitoring effots into the environmerty utilizing existing EPA National Rivers and
Streams Assessment (NRSA) infrastructure to détbtiR in surface wates, as an
integrator of multiple environmental inputs (e.g., Figuré®l)

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, exgeifisesurveywas
conducted online and reach#@d5 expertswho resided mainly in North America,

Europe, Asia, and Africa argpanredvarious relevantields acrossacademiaresearch
institutions state and federal governmgrtonsulting, and water/wastater utilities

The queries solicited input on recommended culture, gPCR, and metagenomic targets for
monitoring AMR in water environment$he survewltimately served to narrow down

the list of commonkemployed targets and protocols to a core lishethods whose

efficacy had been validated. Thesethods were then discussed at the expert workshop

in terms of appropriateness for standardization. A summary of the methods (S| Section 1)
and findingqSI Figures SIL-7) of the survey iprovided in the 8pporting Information

The expert survey participants and/or their organizations were confirmed to be
familiar with all three categories of methods, with 81% indicating use of gPCR, 75%
culturing fecal coliforms, 66% engaging in some form of metagendifatse Sl 2), and

81% claiming to -genédfami bhasegd)emtemsog® ( Fi gu
the desired attributes of the targets, both

i nform AHuman Health Ri sk Asdaeetsdasieerdilstor wer e

second most important among nine choices, using a sliding scale to order importance

(FigureS1 7). A fAQuantifiabled target and one

commonly selected within the top three most importanbates.

From a selection of seven culture targets, in which participants could choose two
options, the majority selectéfl coli (53%), followed byEnterococc(30%) (Figure Sl
2). Enterobacteriaceaeanked a close third (29%), followed BPgeudomonas aeginosa
(15%), Acinetobacter baumann(iL1.4%) Salmonellaspp.(8.6%) andAeromonaspp.
(6.6%). Based on the survey, coliandEnterococcspp.were obvious choices to
pursue further as complementary Grpositive and Grarmegative fecal indicator
organisms that already have widely applied standard methods for water samples.
EnterobacteriaceaandSalmonellaspp., which are also Gramegative fecladerived
bacteria, were not considered further because of redundancy with the clearly gopular
coli. P. aeruginosaA. baumannjiandAeromonaspp. were considered further as
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candidate targets known for-geowth in water environments, which could aamite to
evolution of multiantibiotic resistant strains, and where further evaluation was warranted
to assess suitability for standardization.

Similarly, survey participants were directed to select three targets from a list of 16
ARGs and one integracommonly targeted by gPCR for AMR monitoring of water
environments (Figure SI3). The five most frequently selected efSRBd targets were
ranked as followsntl1l (36%),blaCTX-M (23%),sull (21%),varmA (15%), andet(A)

(12%). These five gene targetdurally captured key attributes of interest, such as
strongly correlating with anthropogenic inpuitstilL, sull), occurring at sufficient
abundances in wastewater to quantify removal ratéd (sull, tet{A)), encoding highly
clinically-relevant forms bresistance with suspected environmental linkabkeC{TX-

M, varmA), high associations with muléintibiotic resistancartl1, sull), and relevance to
HGT (intl1, sull) while also representing resistance to four different antibiotic classes
(sulfonamidesbetalactams, 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 fiveulture targets, the five gPCR targets, and metagenomics for
monitoring of AMR in wastewater, recycled water, and surface water environniémnss.
literature review was provided to participants to review in advance of the expert
workshop. The search tesnand protocol for the literature review is provide&in
Section lawith the portion devoted to gPCR recently being publi&h&theworkshop
took place on four days over ax&ek period (May 2021) and watended byl9 (43
US, 6 internationalgxpertsrepresentingicademig17), industry(8), federal
governmerdl agencies (e.g., EPA, FDA, USDA) (18)ate and local governmental
organizationg2), United Nations agencies (WHO) (&nd water utilitieg9). 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, gPCR,
and metagenomics) followed by discussion in breakout groups and a poll togank th
methods discussed within each category in terms of suitability for water utility
monitoring of AMR. The workshop concluded with a panel discussion led by US water
utility representatives focused on the feasibility, benefits, challenges, and limitftions
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 themethod categories and targets gathered from the workshop presentations,
discussions, and polls is provided in Table 1 and S| Section 3.

Based on analysis of workshop discussion notes, recordings, and polls, a major
outcome of the workshop that became veelb par ent was t Wwhichist he ques
the best target for AMR monitoring of water environmeints? s hi ghly dependen
objective or motivating research question (Figures1®Ig8Figures SI187). Together,
the participants and moderators watkbroughout the workshop to develop a decision
tree based on four fundamental objectives that can subsequently guide the selection of
culture, gPCR, and metagenomibased methods, corresponding targets, and where to
sample (Figure 2). Targets and methditiat can also conceivably inform human health
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risk assessment are bolded in the tree, given that human health relevance and ability to
inform risk assessment were prioritized attributes both for survey and workshop
participants (Figure Sl 7; Figure SI)12

Mat is the objective of m
WR monitoring prograny J
l —J e

Assess AMR status in Identify AMR escaping Quantify Removal

a human population, WW treatment Rates
compare to other
populations (WBE) i

Assess Potential for
AMR to Evolve

influent/
effluent
sampling

sewage

recycled water
overflow

sampling

effluent
sampling

sample
various
treatment stages
and surface

sewage
sampling

|
Culture AMR
Determine ~ 7 7 7 ™| pathogens/indicators |& ~ - clini galTI;:fe?;vant
which forms of ARGS gPCR of mobile
R anthropogenic
emerging in a human markers of AMR
population, inform —
public health 3
efforts Whole Genome Kirby-Bauer »| Metagenomics
LEGEND Sequencing AMR Profiling
N Y
s — —)
Monitoring Objective l l Total ARGS: Cokeiny Met
Sample Type/Site Source Determine if

ARG diversity;
Clinically-Relevant
ARGS; Mobile ARGs;
Emerging ARGS;
Resistome Risk
Score

Increase in AMR
due to Human
Activities

Method

Data Produced /
Analysis Enabled

nform Microbial Ris
Assessment
2 o

Y

multi-AMR
increasing in
specific
targets

tracking
specific
clinical
pathogens

Figure 2: Decision tree for selecting cultueggPCR, or metagenomickerived
monitoring methods for AMR monitoring of wastewater, recycled water, or surface
water, depending on the monitoring objective. Dashed lines indicatgotential for
enhancedealization of research objectives when molecular methods are coupled with
culture. (WBE wastewateibased epidemiology)

Table1l: 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.

Method | Advantages Disadvantages
- Best aligns with current utility infrastructure | - Some methods yield high frequency of false
and regulatory requirements for ihouse positives, requiring validation
monitoring - Viable but norculturable organisms will not be
Culture | - Enumerated target is viable detected
- Targets with direct clinical relevance can be | - Specialized media can be costly
prioritized - Methods are laborious, particularly when
- Isolates can be further characterized for mulf quantitative data are desired
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drug resistance andnilence factors

- Any one target will not fully capture human
health risk or the broader resistome

Aligns with existing regulatory requirements

- Current regulatory trends are moving towards

surface water, and wastewater

§ EPA and ISO standard methods available more precise targets, rather than indicators.
Ko Recreational water regulations in U.S. - E. colis a genetically complex target
S Human clinical and One Health reésce - Clinical relevance and forms of resistance are
E Utilities already have infrastructure in place site-specific
3 MTEC agar well validated for drinking water,
w surface water, and wastewater
WHO Tricycle protocol already available
a Provides insight into Gram + AMR to - Broad range oEnterococcuspecies that vary in
& complement Grant, monitoring clinical relevance
§ EPA and ISO standard methods available - Speciation and genotyping needed for
8 Recreational water regulations in U.S.; drinki  determining clinical relevance
2 water standards in EU
[ . . .
uEJ mElagar well validated for drinking water,

Pseudomonas
aeruginosa

Environmentallyrelevant target that can re
grow in water systems and capture potential
for evolution of new forms of resistance
Multi-drug resistant forms are highly clinically
relevant

Especially relevant to recycled water, where
fecal indicators are expected to be diminishe|

- Standard methods not established for
wastewater, recycled water, or surface water

- Not currently monitored by water utilities

- Sampling protocols will require more
complexity (where, when) to capture regrowth

Acineto
bacter
baumanii

Clinically relevant with emerging evidencg
of environmental sources

CarbapenenresistantA. baumannibf
particular concern

- No publishednethod to date reliably recovers
the target from wastewater, recycled water, o
surface water

Aeromonas
spp

EPA standard methods available for assessi
regrowth in drinking water that could be
adapted

Published research indicates that it captures
potential for new forms of resistance to evoly
during wastewater treatment

- Less human clinical relevance thae thther
culture-based options

- Not widely monitored by utilities, methods
would need validation for wastewater, recycle
water, and surface water

Captures ARGs carried across a microbial
community

Higher throughput than culture, more targets
feasible

Instrumentation is increasingly available to

- Does not distinguish DNA from viable vs nion
viable bacteria

- Requires lab infrastructure equipped with
quality control measures for molecular work

- Requires personnel withxpertise in molecular

gPCR water utilities biology
Quantitative info useful for modeling - Multiple levels of controls required for false
Samples can be preserved letegm for positives/negatives
retrospective analysis as new targets emergq - Assays require labpecific troubleshooting and
validation
Strong correlation with anthropogenic sourcqd - MGE, not an ARG
MGE associated with cassettes carrying - Sometimes gene cassettes do not contain AR
g multiple ARGs, thus tracking mobile midtiug
[

resistance
Abundance makes it suitable for assessing
treatment removal efficiencies
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Strong correlatiorwith anthropogenic sources
Tends to be associated withtl1

Sulfonamide resistance is already widespreag
as these antibiotics have been used for decag

f=]

? Abundance makes it suitable for assessing Itis likely too late to effectively mitigate sprea
treatment removal efficiencies of sulfonamide resistance
Greatest human health threat among Less likely to detect in environmental waters,

; candidate targets resulting in nordetects and therefore not

Q Emerging concern alub environmental/ suitable for quantifying removal rates.

re waterborne sources/ pathways of spread
High clinical relevance Less likely to detect in environmental waters,

% Relevant to Gram + bacteria, particularly resulting in nordetects and therefore not

s Enterococcus suitable for quantifying removal rates.
Frequently detected in the environmetit Not as strong anthropogenic indicator

= Tetracycline a widely used antibiotic for compared tointl1 andsufl

= human and agricultural applications Less widely utilized by researchers, utilities, a|

= regulators compared to other relevant gene

targets
Comprehensively captures multiple ARG, M( - Lack of standard methods for data generation
pathogen and other gene targets across and analysis
microbial community Specialized expertise needed for data
Samples can be preserved letggm (DNA analysis/interpetation: userfriendly pipelines
extracts) needed for future
Meta- Sequence_ libraries can be stored, shared, ar] - Difficult to validate . _
genomics retrospectively analyzed as new gene tagget| - Nontarget approach inherently hinders

are added to databases

Strong momentum as a comprehensive
monitoring tool of the future

Included in NARMS/NRSA and EMBARK
monitoring strategy

detection limit and quantitative capacity
Guidance needed on sequencing depths
Costly

Uncertainty in assembly accuracy

Does not directly distinguish DNA from
viable/nonviable bacteria

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 environmets. 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. Aaw resistances evolve and our understanding
of the role ARGs phkadevelops, studies on archived water samples can showcase
temporal relationships and assess effectiveness of mitigation strategies, such as the
research done by Knapp et@with a 48year archive of soils. Based on results from the
expert survey (Fige SI 5), one aim was to narrow down the list of targets to what
experts considered reasonables(8ssays)in terms of culturdbased methods, the top
three selections based on therkshoppolls wereE. coli, Enterococcuspp., andP.
aeruginosawhich @nveniently captured a Granegative and Grasositive organism
with long regulatory histories ari®l aeruginosas an organism capable ofgeowth in
water environments antbtoriously prone to mukilrug resistance.

While recognizing the benefits otilture participants were concerned that it
would be a step backwards not to move forward with inclusion of molecular measures in
an AMR monitoring program. Such perspectives were reflected in the selection of

met hods

as bloe t

gPCRb ased
selection of

imdloa mait ny ebainng f@as
met agenomics as being the fimost
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(Figure SI 8). The ranking of gPCR targets based on the workshop polls were in strong
accordance with the expert survey, witli1 as the clear top choicsyll andvanA

tending to be ® choice, andlaCTX-M being split acrosss] 29, and 3 choice (Figure
Sl110).

There was notable enthusiasm for metagenomics, but with a recognition that it
will be the most difficult tasstandardize. One challenge is the cost of conducting NGS;
most experts surveyed thought $880 per sample was a reasonable cost for monitoring,
with only 3 participants selecting >$300 as a reasonable cost. Advice gathered at the
workshop could help gde 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 thouglhihéhidis
water sectowould be ready to implement standard methods for AMR monitpAQd/ %
of respondents chose 10 years, followed by 5 years (33.3%), 3 years (14.8%), now
(7.4%), anchever (3.7%).1t was clear throughout workshop discussions that regulatory
requirements or other incentives are likely necessary to encouragesosaiad
participation of water utilities in AMR monitoring. Emerging practice and regulation
around water ngse 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 vithout 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
monitornr g o bj ectives would be of AmsesstAMRNt er est
status in a human population and compare to other populafmgs, wastewatebased
e pi de mithat recgwed tllie most votéd7%). This suggests that recent momentum
in monitoring sewage for SARE0V-2 could spur adoption of monitoring of AMR
relevant targets and open the door to broader AMR monitoring to meet other objectives
as welfe. For examplequantifying removal of AMR through wastewater/recycled water
(29.6%)andidentifying types of AMR of clinical concern that might escape treatment
(25.9%)also ranked high-owever, none of these monitoring objectives can be met
without an agreed upon framework and standard methods and approaches for monitoring
AMR in aquatic emironments.

Recommendations

Theframework proposeth 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 U.S. and
globally. Based on the feedback prded from the expert survey and workshop, it was
possible to prioritize methods that are widely suitable and applicable for utilities,
academics, government researshand industry scientists alikehe decision tree
developed herein can provide a franoekvthat is adaptable to specific monitoring
locations and objectives and can support more detailed guidance, including standard
operating procedures, to support data comparalitgh an effort is critically needed to
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break down current silos that lindata comparability and aid in supporting broader
global AMR surveillance goalsncluding tracking and mitigating the spread of AMR via
water environments and informing epidemiological studies and human health risk
assessments.
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Supplemental Methods

a. Systematic Literature Reviews

Eight independent systematic literatuesiews were conducted at the beginning
of this work (September 2020). The targets wsuokl, intl1, tetA, blaCTX-M, vanA E.
coli, Enterococcus, and environmental pathogens. Searches were conducted on Web of
Science Core Collection for articles publidizetween 2000 and May 1, 2020 in English,
using atiered literature search strayed-or gene targets, articles were included that met
the following criteria(1) intended to measure antibiotic resistance, (2) focused on
surface water, recycled water, &mdwastewater, and (3) employed gPCR to quantify the
specific gene targékeenum et al., 2022}or organism targets, articles were included
that met the following criterigl) intended to measuoe characterizantibiotic
resistance, (2) focused onrface water, recycled water, and/or wastewater, and (3)
employedculturebased methods, and (4) targetiedorganismof interest (Calarco et al.,

2022 (inpreparation))

To identify studies that assessed antibiotic resistance (tier one), a topic search wa
conducted using the following keywords: fdAant
susceptibilityd OR fiantimicrobi-drdg resi stan*o
resistan*o OR fAresistomeo OR "ARG" OR "antib
publications dund in tier one, a second search was conducted to identify studies focusing
on the relevant water matrices of interest (tier two) using a topic search with the
foll owing keywords: TS = (fAwastewater o OR fr
Awat epo ORupmtoanbl e reuseodo OR Agreywatero OR 0
surface water o OR fisewageo OR fAwastewater t
direct potable reuseo OR Aindirect potable
OR "pond" OR "recreatnal water" OR "influent” OR "effluent” OR "aquatic" OR
"water quality” OR "de facto reuse") .

For gene targets, within the publications found in tiers one and two, an additional
topic search (tier three) was applied to ensure the studies utilized PGR: TSAi * PCR 0
OR Apolymerase chain reactiono OR Amicrofl ui
tier four, each gene wasll 8 e@RIlcd eQAIGNdependen
OR bI&CTX-M0 O&®A i) .

1 R 1
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For organism targets, within the publications foumdiers one and two, an
additional topic search (tier three) was applied to ensure the studies utilized culture
methodsTS =(Acul tureo OR Adis* diffusiono OR #di
"spread plating" OR "IDEXX" OR "Colilert" OR "Coliler18" OR"Colisure"” OR
"Enterolert” OR "Pseudalert” OR "Enterok&t). Finally, in tier four, each organism

target was searched independenihd = ( AEscheri chia coli o OR Al
Aenterococc*0 AAcinetobacterodo OR AA. baumann
APseudomORaBP. aeruginosaod)

Literature returned via this search strategy was manually screened by two
independent members of the research team to exclude any irrelevant papers. Irrelevant
papers included, but were not limited to, those that did not addressetiéic water
environments of interest (ship ballast water, aquaculture operations) or that were
designed to detect the presence/absence of a gene or identify a gene after culture
enrichment. Any disagreements between the two screeners on relevanpeesented
to multiple coauthors in order to reach a consensus. Studies retrieved by literature
searches and that met eligibility criteria were subjected to extraction of data relating to
the parameters outlined Trable S2 (supplementary mateyidRelevant quantitativéata
points were extracted from text, figures, and tables manually.

b. Online Expert Survey Design

The survey first captured information about the expert parteifs and the
organizaibns that they represented and assedbett confidence and expertise in
environmental AMR monitoring. Participants provided information about any AMR
methods currently used, their familiarity with culture, gPCR, and metagenomic methods,
and their opinioa regarding ideal attributes for future methods. Finally, participants
ranked a variety of factors with respect to their importance for standardizing AMR
monitoring of water and wastewater systems.

The survey was designed and deployed usinglt@es management software
(Qualtrics, Provo, UT). A variety of text entry, multiple choice, slider, rank order, and
matrix table questions were employedaisurveywith 19 core questionsAn additional
si x 0di spl ayes thapaspomnlydar garticipans with a relevant answer
to the previous questipmvere incorporatednstitutional Review Board (IRBgvaluation
deemed thathe study was exempt accordinguvinginia TechIRBd 20-659.

c. Survey Participants
i. Participant Recruitment

Experts were identified via multiple avenues, with the aim reruiting
individuals who have published research on the topic of antimicrobial resistance as it
relates to the water environment or were otherwise fanwhr antimicrobial resistance
from an environmental perspective and are engaged in relevant governmentat or non
governmental initiativesParticular efforts were made to ensure inclusion of U.S. water
industry representatives, e.gitility representativeshat had volunteered to assist with
this research sponsored by theS. Water Research FoundatioA. list was initially
compiled of researcknown by the authorsaand their professional networks. Attendee
lists from relevant professional conferences wemmpiled, including: The 5"
International Meeting on Environmental Dimensions of Antibiotic Resistance (Hong
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Kong, 2019) the University of North Carolin&/ater Microbiology Conferencé&Chapel

Hill, NC 2019) and the Gordon Research Conference on Microgyolof the Built
Environment (Biddeford, MA 2018) as well as those subscribed to an AMR email
listserv of > 100 international experts in environmental aspects of antimicrobial
resistancemaintained by Dr. Ed ToppP¢incipal Research Scientishgriculture and
Agri-Food Canada). Further, snowball sampling was employed, in which each participant

was encouraged to suggest or invite their colleagues and others to participate in the

survey. Postdoctoral researchers were eligible to take the survey,tiaensswere
consideredo beineligible. Using this approach, a list of 327 individuals was compiled
and emailed theurvey.

All individuals received a standardized invitation email ane standardized

reminder email afterwardsSurvey invitations were sentia emaillusi ng Qual tri c

embedded Distribution softwarever a period of 2 months, fror®ctober 2020
December 2020Invitations were sent with a standardized email format, including
information about the project, the survey objectives, a link to the survey, contact
information, and IRB disclosure and contact information. Reminder emails were-sent 7
14 days after the initial invitation, depending on time of initial email (average 10.25

days). Reminder emails contained the deadline for submission, the survey link, and the

IRB disclosure and contact information.

ii. Participants Completing the Survey

A total of 105 surveys were returnd@2% response rate)Tlhe majority of
paricipants represented academic institutions or universities (67%, n=70). Thirteen of the
participants (12%) worked for government and/or regulatory organizations, nine
participants(8.5%) worked for water or wastewater utilities, sev@b5%) worked in
wata engineering and/or consulting, fo(4%) worked at research institutes, and one
(1%) participant worked in the pharmaceutical industry at the time of survey.
Organizations employing the participants were located in North America (n=52), Europe
(n=38), Asa (n=11), and Africa (n=4).

Participants were asked to select the job title that most closely fit their role in their
organization. Seventy percent of respondentsreelbrted as Principal Investigator (PI),
eight percent as Manager, about five percentPastDoctoral Researcher, and one
percent as Laboratory Technician (n=1). The remaining eighteen percent identified as
AOt her . o Upon review of the text entri
indicated a title of scientist or researcherthmwthe exception of one (1) consultant and
one (1) corporate employee.

es f

Tofurther assess t he par t i c,irgspondentso rel e\

selected from a dropdown list of environments that they specialize in or have worked
with, with unlimited selections. Wastewateas the leading environment relevant with
the partici panfollowed leysyface waters(re=79], reas&'récycled water
(n=40), drinking water (n=39), soil (nh=31), manure (n=28), livestock/animals (n=18),
human cl i nical (n=16) , and other (n=11).
seawater (n=2), sediments (n=2), groundwater (n=2), wildlife (n=1), coral reef (n=1),
stormwater (n=1), and biofilms (n=Were entered by the experts

d. Expert Workshop
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An expert workshop was hostedrtually on May 18, 20, 25, and 272021, for
threehours each dayysing Zoom wekronferencing (Zoom Video Communications, Inc.
San Jose, Californialrorty nineparticipants attended at least a portiontieé workshop,
conssting of 9 representatives of U.S. water utilities, 8 representatives from industry, 17
representatives from academia, 13 representatives from federal governmental
organizations, 2 representatives from state and local governmental organizations, and one
representative from the World Health Organization. 43 participants were based in the
US, and 6 participants were based in other countKey. international participants
currently involved in standardizing methods for monitoring of antimicrobial resistance
water environments were invited to and participated in the workshopotpencipal
investigators of the Establishing a Monitoring Baseline for Antimicrobial Resistance in
Key Environments (EMBARK) projett which is funded by The Joint Programming
Initiative on Antimicrobial Resistance (JPIAMR) representative of the WHO Tricycle
initiative involved in the standardization of ESHL coli, and a representative tie
Global Water Research Consortium on AMBased on a poll conducted on day 1, in
which participants were asked to sedhk their familiarity withobjectives and methods
for AMR surveillance 22.2% of respondents seiflentified as experts48.1% as very
familiar, 22.2% somewhat familiar, and 7.4% beginnerNo parti ci paant s sel
al.l o

Two weeks before the workshoparticipants were provided with the expert
survey results, systematic literature reviews of the candidate AMR monitoring targets
(Draft systematic review manuscripts based on Web of Science searches spanning 2020
2019) and draftstandardoperatingprocedures (SOPSs) for proposed standard methods
compiled by the c@uthors The targets selected for the literature reviews and draft
SOPs werechosenbased on the expert survelgscherichia coli Enterococcusspp.,
Pseudomonas aerugingsderomonasspp., Acinetobacterspp.,sull, intl1, tetA, varA,
and blaCTX-M. A literature review of studies incorporating metagenomics for
environmental AMR monitoring was also providedThe workshop consisted of
presentations by the WRF Project 5052 team members, invited external presentations,
interactive brealout sessionglenarydiscussions, and a panel discussion.

Breakout groups focused on fiwepics: (1) What key questions can be answered
by surveillance of AMR in water and wastewater systems? (2) What are the advantages
and challenges to fecal indicator bacteria (Ee.coliandEnterococcugsas culturebased
AMR monitoring targets? (3) W#t are the advantages and challenges to
environmentallyrelevant bacteria (e.g.Pseudomonas aerugings@eromonasspp.,
Acinetobacter baumaniias culturebased AMR monitoring targets? (4) How should
gPCRbasedantibiotic resistance genARG) targets beorioritized for AMR monitoring?
(5) What is the potential for metagenorbiased AMR monitoring of water environments
and which metrics and approaches are most meaningful and amenable to standardization?

Breakout sessions were followed up with polls thdibwaed participants to rank

targets and methods that are most relevant and practical for addregsaific AMR
monitoring objectivesbased on their expertise and experience in the group discussions.
Endof-day surveys were carried out each day in wipahticipants were asked to self
rank their familiarity with the topics covered in that session. In generatpfeday
surveys received around a 50% response rate.
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Supplemental Results- Expert Survey

e. Assessing Survey Participant Background

Participantswere queried with respect to which aquatic environment(s) (surface
water, recycled water, wastewater, drinking water) they are currently monitoring, testing,
or researching. The majority of participants wextkvith wastewater and surface water.
When splitout by continent of their organization, similar patterns were obseRigdré
Sl 1), i.e., most participants identified as working with wastewater and/or surface water, a
portion worked with drinking water, and a small subset worked in water reuse.

Which of the following aquatic environments do you currently monitor, test, or
research?(Choose all that apply)
Africa Asia

wastewater (4) wastewater (11)

~drinking water (2)

surface water (3) drinking water (2)

‘water reuse (0)

surface water (8)’ water reuse (2)

Europe North America
wastewater (31)

,wastewater (36)
‘ surface water (32) - ‘
\ drinking water (7)
surface water (27) ~drinking water (20)
water reuse (13) water reuse (21

Figure Sl 1. Water ewvironments which participants reported that they were engaged in

monitoring, sukanalyzed by continent
Suwvey participants were asked to selhk themselves on familiarity with
laboratory methods on AMR monitoringdble SI 1).

TableSI 1. Selfreported Ranking of Familiarity with AMR monitoring
LaboratoryMethods, by Organization Type of Respontient

Organization Type Familiarity Ranking
Academic/University 4.43
Research Institute 4.75

38



Government 3.79
Water Utility 3.33
Water
. : . 3.14
Engineering/Consulting
Other 2.00

'group mean, from individual% rankings with 1 being basic awareness
of literature and 5 being someone who regularly carries out AMR
monitoring/testing

Survey participants were asked questions specific to eight (8) methodologies

relevant to AMR monitoring in water environmerfi&able SlI 2): PCR, gPCR, ddPCR,
commercialized n@id MPN-based culture methods (i.dDEXX, Westbrook, ME)
metagenomics, qPCR array or microfluidic gPCR, membrane filtration, and culturing

fecal coliforms.

Table Sl 2: Participants Reporting Current Use of Various Methodologies
Relevant to AMR Monitang of Water Environmerits

Which of these are currently

Which of these methods do
you outsource (i.e., send to

Method implemented by you/your )
o external commercial labs) for
lab/your organization? (counts) :
analysis? (counts)
PCR 78 4
gPCR 85 10
ddPCR 30 8
IDEXX 32 3
Metagenomics 53 66
gPCR array or

microfluidic gPCR 21 22
Membrane Filtration 79 4
Fecal Coliforms 78 4

Multiple choice matrix table question with multiple selections available.

f. Assessing Preferences for Targets for Monitoring AMR in Water

Environments




Eighty-six surveyrespondent§82%)reported that they ldean understanding of
culturebased method&. coli, enterococci, and Enterobacteriaceae were consistently
selected as the most frequanhouse culturdased targets. These three targets were also
indicated in response to the question if they have bestadn their labswithin the last
12 months ad were also indicated dke top thre@ptions for AMR monitoring. Survey
participants were asked which culture targets they belitvbe the best option for
standardizedMR monitoring of water environmen{gigure Sl 2).

Which of these targets do you think is
the BEST for standardized monitoring?

Salmonella- 9
Pseudomonas aeruginosa- 16
Escherichia coli- 56
Enterococcus/Enterococci- 31
Enterobacteraciae- 30
Aeromonas spp- 7

Acinetobacter baumanii- 12

0 20 40
Number of Participant Selections
Figure SI 2: Preferredtarget bacteriafor standardized alture-basedmonitoring of

AMR of water environments. Participants could select up to two targets.

Eighty-nine survey respondent85%) reported that they ldean understanding of
gPCR The characteristics ranked most important for monitoring by experts were genes
reported to occur in human pathogens and ARGs with clinical relevéiitg-four
respondents (51%gported that thegre familiar withhigh-throughput gPCR/mukarray
appraches. Experts indicated that specificity, sensitivity, and quantitation are the most
important characteristics for development of a strgfCR array method. Survey
participants were asked whicg?CRtargets they beliewkto be the best option f&xMR
monitoring of water environments and the results are summarizédume S| 3.
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Which of these targets do you think is
the BEST for standardized monitoring?

varn
tetw- [
tetM- S
en
sut-
s
mecA- .
inti1- s.
erms- [0
bla(vim)- -
pla(TEV) .
bla(shv)- -
bia(OxA) [
bla(ndm-1)- [
bla(kpc) S
blaobem) [
aac-(6')-ib-cr- -

10 20 30
Number of Participant Selections

O_

Figure SlI 3: Preferredtarget genegor gPCRbasedmonitoring of AMR of water
environments. Participants could select up to three targets.
When asked for familiarityaround metagenomic sequencirgl% of survey

respondents reported that they or their organizationd #&a understanding of
bioinformatic analysigFigure Sl 4).



Does your organization have capacity for or are you familiar with
bioinformatic analysis of next generation DNA sequencing data?

18.63%

81.37%

Byes PBno
Figure SI 4. Expert® and/ or their or gangemeaton ons

sequencing data analysis

Participants were asked to rank sequendeagved metrics for nexgeneration

sequencing (NGSjlata for AMR monitoring, with 1 being the most important and 9

being the least important. The data are represdmtesl Table Sl 3) usingthe overall
score each metric received, thereby sorted by least important to most important (highest
to lowest score)Clinical relevance scored as the highasority for designing an

metagenomi@analysisworkflow, followed by mobility of ARGs.

TableSI 3. Expert®Ranked Preference

Please rank the following with respect to next generation DNA sequendiegved
metrics for AMR monitoring

Ranking score
(1 being most

important)

Total ARG Diversity (e.g., Shannon or Chao Index) 6.73
Total ARG Absolute Abundance (e.g., ARGs/mL) 6.33
ARGs reported to occur frequently in water systems 6.15
Emerging ARGs (i.e., bioinformaticatly functionallypredicted ARGs that have nof 6.09
yet been reported in the clinic) ]

Total Mobile Genetic Elements (e.g., plasmids, transposons, and integrons) 5.64
ARGs Occurring on Contiguous DNA Strand with MGgileetic Elements 5.64
ARGs Occurring on Contiguous DNA Strand that is Taxonordtzbified as 5 46
Pertaining to a Genus Known to Contain Human Pathogens '

Total ARG Relative Abundance (e.g., normalized to 16S rRNA genes or RPKM 5.15
Mobile ARGs (e.g., databases specifically tailored to ARGs that are known to bé 4.63
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mobile and exclude intrinsic ARGS)

ClinicallyRelevant ARGs 3.82

Participants were asked how many assays is reasotalebepectwater utilities
and other relevant orgaationsto carry outfor AMR monitoring of water environments

(Figure SI 5).

How many different assays/targets would be reasonable to recommend
for standardization?

16.19%

21.90%

/

21.900%

40.00%

Notsure [J1-2 35 P >5
Figure SI 5: Expert®recommendations regarding the number of targets that is

reasonabldéo recommend for AMR monitoringwhter environment$articipants could
select from four bins:-2, 3-5, >5, or not sure.
The surveyfurther queriedhow much turnaround time is acceptable AWR
monitoring methods, and foond tinde ag & lzatrier @& ny di d

selections for fAnot a concerno), 26 partici
thought that dday was appropriat@igure Sl 6).
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What is an acceptable turnaround
time for monitoring AMR targets?

not a concern-

6 hr-

3 days-

12 hr-

Turnaround Time

1 week-

1 month-

1 day-

10 20
Number of Participant Selections
Figure Sl 6: Expert survey results regarding acceptable turnaround times for AMR

o-

montoring methods.

Participants werasked abouteasonable&osts per sample for an assay. Nine (9)
indicated that $3/sample wasreasonable 27 selected $10/sample, 23 selected
$25/sample, 23 selected $50/sample, 17 selected $100/sample, and 3 selected
$3005ample or more.

Experts were also surveyeabout factors of importance in AMR monitoring
standard methods. Results indichtthat ability to inform a human health risk
assessmentelevance to human healtand a quantifiable targeterethe most important
factors tothe experts completing theurvey (Figure SI 7). Timelinessof results, low
technical skill requirement, and precedence of a standardized method tended to rank
lower.



Rank Each Factor in Order of Importance for AMR Monitoring

91 ®
7
wn 4
26
©
i
59
-
5
o 41
3
2 @
11 ® ®
Abundant Cost HGT Human Low Precedence Quantifiable Relevance Timeliness
Target Potential Health Technichal of (Rather to Human of
Risk Skill Standardization than Health Results
Assessment Requirement of Presence/Absence)

Similar
Methods

Figure Sl 7. Expert ranking of factorsf importancefor AMR monitoring of water
environments, with 1 being most important and 9 being least important. The color scale
indicates number of respondents selecting the indicated rankimggyfor each factor

(x-axis).

The larriers touptake of a n@ or proposednonitoring method were collecteth
comments and opeended feedback formdhe main barriers mentionethclude cost,
skill/training/labor requirement, insufficient sensitivity, high detection limit, insufficient
guantitation, uncertainty aund relevance of results and how to analyze or interpret the
results, inhibition, difficulty selecting meaningful targets, matrix interference, inability to
identify host of gene, general lack of information, legislation, and a lack of
standardization.

Supplemental Results- Expert Workshop

g. Goals of Monitoring

On day 1, following sessions on the purpose of monitoring, a poll was conducted
asking participants (n=45) for their initial thoughts on which monitoring practices were
most feasible, most inforrtige, and which were the best combination of feasible and
informative (Figure Sl 8). The participants indicatetthat gPCR was thikely the most
feasiblefor monitoring by U.S. water utilitieSollowed by culture, metagenomics, and
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fiothe. On which is lhe most informative, the majority of participants selected
metagenomics, followed by culture, then qPCR, thetheb. When asked tgelectone
methodthat balances botlieasibility and information yieldedgPCR was selected by a
majority, followed by culiire, then other, then metagenomics.

Which class of methods are the most feasible for monitoring in
wastewater, recycled water, and surface water?

Metagenomics

Which class of methods best balances being both informative
and feasible for US water utilities?

Metagenomics —

Other (typeintoc... Other (typeinto c...

greR gPCR

(;unure Culture

Which class of methods is the most informative for monitoring
AMR in wastewater, recycled water, and surface water?

gPCR

Culture
Other (typeintoc.. & ;

Metagenomics

Figure SI 8: Workshop prticipant poll results orfeasibility andinformativenature of

methodcategories for AMR monitoring of water environments.

h. Workshop Sessions on CulttBased Methods

During the enebf-day survey, participants (n=27) were asked to-rselk their
familiarity with E. colias a monitoring targeEnterococcusas a monitoring target, and
environmentallyrelevant culture bacteria as targéfiable Sl 4).

Table Sl 4: Participant (n=24) selreported familiarity withthe culturebased
methods discussed that datyworksho

The _t 9 pic of Expert Very_/ Somey\_/hat Beginner Not at all
Monitoring Target: Familiar Familiar familiar
E. coli 3 11 11 11 0
Enterococcus spp. 0 11 9 9 0
environmentally-relevant 0 9 12 12 0
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organisms

Breakout sessions were productive for discussing each draft EOROl|,
Enterococcus spp.environmentallyrelevant organisms). Participants observed that
utilities are very comfortable running culturatide coli assays, but not PCR or gPCR for
confirmation or ARG detection. However, it is becoming more common for water
utilities to be equipped with gPCR, and someipigants viewed that recommendation of
culture for monitoring would be a step backwarBeasibility of inrhouse versus out
sourced analysis was discussé&wr example, water utilities are widely capable of
culturing fecal indictors, but not subsequentitegs of isolates, which could be sent to
certified labs for susceptibility testing, genotypic testing, or whole genome sequencing.
DNA extraction is also fairly low tech, and it is conceivable that utilities could extract
DNA in house and send elsewheoe inetagenomic sequencing or gPCR analysis.

Breakout groups discussed the question of whidture target with strong niches
for regrowth in the environmenst the best candidateMany participants preferred
Pseudomonass the easiest to grow and withglh enough occurring abundance to
capture, as well as its clinieetlevance. It was suggested that a baseline will need to be
developed, whether for pseudomonas or another environmental organism, to act as a
comparison point This was suggested via devahioent of a naturally occurring
environmental baseline, or via the use of upstream and downstream sampling in each
surface water region.

In terms of participant assessments of the proposed SOPs, details were requested
to be added, such as the temperaturé media used for storage, and how long samples
can be stored at given temperaturéisvas also suggested that while the mEI agar works
well for wastewater, it may require additional steps for success with environmental water
samples. Some participanted concerns about how specific any PCR confirmation
assays could be, given the specificity of available gene target&rftarococcus
Similarly, for E. coli there are questions around which gene targets would be most
applicableas monitoring targets, agell ashow geographically specific these genes are.

In addition, feedback suggested that the existing draft method may have too much
potential for false positives, and setting a Cq value criterion might be key to reduce these.
On the sampling end of thgrotocol, participants expressed concern about when and
where to sample in order to get samples that are both representative of the water
environment and data that is comparable to other sites. Pipe type, temperature, time of
day, season, and other factongy impact resulting data measurements and should be
considerechnd factored into a decision tree

For the optional disk diffusion section of the proposed SOP, participants asked for
a ranking of antibiotics in order of importance. With a ranked sysisers could select
the top antibiotics to test fowith the number tested selectaccording to budgetary and
labor restrictions at their site, as opposed to suggesting a list of nine antibiotics which
requires about twice the amount of plates and labod, is likely excessive for most
purposes.

A poll was conducted (n= 35) following sessionsautturebased technique®
assess group consensus on which organisms are most feasible and informative for
monitoring AMR in wastewater, recycled water, andate water in the USA majority
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of participants selectefl. coli as the first choiceznterococcusas the second choice, and
P. aeruginosass the third choice~gure Sl 9).

Which culturable pathogen/ indicator is your #1 choice in terms of being ~ Which culturable pathogen/ indicator is your #2 choice in terms of being

feasible and informative for AMR monitoring of wastewater, recycled feasible and informative for AMR monitoring of wastewater, recycled
water, and surface water in the US? water, and surface water in the US?
Aeromonas I Acinetobacter
P. 5en:ginosa P. aeruginosa
6ther (type into chat) Aemmonas

Enterococcus Other (type into chat)

E. coli

Enterococcus
E.coli 4.3

Which culturable pathogen/ indicator is your #3 choice in terms of being
feasible and informative for AMR monitoring of wastewater, recycled
water, and surface water in the US?

Aeromonas
Other (type into chat)
Acinetobacter

Enterococcus

P. aeruginosa

Figure SI 9: Ranking oftulture targetsfor AMR monitoring of water environments

based on poll conducted following sessions focused on clilaged methods

i. gPCR Session

During the enebf-day survey, participants (n=24) were asked to-rselk their
familiarity with gPCRbased AMR monitoring.12.5% of participants identified
themselves as arxgert, a majority chose very familiar (54.2%), followed by somewhat
familiar (25%), and finally beginner (8.3%Jarticipants (n= 11) were also asked to-self
rank their familiarity with high throughput R (HTgPCR) and digital droplet qPCR
(ddPCR).Only 9.2% identified as expert, 27.3% chogery familiar, 36.4% chose
somewhat familiar, followed by beginner (18.2%), and not at all, at (9.1%).

Participants commented that calculations surrounding thevegccefficiency,
limit of detection, equivalent sample volume, and relative abundance are important to
include and report. Though, it was suggested not to correct for recovery efficiency.
Normalization approaches vary amongst expeats some normalize tH6S rRNA (as
proposed in the original draft SOP), others normaipB, and some would prefer no
normalization. In terms of calculating tHenit of detection (LOD) and limit of
guantification (LOQ),some would prefer a more statistical approachvas noted that
the measurement of LOD/LOQ will require an entirely different method for ddPCR as
opposed to gPCR. This information, as well as discussion on the differences between
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ddPCR and gPCR, syber and probe assays, types of standards, and more wstedrequ
to be components of the final guidance document.

Throughout breakout session groupisCTX-M, sull, andvanA were thehighest
rankedchoices for a monitoring priority. Participants singled lolaCTX-M as the most
significant for indicating healthisks, andsull andintll as the most significant for
measuring treatment removal rates. Many agreed that aligning efforts with CDC, FDA,
and NARMs would be beneficial.

Inhibition is a key consideratiofor a method intended for national uptake, as
water chemistry, target occurrence levels, and equipmenhigidy variableacross the
U.S. Participants agreed that an inhibition assessment should be included in the standard
method developed. Many recommend using $siaémon testes DNA assay in EPA
Method 1812 Though, there is some concern with the salmon DNA interacting with
future metagenomics analysis, which may favor the use of a NIST eukaryotic DNA
standard

On the third workshop day, a poll was conducted to follow up discussion on
gPCR targets for MR monitoring. The poll asked participants (n=33) to rank their top 3
gPCR monitoring targets based on feasibility and how informative they are for
wastewater, recycled water, and surface water in the US. A strong magorigdintl 1
as first choice, the the rankings became more divided for second and third choice
(Figure SI 10). 36.4% ofrankedsull as the second choicillowed closely byvanA
(27.3%9, blaCTX-M (15.2%),tetA (12.1%),intl1 (6.1%), andiOthen (3%). For third
choice gPCR targetblaCTX-M received a clearer majority at 36.4%, followedvayA
(18.2%),sull (15.2%),intl1 (12.1%)tetA (9.1%), andiOtheo (9.1%).

Which qPCR monitoring target is your #1 choice in terms of being Which gPCR monitorin? target is your #2 choice in terms of being
feasible and informative for AMR monitoring of wastewater, recycled feasible and informative for AMR monitoring of wastewater, recycled
water, and surface water in the US? water, and surface water in the US?

sul1

Other (type into chat)
0% \

intl1

blaCTX.m D8CTXM

vanA
intl1

tetA

Other (type into chat)

sul1

Which gqPCR monitoring target is your #3 choice in terms of being
feasible and informative for AMR monitoring of wastewater, recycled
water, and surface water in the US?

intl1
vanA ;

sul1

blaCTX-M

tetA

Other (type into chat)
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Figure SI 10 Ranking ojPCRtargetsfor AMR monitoring of water environment

based on poll conducted following sessions focusedP@Rjbased methods

j. Metagenomics Session

During the enebf-day survey, participants (n=11) were asked to-rsglk their
familiarity with metagenomics. 18.2%eli-identified as an exper27.3% veryfamiliar,
45.5% somewhat familiar, and 9.1% beginner.

Breakout session feedback indicated that participants were hopeful and optimistic
about future uses for metagenomics in the context of AMR monitoring and standardized
methods. Many participantudged themselves or their organizations to ureler
prepared at the moment to conduct comparable and meaningful metagenomicBheork
need forfurther research and standardizatiwas widely recognized However, despite
impressions that metagenomics is thast developed/standardized method, participants
remained strong in the opinidhat it is the most promising for AMR research and should
be a focus of standardization efforts. Feedback indicates that metagenomics is viewed as
the best tool for surveyingvater samples fonumerous targets, instead of narrowing
down on select targets. This could be an asset in risk assessments, helping to find
indicators for ARG abundance/diversity or predicting where resistance may emerge in the
future. In addition to thechallenge of standardization and comparability of data,
participants expressed conceatbout the price point of metagenomics sequencing
currently and the inaccessibility that results for many communities.

At the end of the metagenomics sessions, a \wa# conducted on attitudes,
preferences, and perceptions in regards to metagenomics for AMR monitoring. First,
participants (n = 27) were asked to select their preferred normalization m&igads(

SI1) . 40. 7% of respondent6S crhRPMdA, NdHO.NO% fkar oong
of single copy genes, o0 7.4% FPKM, and the r
selections: TPMtpoB gene, None, and Other.

What is your preferred normalization method for metagenomics
analysis for AMR monitoring?

Other (type intoc... —

e

16S rRNA gene

TPM
don't know L A collection of Si...
' None
rpoB gene
FPKM
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Figure SI 11: Participant pollof recommended normalization methodsn@mtagenomic

based monitoring of AMR

Next, participants (n=27) were askeddstimate when they think the US water
sector will be ready to implement standard methfmsAMR monitoring. 40.7% of
respondents chose 10 years, followed by 5 years (33.3% a8 y14.8%), now (7.4%),
and never (3.7%).

Participants (n=27) were asked which metagenomics metric is the most
informative for AMR monitoring in water environments. The &®ectionwas a three
way tie (22.2% each) between comparative index of coccurence of
ARG/MGE/pathogen markers on same contajal clinically-relevant ARGs, andbtal
ARGs. fOthed was selected by 18.5% of responderitdlowed by emerginghewly
evolved ARGs (7.4%) ando n know (7.4%).

Lastly, participants were asked if theiorganization currently conducts
metagenomics and if their organization has any plans to conduct metagenomics in the
next 3 years. To the first, 74.1% responded Yes, their organization/group is conducting
metagenomic analysis (25.9% no). To the latteestjon, a slight increase of 77.8%
responded that their organization/group is planning to implement metagenomics in the
near future, representing just oresponse indicating that their organizatiotends to
begin metagenomics.

k. US WatelJtility Perspetives

During the final surveyadministeredfollowing the session onmvater utilities,
participants (n= 28) were asked to selhk their familiarity with water utility
perspectives on AMR monitoring. 50% responded very familiar, 35.7% somewhat
familiar, 10.7% beginner, and 3.6é%pert.

Discussion with respect to how to best involve water utilities in AMR monitoring
in the future tended to either focoa barriers to AMR monitoring or general things to
consider Some barriers discussed include lack ohdéad methods, lack of responsible
party for interpretation of results, lack of regulatory drivers, lack of trained staff and
available equipment, costs, lack of Bayfrom upper management, lack of political will,
and the need for strong justificatiorr feuch a monitoring program. It was recommended
that these methods begin with a focus on larger WWTPs and plants who are engaged in
water reuse. Among discussion topics categorized as things to consider, were: resolution,
reporting, feasibility, how it fg into the public health system, public messaging (in
absence of public messaging: FOIA), synergy with existing activities, and comparability
of data across utilities.

Questions, concerns, ideas, and comments regarding how utilities may or may not
fit into this system were common throughout all breakout groups and sessions. For
example, the need wemonstrate a value provided by AMR monitoring was a recurring
concern for participants There was concern thabme utilities would not be open to
using gP® as a measure of gene removal during treatment, due to a mixed history with
norovirus gene targetsAdditionally, there was recognition of the need to demonstrate
that gene removal relates bomanhealth impacts. One participant suggested that a kit
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be developed; allowing utilities to easily and conveniently follow the standard method
with instructions and materials built in.

Participants (n=27) were asked which objective would be most informative and
useful for USwaterutilities (Figure Sl 12); 37% chose wastewatbased epidemiology,
followed by quantifying removal of AMR through wastewater/recycled water (29.6%),
identifying types of AMR of clinical concern that might escape treatment (259%d),

i o t hFerrOfher, answers were writteniid et er mi ni ng i f condi ti on:
or in receiving environments are conducive |
2, 3 are all relevant. o

Which of the following antibiotic resistance monitoring
objectives would be most informative and useful
for US Water Utilities?

Wastewater-based epidemiology, i.e.,
coordinated sewage monitoring to identify
;and compare AMR in human populations served

Determining if conditions during
treatment or in receiving environments
are conducive to evolution
of new forms of AMR (1)

Identifying types of AMR of clinical
concern that might escape treatment (6)
uantifying removal (or increases) of AMR
through wastewater and recycled water
treatment processes (7)

Figure S| 12 Participantsurveyresultsfollowing session focused on US water utility
perspective, Day 4
The survey asked (n=26) if any methods s
use in US water utilities for the monitorin

(65.4%), followed by metagenomics (26.9%yhole genome sequencing (19.2%),
HTgPCR (9.2%), ddPCR (7.7%), and culturing resistant fecal indicators (3.8%).

|. Overall themes, knowledge gaps that need addressed to move forwards

Overall, there is and has been immense agreement amongst experts that
standardization is necessary; the lack of standard methods are holding back the water
environment from making further leaps in understanding the occurrence, adaptation,
spread, and expoee risks associatedith ARGs and antibiotic resistant organisms. One
aim of the Water Research Foundation Project (Project 5052) sponsoring the survey and
workshopis to establish an opeaccess database for researchers adiwsglobe, to
upload and denload data from different regions, water types, and contamination levels.
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These efforts will facilitate public health assessments ensuringldit@tare comparable
across databases due to the use of standard metWatlsthese dataxposure pathways

can be assessed, risks associated with wastewater exposure evaluated, and any links
between wastewater occurrence and community disease incidence (as done with COVID
19) can be determineth addition to this, more basgcience research would benefit the

field. The mechanism behind hypothesized and observed health risks are a key part of
human health risk assessments, and more effort should be spent on determining
detrimental health effects in controlled laboratory experiments.

Not only are human healtlisks fundamental, but ecological risks and risk for
emergence of new resistance types are crucial to AMR reseaMihat is the
environmental impact of not only the selection pressures, but the resulting changes in
microbiomes and organisms alike? Alnere impacts of these resistome changes on the
food chain and if so, how will these impacts affect species in the future as we anticipate
rapid growth in antibiotic resistance in the environment? In order to look alieaduyst
understand the risk factoteat drive emergence of new resistance genes, bacteria, and
drugresistant pathogens The risks of emergent drugsistant pathogens should be
accounted for in all risk assessments that consider AMR in the environment.

At the end of the workshop, the &ihsurvey polled participants for their opinions
and preferences on various topics and questions, with the option feenged feedback
as well. One question askédigure Sl 13), if you/your organization were to conduct
AMR monitoring in the environment, what would the primary goal ReBults (n=27)
indicate that 63% would aim to inform human health risk, followed by public health
monitoring (51.9%), assess potential for treattmgrocesses to remove AMR (44.4%),
assess potential for evolution and spread of AMR (29.6%), basic research (29.6%),
i nforming policy (22.2%), and fAothero (3. 7%)
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If you or your organization/unit were to undertake environmental antibiotic
resistance monitoring, what would your primary goal(s) be?

Other

Basic research

Informing human health
risk assessment

Assessing potential for treatment
processes to remove AMR

Assessing potential for evolution
and spread of AMR

Informing policy

Public health monitoring

Number of Participant Selections

Figure SI 13 Final surveyresultsfrom Expert Workshop, Day 4

Anot her as bu dganizatiorf werg tounitigte AMR monitoring next
year , what me t h o d s(Figwe 81114. Rgsolta indicaten phatH>@%? 6
would propose gPCR methods, metagenomics at 52%, then ddPCR (48%), culture
resistant fecal indicators (48%), culture iseant bacteria (32%), whole genome
sequencings (20%), HTPCR (12%), and Other (8%).
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If your organization/unit were asked to initiate antibiotic resistance
monitoring in 2022, which of the following methods below would you
propose to implement? (select up to three methods)

Other

Whole Genome Sequencing

Metagenomics

Droplet digital PCR
(ddPCR)

High throughput gPCR
(HT-PCR)

Quantitative PCR
(GPCR)

PCR

Culturing resistant bacteria
capable of re-growth in the
environment (e.g., P. aeruginosa)

Culturing resistant
fecal indicators

= —
r —
-
o —
o —

10 12 14

Number of Participant Selections

Figure SI 14 Final surveyresultsfrom Expert Workshop, Day 4

Final rankingsof AMR monitoring targetsvere captured from participants on the
last day (n=26). Firstparticipants were asked to rank the targets for the best option to
monitor AMR in wastewatebased epidemiology. The top threere metagenomics
(38.5%, resistank. coli(26.9%9, andintl1 (11.5%) (Figure SI 15).
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Which of the following targets would be best
to monitor forms of antibiotic resistance circulating
in human populations (i.e., wastewater-based epidemiology)?

metagenomics (9)

,sul1(0)

intl1 (3)

vanA (0)

resistant Enterococcus (0) =+ Other (2)

" bla(etx-m)(1)
~ resistant P. aeruginosa (0)

resistant E. coli (7)’
Figure SI 15: Final workshop polresults reflecting ankingsof monitoring targets for

the purpose of wastewatbased epidemiology.

Next, participants were asked to rank the targets for the best option for the
reduction of public health risks associated with wastewater exposures.arREsistoli
received a clear consensus ranking at 50%etéctions followed byintl1 (16.7%) and
metagenomics (8.3%Jr{gure Sl 16).

Which of the following antibiotic resistance targets would best inform
wastewater/recycled water monitoring, in terms of assessing reduction of
public health risks associated with exposure to treated water or

affected surface waters?

van-

sul1-

resistant P. aeruginosa-
resistant Enterococcus-
resistant E. coli-

Other -

metagenomics-

intl1-

bla(ctx-m)-

2.5 5.0 7.5 10.0 12.
Number of Participant Selections



Figure Sl 16: Final workshop poll results reflecting selectiosfismonitoring targets for
the purpose afiemonstrating that wastewater/recycled water treatment procesdasea
public health risks

Finally, participants were asked which target best informs water monitoring in
terms of reducing potential for evolution and spread of AMR among ba(fegiare SI
17). This question received slightly less consensus, with 30.4% selecting metagenomics
and another 30.4% selectingll. Next, resistanE. colireceived 13% o$electionsand
resistant enterococcus received 8.7%.

Which of the following targets wouldest inform wastewater/recycled water/surface
water monitoring, in terms of reducing potential for antibiotic resistance to evolve
and spread among bacterial populations?

@ resistant E.coli
@ resistant Enterococcus
intl1
® bla-CTX-M
metagenomics
@ Don't know enough to answer
@ resistant P. aeruginosa
A combination of gqPCR for
specific targets and

metagenomics (long-read, or with
assembly)

Figure SI 17: Final workshop survey results reflectingnkingsof monitoring targets for
the purpose of demonstrating that wastewater/recycled water treatment pro@ahses r

public health risks

m. Usefulness of this Workshop

As the final question in the final survey, participants were asked to rank from 1 to
5 (with 1 keing not productive and 5 being most productive) how productive the WRF
5052 Expert Workshop on AMR Monitoring in Water was towards identifying suitable
antibiotic resistance monitoring targets for the US water industry. The results were left
skewed, with50% of respondents ranking a 5 out of 5, 33.3% ranking a 4 out of 5, and
16.7% ranking a 3 out of @-igure Sl 18).
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On a scale from 1 to 5, how productive was this workshop towards identifying
suitable antibiotic resistance monitoring targets for the US water industry?
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Figure SI 18 Poll results on the sefulness of #workshop foridentifyingsuitable

AMRtargets 5 wasthemost productive and Wwastheleast productive
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Chapter 3: Comparison of Cefotaxime-Resistant Escherichia
coli versus sull and intll gPCR-Based Assessment of
Antibiotic Resistance of Wastewater, Surface Water, and
Recycled Water

Krista Liguori; Jeanette Calarco; Gabriel Maldonado Rivera; Anna Kurowski; Ishi
Keenum; Benjamin Davis; Valerie J. Harwood; Amy Pruden

Abstract

Awareness of the need for surveillance of antimi@btesistance (AMR) in water
environments is growing, but there is uncertainty regarding appropriate monitoring
targets. Adapting culturbased fecal indicator monitoring to include antibiotics in the
media provides a potentially low tech and accessipi®o, while quantitative
polymerase chain reaction (QPCR) targeting key genes of interest provides a broad,
guantitative measure across the microbial community. The purpose of this study was to
compare findings obtained from culture of cefotaxirasistan Escherichia colto two
gPCR methods for quantification of antibietesistance genes across wastewater,
recycled water, and surface waters. The culture method was a modification of standard
US EPA method 1603 fd£. coli, in which cefotaxime is includiin the medium to
capture extendedpectrum beta lactamase (ESBL) strains, while gPCR methods
guantifiedsull andintl1l. A common standard operating procedure for each target was
applied across samples collected by six water utilities across the Urated &nd
processed by two laboratories. The methods performed consistently and all three
measures reflected the same overarching trends across water types, i.e., highest in
wastewater and lowest in treated recycled water and generally low in surface water.
gPCR detection cfull yielded the widest dynamic range of measurement as an AMR
indicator (#log versus 3.8o0g for ESBLE. coli), while intl1 was the most frequently
detected target (99%, versus 96.5% and 50.8%ufdrand ESBLE. coli). All methods
produced comparable measurements between labs (P<0.05, Kiedka). Further

study is needed to consider how relevant each measure is toigiot spots for
evolution and dissemination of AMR in the environment and as indicators of-AMR
associated human health risk.

Introduction

Antimicrobi al resistance (AMR) is no
the threat has arrived. A compegisive evaluation of globally available data from 2019
estimated that 4.95 million people die of dmggistant infections per year (Murray et al.,
2022). Current rates of morbidity and disab#gjusted life years due to AMR are
competing with, if not xceeding, those of the global malaria burden (Murray et al.,
2022). AMR is not confined to hospitals, as Robinson et al. (2016) pointed out, it is the
Agui ntesHemt it !l i©Gs@e, 0 which showcases
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interconnected humaanimatenvironment approach to research, prevention, and
monitoring.

Key environmental dimensions of AMR are increasingly being recognized, as
elaborated upon in a recent United Nations Environment Programme (UNEP) report
(UNEP, 2023). Among several recommendasicthe UNEP report identifies a need to
establish environmental AMR monitoring programs to help inform and evaluate policy
aimed at stemming the spread of AMR. Similar calls have been made by others (e.g., US
NASEM, 2022) and a recent review summarizggarstunities to expand existing AMR
monitoring efforts to include water environments (Pruden et al., 2021). A major
stumbling block to achieving a cohesive surveillance effort is a lack of agreement on
targets and methods that are representative of AMRetns in the environment.
Correspondingly, standard methods for such targets are needed to ensure that the
resulting measurements are reproducible and comparable when applied to different water
matrices across time and space.

There have been a numbercalls for coordinated AMR monitoring in the
environment, especially water environments (e.g., Berendonk et al., 2015; Pruden et al.,
2018; Hujibers et al., 2019). Water environments are of central importance to
environmental monitoring, as they serve exeiving bodies for inputs of antimicrobials,
resistant microorganisms, and their antibiotic resistance genes (ARGs) from various
sources, including agriculture, wastewater treatment plants (WWTPSs), and industry.
Additionally, aquatic environments have bde/pothesized to serve as a microbial
ecological incubator for evolution of new resistant strains through horizontal gene
transfer (Baquero et al., 2008; Lupo et al., 2012) as well as an exposure source, e.g., via
recreation or as a drinking water sou¢kappier et al., 2020; Leonard et al., 2015;
Jargensen et al., 2017; Amarasiri et al., 2020). Recently, Liguori et al. (2022) solicited
expert and stakeholder input in the development of a dedisserto guide selection of
AMR monitoring targets and medtls based on the monitoring objective. Four primary
objectives of particular relevance to water utilities were identified: 1) wastehased
surveillance to identify forms of AMR circulating in corresponding human populations;

2) identification of form®o©f AMR escaping wastewater treatment; 3) quantification of
AMR removal rates achieved by different treatments; and 4) identification of hotspots for
evolution and dissemination of AMR.

Given that fecal indicator bacteria are already widely monitorediagea quality
indicator and that corresponding methods have been extensively validated, one approach
that is gaining attention is to adapt such methods via the addition of antibiotics to the
culture media (Marano et al., 2020; WHO 2021). Recently, thedWtehlth
Organi zation published such a protocol, <call
three domains of One Health), in which tryptone bile (TBX) agar is amended with
cefotaxime (CTX) for the purpose of isolating extendpdctrum beta lactaase
(ESBL)-producingE. coli. 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 (Marano et al.,

2020 WHO 2021). The US Centers for Disease Control listed Eff®ducing
Enterobacterale@geferred to as Enterobacteriaceae prior to 2@8@ Serious Threat in

2019 (CDC, 2019), with a 32% increase in these organisms observed from 2019 to 2020
(CDC, 2022)Corresponding infections can necessitate the use afsstt antibiotics,
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such as carbapenems and colistin. E®Bhducing organisms have been detected with
increasing prevalence across the world, and their detection in the environment has been
negatiwely correlated with implementation of antibiotic stewardship, in both-toaohal

and human settings (WHO 2024gg et al., 2018; Schechner et al., 2013

While the general advantage of cultilr@sed methods is that they indicate a
viable endpoint, a linbation of the WHO Tricycle protocol is its singular focuskrcoli.
Others have accordingly sought to further expand the method to more broadly capture
ESBL EnterdacteraleyMarano et al., 2020Enterococcuspp. have also been
suggested, as this tatgeould also benefit from widespread standardization and
implementation for regulatory monitoring and would capture a clinigaifyortant
Grampositive target (Davis et al., 2022). Others have assessed the potential to target
Pseudomona#\eromonasor Acdnetobacter because they are clinicaliglevant to AMR
and have growth niches in the environment (Milligan et al., 2023). Still, no single, or
combined set of culturbased targets will be able to fully capture all resistant bacteria in
a given water sapie. Molecular methods, e.g., quantitative polymerase chain reaction
(qPCR), present an alternative to culture by facilitating the direct enumeration of ARGs
across the microbial communityhe broad dynamic range of g°PCR and low detection
limit can hypotletically support calculation of removal rates and quantitative modeling
efforts.

A comprehensive literature review of application of gPCR for the purpose of
AMR monitoring of wastewater, recycled water, and surface water revealeaithand
intl1 werethe two most commonly applied gene targets (Keenum et al., Z02R).
encodes resistance to sulfonamides (Skold, 2000), which were the first antibiotics to be
mass produced for use in human medicine, and resistance is correspondingly widespread.
Sull measrements in surface waters have been found to be highly correlated to inputs
from WWTPs and upstream agricultural operations (Pei et al., 2006; Pruden et al., 2006;
Nardelli et al., 2012; Pruden et al. 2012; Czekalski et al., 2015).encodes the
integrase gene of class 1 integrons, which are mobile genetic elements that often carry
multiple ARGs in their cassettes and have been correspondingly implicated in widespread
evolution and dissemination of antibiotic resistance (Gillings 2014).4ukKe intl1 is an
indicator of anthropogenic pollution in the environment (Gillings et al., 2015; Nardelli et
al., 2012) and also provides a selective advantage to various environmental stressors
(Hardwick et al., 2008). Botbull andintl1 are also commonly linketb fecal pollution
(Karkman et al., 2018; Tarek & Garner, 2023), although a recent study foursdifihat
andintl1 predict a distinct subset of ARGs when compared against shotgun metagenomic
sequencingpased ARG profiling of watersheds (Davis et al., 2020)

The objective of this study was to compare and contrast the trends observed and
conclusions drawn wheg. coliwere enumerated on media containing cefotaxime
(herein refeEcobBd timn aasc cioESIBMINCce with the WHO
versus whe sull orintl1 were quantified by gPCR 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 methadsre further compared in terms of various considerations
for their implementation, including dynamic quantitative range, limits of quantification,
variance among replicates, irdab reproducibility, practical aspects in their
implementation for integratl monitoring, and overall information gained. Thoughts and
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considerations for standardization of these methods are provided. The findings can help
to inform efforts to identify coordinated AMR surveillance efforts.

Methods

Sampling and InterlaboratoryComparison

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. We worked with each utility to develop and impleméaitaaed
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 receiving
WWTP effluent, if possible. For utilities with surface water discharge siéesples 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. 2022. Briefly, each utiigrtner 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 or label
of bottles being adapted for each utility in order to difjmgample collection for utility
personnel and avoid human error such as mislabeling/misinterpretation of sample bottle
contents. Duplicate kits were provided for parallel sample collection and shipment for
comparative analysis in the laboratories agwira Tech (VT) and the University of
South Florida (USF), with the exception of recycled water input and surface water
upstream samples, which were only collected for VT. Throughout the sampling,
processing, and analysis steps, Quality Assurance andyQDahtrol (QA/QC) were
prioritized. Full details around the quality assurance protocol can be found in (Liguori et
al., 2023).

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
compaison across plants. Recycled water samples (2 L) were collected to capture the
water entering recycled treatment (fAinput, O
water piped to the recycled treatment facility) and the final treated recycledeffaient
coming out of the facility. Samplers wore clean gloves and samples were collected in
sterilized bottles. Sample valve/ports were flushed for 30 seconds before the respective
sample bottle was uncapped and filled to the bottom of the bottle Bttties were then
re-capped and placed into the cooler with ice packs.

Surface water samples (2 L) were collected upstream and downstream of the
wastewater discharge point to the water body, where possible. The sampling bottles were
placed about one fobtelow 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 teapped before removing from the water. This process was
repeated for ezdn 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 liter of moleculgrade or autoclaved water that was
shipped with the samplingts and remained closed throughout the sampling and returned
with the bottles. A field blank consisted of 1 liter of the same water, but where the bottle
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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 hours of sampling. Upon receipt, all samples were maintained on ice or
refrigerated until processed, up to 8 hours. Processing includeettheentration with
nitrocellulose or mixed-cellulose ester filters for both culture and molecular gPCR
methods, using filter sizes of 0.45 um and 0.22 um, respectively. Detailed analytical
standard operating procedures developed and used by both laboratories are available at
https://ward.cs.vt.edand Liguori et al. (2023) and summarized in Table 1.

Table 1:Methods Compared in this Study

Method | Target Rationale Details Assay
Reference
comparison point for
Culture Total . ESBIE. cole_lnd allows Modified mTEC EPA Method
E. coli | percent resistance 1603
calculations
ESBE Can cause difficult to Modified EPA
Culture coli "| treat resistant Modified mTEC with cefotaxime Method 1603
infections (EPA, 2014)
Indicator of mobile ¢ttlaty LINBORONaA!
anthronodenic ' F: GCCTTGATGTTACCCGAGAG; R: Barraud et al
gPCR | intl1 Sourcez 3,« ot GATCGGTCGAATGCGTGTAANG | o7 .
o . ATTCCTGGCCGTGGTTCTGGGTTT]
antibiotic resistance
(BHQ1)
ARG encoding C omoOyvy
resistance to CGCACCGGAAACATCGCTGCAC; Pei et al
gPCR | sull sulfonamides and w 0®RQY ¢D!'! D¢c¢/ /L v
. 2006
correlates with
anthropogenic inputs

ESBL- E. coli Culture
All samples were cultured on modified mTEC media (BD Difco Cat No. B14880)
and modified mTEC with 4 pg/ml cefotaxime (Millipore Sigma Product No. 219504;
Fisher Sci Cat No. AC454950010). The methods used herein were adapted from EPA
Method 1603 foE. coli(USEPA, 2014) and the WHO Global Tricycle Surveillance of
ESBL-E. colimethod (WHO, 2021). At each lab and for each sample, replication was
achieved both in biological duplicate (i.e., separate sampling bottles) and technical
duplicate (i.e., separate culture platdslom each biological duplicate bottle, three target

dilutions were filtered onto membranes in technical duplicate. ~ 24 plates were typically
analyzed per sample (2 biological duplicate x 3 dilutions x 2 technicatetgsd x 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 phosghatered saline (PBS). This was
repeated serially to achieve a final dilution of*18or all other sample types, the original
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sample was added to the filter concentratiorupetvithout dilution. The volume of
sample filtered differed based on sample tgseoutlined in Table S1.

Samples were concentrated by filtration onto uabfilters with a 47 mm
diameter (Nitrocellulose: Fisher Cat No.-099-555; Mixedcellulose ester: Fisher Cat
No. HAWP04700) and plated in a biosafety level Il cabinet. Hatadized forceps
were used to place filters inside autoclaved filter cups. The appropriate volume for each
sample type (Table Sll) was then added to the filter cup, which was capped before
turning on the vacuum filter and allowing the sample to pass ctehptarough 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 flaisterilizedforceps and placed onto the
respective media plate. This process was repeated for all samples, including negative and
positive controls, from Acleanesto to Adirti
with these sample types to estimate which sasplere likely to contain the least/most
number of culturabl&. colito determine 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 two hours, the plates were transferred to a-heated water
bath at 44.5C for 22 hours (+/2 hours). Set up and submersion of plates in the water
bath are detailed further in the Supplemental Information (Figure S

After the 20 24-hour incubation, plates weremoved 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 €100 CFU per plate). Speciesnfirmation 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 (Tabi8)SI

gPCR enumeration of sull and intl1

All samples designated for qPCR analysiserdtered to clogging onto 0.22 um
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 filteritgdetermine net difference and therefore
estimate the volume of sample filtered. Autoclaved filter cups and fendized
forceps were used in a biosafety cabinet to minimize potential for sample contamination.

Filters were removed from the cups usflagne-sterilized forceps and folded into
sterile Oring 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 camtag a filter was filled to cover the filter with a 50%
ethanol solution to prevent degradation of DNA in storage and stof2d @tuntil DNA
extraction within 20 days (Li et al., 2018). After thawing at room temperature, filters
were removed and shreglfl using flamesterilized forceps and subsequently extracted
using the FastDNA SpinKit for SoiMP Bio Cat No. 6560200When the SpinKit
directions suggested a range of options, the more conservative (e.g., longer time, high
temp, larger tube) was implemted. Resulting DNA extracts were stored in molecular
grade water a20 C.

gPCR was performed in technical triplicate using primers and probes, where
applicable, reported previously by Pei et al. (2006) and Barraud et al. (20%0)1fand
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intl1, respectively (Table 1). For the gPCR master mix, 12.5 pl was used of PowerSYBR
Green for dye assays and TagMan Environmental Master Mix 2.0 for-pedeel assays,
with a total reaction volume of 25 pl per well. Standard curves were created using
Gblodks (Integrated DNA Technologies, Coralville, IA) designed specific to each gene
target (Sequence available in Tabled®yl Gblocks were serially diluted and analyzed

along the first row of each gPCR plate for each standard curve, with the typical dilution
ranging from 18to 1¢. All gPCR analysis was conducted on a-BRadCFX RT-PCR
thermal cycler (BieRad, Hercules, California, USARResulting data were compared to
those extracted from the literature by Keenum et al. (2022) for comparable samples.

Statistical Analysis

The dilution that produced CFUs most centrally within the countable range are
reported for culturdased analysis. The CFU/ml for the selected dilution were averaged
across the two technical replicates (A and B), and converted 1ol@@en! basis, to
produce the final count of CFU/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. Nordetects were assigned a value of-ba# the limit of de¢ction. 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 aralys

gPCR data were extracted from BRad CFX manager instrument software. 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 quantifiable
concentrations for 3/3 of the standard technical replicates was set as the limit of
guantification. Technical replicates were averaged for all samples for which at least 2/3
of the technical replicates produced a measurable gene target. Samples withetognal b
the limit of detection were marked as ndetects 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 tfrthef
guantification. gPCR data were compiled in Excel and transferred into R (version 4.1.2)
for all statistical analyses.

All culture and gPCR data were lgansformed prior to analysis. Neither culture nor
gPCR data were found to be normally disited according to the Shapivdilks test.
KruskaltWallis was used as a nqgrarametric 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 aofetations (r squared valuesgross all water
matricesAddi ti onally, Spearmandés Rank Correlatio
correlations within each water matrix, to separate effect from wgter(Table Si7).

Statistical significance was s&tross 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 basi, 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 caonpared to their corresponding average. To determine the percent deviation from
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mean, the mean was subtracted from each of the individual replicate concentrations, then
that was divided by the mean, and multiplied times 100. Outlier analysis was conducted
utilizing the interquartile ranges calculated in the geom_boxplot function of ggplot2 with
outlier detection enabled.

Results

Comparison of AMR Measures Across Water Matrixes, Geographic Locations, and
Water Utilities

ESBLE. coliwere detected in 100% (114}) of influent wastewater samples, but
among all other sample types tested, at least one sample yieldedlatecin Both total
E. coliand ESBLE. coliconcentrations differed by water matrix (Krusk#allis,
p=5.9e08 and p=2.2€, respectively). ESBE. coliwas most abundant in wastewater
influent (Figure 1).Total E. coliand ESBLE. colimeasurements were very strongly
correlated = 0.9194; p < 2.2346).

State B9 ca B3 FL B ca B9 nv BH va

Water Matri Wastewater Influent ® Recycled Input Surface Upstream ® Surface Ambient
ater Matrix Wastewater Effluent ® Recycled Effluent ® Surface Downstream ® Qutlier
o ]
N L— Total E. coli
=47
£ :
o N | i+
o 2 s
d T_‘ﬂ?l
] on .
E 0 5 e k! I e +
8_ r v '
S8
W ESBL E. coli
o R
=6
)
—
4
2 T [ ] [
L L .
0 | . ! . =
& & S & & & &
g & & & & ¢ &
S F> o &Y & 5 &
NN A GRS O S
AR & o\ & S & &
Ky 9 S S &N QY & S
@ @ & S & o \& $
& & 2 S & )
& & < S g
= = &

66



Figure 1: Occurrence of total E. coli and ESBL E. coli cultured in this studydter
matrix (indicated by color and-axis). The number of samples tested are indicated in
parentheses. Outliers are indicated by black dots and defined as 1.5x the interquartile
range above Q3 or below Q1. Biological replicates analyzed at both Virgeta and
University of South Florida are combined for this analysis.

There were no distinct patterns obserf@dsull andintl1 genesn the range,
lowest concentration, highest concentration, nor median concentration when all data
points were plottedbgether by utilityFigure 2).

intll
State

7.5
I e CA
A FL
507 = GA
_'|' + NV
25 B VA

Water Matrix

Wastewater Influent
7.54

Wastewater Effluent

Recycled Input

5.04

I ® Recycled Effluent

Log10 Concentration (Gene Copies/mL)

Surface Upstream

2.5+ ® Surface Downstream

A B c D E F G
Utility
Figure 2: Log10 concentration (gene copies/mhtl1l and sull measured across all
utilities sampled. Colors indicate the water matrix of the sample; shapes indicate the
state where the utility is located. Two utilities weeenpled in Nevada (NV) and Florida
(FL), while only one utility was sampled in the other states.

Figure 3 compares the gene target concentrations measured in the four categories
of water matrices. The concentrationssofl that were observed here diterby type of
sample (KruskaWallis, p=2.2e16). We further compared these data to those reported
across 95 studies in the literature, as detailed in a-ametiysis reported by Keenum et
al. (2022). The ranges and trends within and across water matgcesighly
comparable between this study and Keenum et al. Between the two studies, neither
wastewater influent concentrationssofil (p=0.83) nor wastewater effluent
concentrations adull differed (KruskalWallis with a Bonferronicorrected alpha value
of 0.0063, p=0.030kull concentrations measured in recycled water also did not differ
between studies (Krusk#Vallis, p= 0.084). Surface water concentrationsugt
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measured in this study were significantly higher than those reported in the literature
(KruskalWallis with a Bonferronicorrected alpha value of 0.00625, p=308;.

The concentrations afitll differed by type of sample (Kruskallis, p=2.2e
16) (Figure 3). The patterns observed by water matrix in this study were also comparable
to those found in the literature (Keenum et al. 2022), althougintiieconcentration in
wastewater influent aheffluent exceeded the ranges found in the literature by
approximately two log. Concentrations ahtll in wastewater influent were
significantly higher than those reported in the literature (Krugkallis with a
Bonferronicorrected alpha value of 0.0063, p=0.00024). In wastewater effluent,
concentrations ahtll were not significantly different betweehis study and the
literature (p=0.10). No differences were found in termstt concentration in recycled
water (p=0.79 fomtl1). Intl1 concentrations measured in surface waters in this study
were significantly higher than those reported in thexditure (p=0.0045).

A This Study | B From Keenum et al.

Log10 intl1 (Gene Copies/mlL)

Log10 sull (Gene Copies/mL)




Figure 2: Comparison of sull concentrations in water matrices in this study (A) to those
reported in the literature (Keenum et al., 2022) (B); Comparison of intl1 concentrations
in water matrices in this study (C) to those repoitethe literature (Keenum et al.,
2022) (D). Biological replicates analyzed at Virginia Tech and University of South
Florida are combined for this analysis. Data from recycled input and recycled effluent
are combined under t h analysis,doccprsistencyaiththat egor y
data available in the literature.

Correlation of sull /intl1 with ESBL E. coli

Sull andintl1l measurements were significantly correlated with EEBEtoli
measurements across all sample types (Figutedyever, stregths of the correlations
were moderate $+0.5). Notablysull andintl1 were above the detection limit in 96.5%
and 99% of samples, respectively. On the other hand Botalliand ESBLE. coliwere
above the detection limit in 76% and 50.8% of sampe=gpectively. Thus, the greater
number of nordetects with the culturbased analysis weakened the correlation.
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Figure 5: intll1 (A; B) and sull (C; D), are plotted against culturable ESBL E. coli and
total E. coli. Shapes indicate the utility where laenple was collected; colors indicate
the water matrix of the sample. Biological replicates analyzed at both Virginia Tech and
University of South Florida are combined for this analysis. Light blue lines delineate a
1:1 relationship.

sull andintl1 were also found to be positively correlated across all samples (Figure
SI-2). Here, the linear regression model indicated that the correlation was statistically
significant (p=6.5eé08) and moderate in strengtf<0.40).
Interlaboratory Comparison

Total E. coliand ESBLE. coliconcentrations were very strongly correlated

between the two laboratories performing the assay) (8822, p = 2.246; P=0.9783,
p=2.2e16, respectively) (Figure ). No significant difference was found between the
two labs fo total E. coli (p=0.32) nor for ESBIE. coli (KruskalWallis, p=0.054).
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gPCR measurementsiotll andsull produced by the two labs were positively
correlated by linear regression (p=t0&forintl1 and p=0.00013 fosull), with weak
to-moderate cordation coefficients (r2= 0.43 and 0.24, respectively) (Figurd)SNo
significant difference was detected between labstdt (p= 0.48) orsull (p= 0.39)
concentrations by KruskaWallis. Note that recycled input and surface upstream water
matrices hae no USF comparison point as these samples were only shipped to the VT
lab, and were therefore omitted from this analysis.

Repeatability of Technical and Biological Replicates

The majority of culture replicates varied less than <10% from the sample mean.
Specifically, technical replicates in 121/136 tdfalcoliassays and 118/136 ESHEL coli
assays were within 10% difference from the mean, 114/130 biological replicates of total
E. coliand 118/130 for ESBE. coliassays were within 10% differencerfradhe mean)
(Figure S#5). The most variation amongst technical replicates was found for surface
water samples, particularly those from utilities A and C. Water matrix (Levene Test, p=
0.0028) and the utility sampled (Levene Test, p=-6%)had a signitiant effect on
percent deviation from the mean. 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 functiovater matrix. However,
the utility where the sample was collected did have a significant impact on deviation from
the mean (Levene, p = 0.021).

Similarly to culturebased data, the variation of replicates from the mean for
gPCR data was <10% for the rajy of samples (Figure S8). For technical replicates,
373/384 and 456/474 fell within 10% difference from the measudtirandintil1,
respectively. For biological replicates, 124/135 and 139/155 fell below this threshold for
sull andintl1, respectivly. However, the percent deviation from the mean was
significantly affected by water matrix (Levene Test, p=0.0044) and the utility sampled
(Levene Test, p=1.284). The greatest variation among technical replicates was observed
for wastewater samples. Qadl, theintl1l assay yielded greater percent deviation
between technical replicates than sl assay (ftest, p=0.022). As would be expected,
greater variance among biological replicates was observed relative to technical replicates.
Some biological nglicates 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 water matrix
(KruskatWallis, = 0.075). The differences observed in percent difference from mean
across samplesas also not significantly influenced by the laboratory in which they were
processed (Kruskalallis, p=0.19). There was, however, a significant effect of water
utility on the percent difference from the mean of biological replicates (Krvgkéis,
p=0.M83).

Overall, 12 outliers were detected among the biological replicates, \&ith 1
outliers found amongst each wutilityds sampl e
more frequently detected in wastewater influent (n=4) and recycled water efficdt
followed by downstream surface waters (n=3).

Measurements full andintll in trip and field blanks were found to be
significantly lower than those measured in the recycled effluent samples, both when
analyzed at USF (Kruska&Vallis, p= 3.3el2)and VT (KruskalWallis, p=5.4e07).
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Discussion

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 ESBIE. coli, sull, andintl1l enumeration were similar, i.e., highest in raw
wastewater and lowest in recycled water effluents, and all three measures were
significantly correlated with each other. Thus, at a global level, the three methods are
likely to producesimilar trends and conclusions with respect to AMR monitoring.
However, although the intention of the targets selected for comparison of this study is to
serve as indicators of AMR, it is important to recognize that they measure distinct aspects
of AMR andalso are subject to distinct technical and logistical limitations. Therefore,
there are a number of considerations in selecting a target for AMR monitoring, depending
on the monitoring objective and circumstances (Hujibers et al., 2019; Liguori et al.,
2022).

E. coli, sull and intl1 Measures Correlate as Indicators of Water Quality

Here we found thaull andintll were positively correlated with both coliand
ESBLE. coli. ESBLE. coliwas also very strongly correlated to tdfalcoli. E. coliis a
well-established indicator of efficacy of wastewater treatment and water quality.
Understanding of the significance @ill andintl1 as indicators of mobile AMR in the
environment is evoing, but they have consistently been found to strongly correlate with
anthropogenic inputs (Hardwick et al., 2008; Gillings et al., 2015; Nardelli et al.,
2012).Correspondingly, it has been pointed out that in many cadesndintl1
observed in the eimonment can be explained by direct fecal pollution (Karkman et al.
2019). The overall findings are consistent with the general idea that efforts to promote
overall water quality are also likely to help mitigate AMR (UNEP, 2023).

Both E. coliandsull/intl1 measures were consistent in indicating that some of the
surface waters included in this study were impaired. Tatabliwere frequently
detected in surface waters tested in this study, as high a8 0FU/100 mL (ESBLE.
coli up to Xlog), in a rage consistent with typical surface water detections across the
literature (Blaak et al., 2015; Dhanji et al., 2011). Similarly, the mean concentrations of
bothsull andintll trended higher than those reported more broadly across surface waters
examinedn the literature (Keenum et al., 2022). Among the surface water sampling sites
in this study regulated under the Clean Water Act (CWA), four were classified as
impaired, one as unknown, and two as good (EPA, 2022) (the remaining site was not
regulated byCWA) (Table S12). Given that utilities implementing water reuse tend to be
situated in water stressed locales, it is not surprising that adjacent water bodies examined
in this study tended to be impaired.
Linking Measurements to Human Health Risk

One advantage of monitoring ESH. coliis that they represent viable
microorganism belonging to a subset of the species known to contain pathogens and a
form of resistance that is highly clinically relevant (Branger et al., 2005; Franz et al.,
2015; Jgrgnsen et al., 2017). Thus, ESBLcoliis an amenable input to human health
risk assessment (HHRA) models. However, not all E&Btoli captured by culture are
necessarily pathogens. One study examined a diverse set of sea, lake, canal, and river
water amples as well as wastewater influent and effluent from municipal, hospital, and
airport WWTPs using the WHO Tricycle protocol and found that 17.1% of isolated
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ESBLE. colicarried virulence markers (Franz et al., 2015). Culture may also overlook
viable bu nonculturable forms and thus underestimate associated exposure risk.

The quantitative nature of gPCR measurements can potentially provide value in
estimating when it comes to comparing relative exposure or transmission risk. It was
noted thasull andintl1 were moderately positively correlated with b&thcoliand
ESBLE. coli, suggesting that there may be some overlap onaate influencing these
measurements. Examination of currently avail&bleoli whole genome sequence data
indicates that 1.27% carry thesull gene (CARD, 2023%ull andintl1 were also
confirmed to be correlated, which is consistent with the understandirguthas
typically found in thantll operon (Gillings et al., 2015), though the moderate correlation
in this studyindicates that this is not always the case, and is supported by other studies
that have detected moderate to strong correlations (Makkaew et al., 2021; Huang et al.,
2019; Adelowo et al., 2018).

Applying Measurements for Assessing Removal by Treatment@sses

If the objective is to measure removal achieved by the treatment technology, then a
benefit of gPCR o$ull andintll is that it provides a wide dynamic range of detection.
Both gPCR methods produced a large dynamic range of quantitation, witt afli
detection at 100 gene copies/mL and an upper detection of 1.73E+09 and 2.13E+08 for
sull andintl1, respectivelySamples measured across this study fell within the range of
1.41-8.42 log gc/mL and 1.38.23 log gc/mL, respectivelyE. coliwas abo 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 3.28E+08 CFU/100 mL. However, a challenge with culture
Is the need to guess the correct dilution raageori, where typcally it is manageable to
test a range of three X0Id dilutions.The ESBLE. colimethod 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.

CWA guidelines are already establishedEorcoli, with NPDES generally permitting
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 (EPA, 2014). These criteria could potentially be
modified to include culturable ESBE. coli. Achieving nordetects okull andintl1
might not be feasible from a regulatory standpoint, at least for secondary wastewater
treatment. In this study nestetects were exceedingly rare for gP@Rhondetect for
intl1; 6 nondetects fosull) compared to the culture method (14 wu@tects for Totak.
coli; 29 nondetects for ESBIE. coli). Among the samples where culturable ESBL
coli were nondetect,sull andintl1 concentrations remained in the 2.88&6 log gc/mL
and 4.158.18 log gc/mL range, respectivelfyhus, censored data tend to be less
problematic from a statistical standpoint for gPCR than culture data. A loof nabe
detects in environmental samples, except for relatively pristine sites, is consistent with
the literature (Pruden et al., 2012; Ashbolt et al., 2018; Keenum et al., 2022). Thus, one
possibility forsull andintl1, could be to establish log removalidelines, as has
similarly been applied to removal of viral gene copies in water reuse systems where
WHO recommends that technologies meet7alég removal rate (WHO, 2006).

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 el ganadfed
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resistance. For example, pharmaceutical wastewater and affected environments are
thought to pose such risk because of the elevated selection pressure imposed by high
concentrations of multiple active pharmaceutical ingredients (BengBalore &

Larsson, 2016; Manaia et al., 2022). For such a monitoring purpose, it is helpful to
incorporate a denominator, so that relative levels can be compared. In the case of ESBL
E. coli, normalizing to totaE. colican provide an indication of whether theisemnt

form survives better than the generic form. In this study, comparing ratios of ESBL
coli to totalE. coli, suggested that, although ESBLcoliexperience a net decrease
through treatment, the have a slight selective advantage, at leastameéer s
circumstanceslhe log difference between totl coliand ESBLE. colitrended around

a 2logs in wastewater influent (1.488 log) samples, and for all other sample types the
difference was primarily below-tbg (-0.2891.08 log). This is consistéwith findings

from Bréchet et al. (2014) that found relative enrichment of EEBtoliin comparison

to totalE. colithrough the wastewater treatment plant.

Similarly, it is common to track ratios etill andintl1 to the universal bacterial
housekeping gene, 16S rRNA, as a means to judge whether the relative proportions of
microorganisms carrying these genes are increasing or decreasing (Keenum et al., 2022).
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 (Davis et al., 2023),
but are more costly and require more specialized expertise. Correspondingly, there has
beena convergence of recent efforts to develop tools for classifying environmental
met agenomes in terms of their Aresi st ome
numbers of ARGs, their clinical relevance, their presence on a mobile genetic element,
andtheir likelihood of being carried by or transferred to a pathogen (Martinez et al.,

2015; Oh et al., 2018). Such metagenomic analytical tools similarly use denominators
such as annotated 16S rRNA genes or numbers of sequencing reads (Davis et al., 2023).
WastewaterBased Surveillance and Epidemiology

Wastewateibased surveillance entails monitoring influent wastewater for markers of
disease to inform public health efforts, while wastewhtsed epidemiology takes this a
step further by relating these measures to human disease (Larsen et al., 2021).
Substantial infrastructure was established for this purpose across the globe as a means to
track the spread of COVHR9, and there is interest in adapting this infrastructure to track
AMR (Pruden et al., 2021; Aarestrup and Woolhouse, 2020). In the contée present
study,sull andintl1 alone would not be very informative for such purposes, but adapting
gPCR to track emerging ARGs of concern, such as those that encode ESBLs (e.g.,
blaTEM, blaCTX-M), carbapenemasesidNDM, blaVIM, blaOXA), colistin resstance
(mcr), and tigecycline resistance{X) could be of value (Keenum et al., 2022;

Mi gobedzka et al ., 2022). Thbasedsureeilanceeff f or t s

AMR in wastewater, which would provide the advantage of simultaneoutargded
detection of ARGs, mobile genetic elements, and pathogens (Pruden et al., 2021;
Aarestrup and Woolhouse, 2020; Riquelme et al., 2022). There is a substantiafftrade
in terms of cost of metagenomics; however, and, even with the deepest of sequleacing,
detection limit will be on the order ofldg higher than that of gqPCR (Davis et al., 2023).
Tracking ESBLE. colicould also be of value to wastewabsarsed surveillance and
epidemiology by providing an indication of whether such infections akatdd in a
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community. One fundamental advantage of culture is that the isolates can be preserved
for additional analysis. For example, the isolates can be subject to phenotypic resistance
profiling and compared to clinical antibiogram data and tradepe in multiantibiotic
resistance. The isolates can also be subject to whole genome sequencing, which can be
used not only to track sources of thecoli, but also the molecular origin of their ARGs
(e.g., movement on a plasmid) and thus contribugstecological understanding of the
drivers of resistance as well.
Practical Considerations

We adapted the WHO Tricycle protocol by using modified mTEC instead of TBX as
the selective media, because the former is approved in an EPA standard method (1603)
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 nearly identical
resuts, with mTEC providing a slight increase in specificity (Calarco et al. in prep). The
results of the present study further demonstrate that the ESBtli methods tested here
produced highly comparable results across states, water utilities, anddaberat

The gPCR methods examined here have been deployed widely (Ashbolt et al., 2018;
Keenum et al., 2022), but have not been standardized. We found in this study that the
sull andintl1l assays were significantly correlated between labs, but therereatsry
discrepancy compared to t&e coliculture methods. Other studies have similarly
reported challenges in generating repeatable gPCR measurements between labs (Rocha et
al. 2019; Taylor et al., 2019: Sanders et al., 2014) due to variability in efandae
production and challenges with reproducibility (Grgicak et al., 2010; Rocha et al., 2019),
indicating that an effort to standardize such assays would be beneficial. Transitioning to
droplet digital PCR might help address some discrepancies;yjarly those associated
with differences in standard curves (given that no standard curve is required) (Kokkoris
et al., 2021). We performed a ddPCR analysis of a subset of samples and found that the
measurements were significantly correlated1: r> = 0.6028, p < 2.246;sull: =
0.351, p = 3.17443), but systematically about 6.d@nd 0.9 log lower than the
measurements performed at VT, il andintl1 respectively (Figure ST). It could not
be determined if this was due to degradation of Dax#act due to an additional freeze
thaw cycle, or because the gPCR assay systematically overestimated the number of gene
copies relative to ddPCR.

A challenge for all culturdbased methods is that the samples are subject to short
holding times and must Ealyzed upon receipt within a limited time window.
Considering six sample types in both biological and technical duplicate as a point of
comparison, ~5 hours was required for a team of 2 experienced researchers on the first
day and 12 hours for each adttbnal day required to achieve a pure culture for ultimate
species confirmation and/or isolation. Final results after species confirmation are
attainable twefour days after processing. In general, g°PCR methods allow greater
flexibility in their executim because, once samples are received and concentrated, they
can be preserved for extended period2@tC or-80°C prior to or after DNA extraction
(Li et al., 2018). In this study, 6 samples in biological and technical triplicate (+standard
curves and autrols) could be analyzed for baghill andintll within 3 workdays, given
two lab workers and two thermal cyclers. Day one was dedicated tecbibeentration
and storage of filters, day two to DNA extraction, and day three to gPCR. Thus,-person
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hours @ labor was estimated at 20 for culture (including time to prepare media in
advance) and at 30 for gPCR, for corresponding batches of all 72 and 48 samples. Based
on experience from this study, we estimate that as mamiés8&8mples could be

analyzed fothe two assays by gPCR in one batch, whil2&amples would be the limit

for 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 dplication as done here, the cost of consumables is between $120 and $225 for
the culture method. For a batch of six samples, collected in biological triplicate and
analyzed in technical triplicate by qPCR the cost of consumables is between $570 and
$650 fa the methods performed here (TableS$l In terms of capital costs, culture
requires an autoclave, a clean workspace, a water bath, and an incubator (Bable SI
The most essential capital cost for g°PCR is atiesd thermal cycler, which can cost on
the order of $20,00840,000 USD, as well as a homogenizing instrument to facilitate
DNA extraction. qPCR also generally also require3®aC freezer for storage of filters
and DNA extracts if analysis is not immediate. Conversion to droplet digitalifRORs
even greater capital cost, but may be worthwhile if the results are more consistent and
require less troublshooting. Given that US utilities are already required to mokitor
coli, there is generally less of a cost barrier as an entry point. \Woyweater utilities in
the US are more commonly becoming equipped with DNA analysis capabilities,
including thermal cyclers and technicians trained on gPCR methods. Liguori et al. (2022)
found that 8 out of 9 utility employees surveyed reported theinaggon has the
capacity to run qPCR.

QA/QC Recommendations

An advantage of thE. colimethod is that QA/QC criteria have already been
established in a manner harmonized with existing fecal indicator regulatory guidelines.
However, we found that forlargescale comparative study of this nature, it was not
practically feasible to process the samples within #8ehdur window specified by EPA
Standard Method 1603. We instead set a limit ahd@s to allow time for shipping, and
held the samples onado reduce dieff. The high level of replication between labs,
despite this modification, is encouraging. A study that examined the effects of holding
time on survival of culturablE. colifound thatE. coliconcentrations in 64% of samples
thatwere held on ice and concentrated by membrane filtration did not change
significantly after 48 h (Pope et al., 2008}hile it is desirable to process samples for
culturableE. colias quickly as possible, studies across large geographic areas require
shipping and extended holding times, dhdcoli concentrations are generally stable if
samples are held on ice.

Borchardt et al. (2021) recently recommended several QA/QC measures to
improve the accuracy and repeatability of gPCR when applied to environisemizes,
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
gPCR measurements in this study were significantly correlated bekameatories, the
correlations were weak and there were a number of samples with fairly discrepant
measures. Efficiencies antlaoefficients of the standard curves were found to differ
between the laboratories and might have contributed to the obsenvabliity. Standard
curves were included in each run, as recommended by EMMI, but errors in standard
preparation/quantification or differences in sample and standard chemistry could still
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affect measurements. Some sample types also have inherently maldiygamong
biological replicates that 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, significHiereinces in the
variance among biological gPCR replicates was only noted as a function of water utility
(Levene Test, p=0.0065), not water matrix (Levene Test, p= 0.62). Such variance as a
function of water utility could be a result of different persormadlecting the water or
unique onsite challenges to homogeneous sample collection. Interestingly, both sample
matrix and utility also had significant impact on variance among technical replicates.
This suggests that water chemistry might influence thé Bktract chemistry and
correspondingly influence measurements, e.g., through inhibition.

A power analysis for linear regression determined for 6 water matrices, 2 labs, and 6
utilities (72 gPCR samples), a sgloup sample size of 2.77 is required tdaii
significance at the level of 0.05 and a power of 0.8, indicating that, at a minimum,
biological triplicates are necessary to support statistical comparison for g°PCR analysis. It
was also noted that tlsill assay produced less variance among techm@plitates, as
compared to thentl1l assay (Figure 9). Thsull assay in particular has been used
historically in both laboratories and is well established, which could account for some
improved consistency across replicates.

A power analysis for lineaegression determined for 4 water matrices, 2 labs, and 6
utilities (48 culture samples), a sgboup sample size of 1.5 is required to obtain
significance at the level of 0.05 and a power of 0.7, indicating that, at a minimum,
biological duplicates areagessary to support statistical comparison for culture analysis.
For totalE. coliand ESBLE. coli, technical replicates centered closely around their
mean, but variation from mean did ultimately differ significantly by utility and water
matrix. Some vaadtion amongst technical replicates could be explained by researchers
error, and improved homogenization of sample and matrix prior to filtration may be able
to reduce this effect (Webb et al., 2003; Li et al., 2019). Biological replicates also varied
by utlity and water matrix, with a larger scale of variation observed upwardgogf fbr
both totalE. coliand for ESBLE. coli. The greatest variance within each sample type
was noted for wastewater influent and effluent, which is reasonable given theninhe
heterogeneity 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 biological replicates was contributeddly |
factors, ranging from chemistry of the wastewater to differences in technique applied by
personnel collecting the samples. Surface water is also subject to mixing and flow
conditions that can contribute to variance in biological replicate samples.
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methods utilized herein and are availabl¢éhe appendix
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Table SF1: Sample volumes used to concentrate samples for cultsagsaby membrane
filtration

Water Matrix Media Filtration Amount
Modified mTEC 1mL (at 16,3+
Modified mTEC w/ cefotaxime | 1 mL (at 16,23

Wastewater influent

Modified mTEC Up to 500 mL (until
filter refusal)

Modified mTEC w/ cefotaxime | Up to 500 mL (until

Wastewater effluent

filter refusal)

Modified mTEC Up to 500 mL (until

filter refusal)

Recycled Water
Modified mTEC w/ cefotaxime | Up to 500 mL (until

filter refusal)
Modified mTEC 1, 10, 100 mL
Modified mTEC w/ cefotaxime | 10, 100, 250 mL

Surface Water

(oo mo~ |
Figure S-1: Set up and submersion of culture plates in the water bath
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Table SI-2: Designated Uses & Impairment of Sampled Surface Water Bodies (EPA,

2022)
State Surface Water EPA Designated Usés Impaired?*
California | N/A; this site is regulated under The BEACH Act N/A2
Florida Aqua}tlc Life, Fish and Shellfis@onsumption, Swimming & Impaired
Boating

Florida Aque_ltlc Life, Fish and Shellfish Consumption, Swimming & Impaired
Boating

Georgia Drinking Water, Aquatic Life, Swimming & Boating Impaired

Nevada Aqua}tlc Life, Fish and Shellfish Consumpti@&wimming & Unknown
Boating, Other

Nevada Aqua_mc Life, Fish and Shellfish Consumption, Swimming & Good
Boating, Other

Nevada Aqua_tlc Life, Fish and Shellfish Consumption, Swimming & Good
Boating, Other

oo Aquatic Life, Fish andhellfish Consumption, Swimming & .
Virginia Impaired

Boating, Other

- 1EPA, 2022 (mywaterway.epa.gov)
- 2Impairment designations are only given to water bodies that are regulated

under the Clean Water Act (CWA); there are no comparable categorizations to

report for waters regulated under the BEACH Act.

Table SI-3: PCR Sequence for species confirmation hyidA

Target Type { SljdzZSy 0SS op Rationale Reference
Intercalating | F) E. coli specieg Modified

UidA g 9 | CAACGAACTGAACTGGCAGA: | = ; pt. 3 from Chern

ye R) CATTACGCTGCGATGGAT | contirmation 1, ., 5500+

*Chern et al. assay was published using a probe and was adatped here as an
intercalating dyebased assafor presence/absence of E. coli species.
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Table SI-4: gPCR Sequenceull/intl Gblock standard

Combined Gblock sequence for both sull and intl1:

tgcatgatctacgtgegtcacatgeagtacCGCACCGGAAACATCGCTGCACGTGCTGTCGAACCTTCAAAAGCTGAAGTC
GGCGTTGGGGCTTCCGCTATTGGTCTCGGTGTCGCGGAAATCCTTCTTGGGCGCCACCGTTGGCCTTCCTGTAA
AGGATCTGGGTCCAGCGAGCCTTGCGGCGGAACTTCAA gtgcaaactctaCTGGATTTCGATCACGGCACGATCA
TCGTGCGGGAGGGCAAGGGCTCCAAGGATCGG CTTGGCACCCAGCCTGCGCG
AGCAGCTGTCGCGTGCACGGGCATGGTGGCTGAAGGACCAGGCCGAGGGCCGCAGCGGCGTTGCGCTTCCCG
ACGCCCTTGAGCGGAAGTATCCGCGCGCCGGGCATTCCTGGCCGTGGTTCTGGGTTTTTGCGCAG
EGABEEATE CACGGAGCGGTGTCGTGCGTCGCCATCACATGTATGACCAGACCTTTCAGCGCGCCTTCAAACG
TGCCGTAGAACAAGCAGGCATCACGAAGCCCGCCACACCGCACACCCTCCGCCACTCGTTCGCGACGGCCTTGC
TCCGCAGCGGTTACGACATTCGAACCGTGCAGGATCTGCTCGGCCATTCCGACGTCTCTACGACGATGATTTAC
ACGCATGTcactagctcagattcagtagaccgctgttg
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both VirginiaTech and University of South Florida are combined for this analysis. Light

blue lines delineate a 1:1 relationship.
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Table SE5: Estimates and assumptions for cost analysis of methods for 6 samples
(plus biological and technical triplicate for gPCR; plus biological triplicate and
technical duplicate for culture)

. . Estimated
Lower Estimate, | UpperEstimate, .
Consumable | Estimated
Method Target Consumables Consumables
Cost per Hours
Only Only
Sample
total E. coli
Culture and ESBE. $120.35 $222.63 $20-37 8-9
coli
sull and
gPCR -~ $572.78 $ 645.93 $95-108 9-14
- Culture estimated hours for ontechnician; gPCR estimated hours range
from 1 to 2 technicians at upper estimate.
: - [26SN) SadAYlIiSa RSGSNYAYSR dzaAy 3
Assumptions:

preferred vendors.
- VLILISNI SadAYlGSa
as viewe without institutional login.

RSGUSNNYAYSR dza Ay 3

Table SI-6: Capital Costs Associated with Methods

Method Equipment Use Lower Estimate| Upper Estimate
Water Bath Incubation $591 $3,811
Culture Incubator Incubation $1,677 $8,643
Total equipment costs: $268¢ 12,454
Homogenizer DNA extraction | $12,607 $16,597
gPCR Mini centrifuge Preparation of | $178 $450
master mix
Thermal Cycler Run qPCR $20,000 $40,000
Maintenance/year Thermal cycler | $10,000 $12,000
Computer Edit gPCR cycleq $499 $1,500
and download
data
Total equipment costs: $43,28470,547
Homogenizer DNA extraction | $12,607 $16,597
ddPCR Mini centrifuge Preparation of | $178 $450
master mix
System with droplet | Uniform droplet | $132,610 176,814
enerator, plate generation,
9 P plate run,
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reader, and computer| download data

Plate sealer Uniform seal $4,293

$4,434

Total equipment costs: $149,688198, 295

*All three methods utilize a biosafety cabinet aad autoclavethereforethosepieces
of equipmentwerenot included in the comparative cost analyses.
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Table SI-7: Spearmancorrelation for each set of variables for which overall
correlations were presented in this paper, with relationship tested within each

individual water matrix to assess impact of water matrix variety.

Correlation: Wastewater | Wastewater | Recycled | Recycled| Surface Surface
' influent Effluent Input Effluent | Upstream | Downstream
Total E. coli| p=0.033 P =0.82 -* P =NA -* P =0.008
(VT x USF)| Rho¢0.75 Rho =0.63 Rho = NA Rho =1
ESBL E. coll P =0.017 P =NA -* P =NA -* P =0.043
(VT x USF)| Rho=0.82 | Rho =NA Rho = NA Rho =0.92
Sull P =0.98 P =0.56 -* P=0.026| -* P =0.66
(VT x USF)| Rho =0.49 | Rho = Rho = Rho =0.12
0.048 0.61
intll P =0.69 P =0.06 -* P=0.604| -* P =0.532
(VT x USF)| Rho =0.12 Rho = 0.57 Rho = Rho =0.077
0.077
Total E. coli| P =0.23 P=0.71 P=023 | P=024 | P=0.53 P =0.039
X sull Rho=0.21 | Rho=0.20 | Rho = Rho = Rho =0.0 | Rho =0.55
0.21 0.27
ESBL E. coll P =0.47 P =NA P=047 | P=0.18 | P=0.53 P=0.17
X sull Rho = 0.024 | Rho = NA Rho = Rho = Rho = Rho =0.32
0.024 0.34 0.051
Total E. P =0.631 P =0.96 P=0.63 | P=0.032| P=0.26 P=0.59
colixintll | Rho = Rho =0.58 | Rho = Rho = Rho = 0.4 | Rho =0.078
0.095 0.095 0.64
ESBIE. P=0.33 P =NA P=033 | P=0.046| P=0.11 P =0.036
colixintll | Rho=0.13 | Rho=NA Rho = Rho = Rho = Rho = 0.56
0.13 0.59 0.67

*recycledinfluent and surface upstream samples were not collected at USF and
therefore no correlation analysis was possible.

Statistically significant correlations bolded for emphasis.
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5 parameters across the utilities
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Figure SI-8: Utility operationaldata for the 2 weeks prior to sample eyeand 1 week

post sampling event. BOD, Ammonia, pH, and TSS different significantly amongst the
utilities where these data were available. Some parameters were missing for some

utilities due to the utility not collecting this data.
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Chapter 4: Extent of Removal of Key Antibiotic Resistance
Indicators by Advanced Water Treatment Processes and
Comparison to de facto Reuse Sources

Krista Liguori; Gabriel Maldonado Rivera; Jeanette Calarco; Valerie J. Harwood; Amy
Pruden

Abstract

While water reuse can help alleviate freshwater deficits in water scarce regions, it raises
concerns about potential human health impacts of exposure to contaminants surviving
treatment. Conventional treatment technologies have been designed to kill and/or remove
microorganisms, but parameters for ensuring removal and attenuation of antibiotic
resistance genes (ARGs) remain to be defined. Innovated advanced water treatments
(AWT) processes are beginning to be implemented and have primarily been designed for
difficult to remove contaminants, such as viruses and trace organic constituents (e.g.,
pharmaceuticals). Here we surveyed six conventional wastewater treatment plants
(WWTPSs) coupled with AWT reuse systems across the US in order to quantify the
removal of key idicators of antibiotic resistance proposed for monitorsud, intl1,

and cefotaximeesistanE. coli. We additionally compared these to the removal of total
bacteria (16S rRNA genes), the hunspecific fecal marker crAssphage, and t&al

coli. The indings indicate that the majority of reduction in antibiotic resistance indicators
occurs during conventional wastewater treatment, with some additional removal
occurring during AWT. However, selective enrichment of antibiotic resistance indicators
was asociated with some AWT treatment trains examined here. On average, finished
AWT water was not significantly lower in any of the three antibiotic resistance indicators
than corresponding surface waters where the WWTPS/AWT plants discharge. This study
helpsto define the extent to which key indicators of antibiotic resistance can be expected
to be removed or enriched by conventional WWTPs versus AWT and can guide selection
of effective water treatments for attenuating antibiotic resistance.

KEYWORDS: Recycled Water; Water Reuse; Wastewater Treatment; Antimicrobial
Resistance; Antibiotic resistance genes; Antibiotic resistant bacteria

Introduction

Antimicrobial resistance (AMR) is a global public health and economic threat, as drug
resistant infectiomates continue to rise (WHO, 2019; European Commission, 2017; US
DHHS, 2020; World Bank, 2017). World Bank simulations estimate that, by 2030, the
world economy will enter a gross domestic product (GDP) shortfall between $1 trillion
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and $3.4 trillion USD er year due to AMR (World Bank, 2017). Over the next 30 years,
projections estimate deaths from dimggistant infections exceed 10 million deaths per
year (IACG, 2019).

As AMR is now widely recognized as a complex, mdithensional One Health
(peopleanmals-environment) problem, there is increasing attention on environmental
dimensions contributing to its spread. Specifically within the water and wastewater
sector, there is interest in understanding how wastewater treatment can be optimized to
ensure rduction, not only in antibiotic resistant bacteria (ARB), but also antibiotic
resistance genes (ARGS) as the genetic determinants that encode resistance. A large
number of studies have now reported the detection of various measures of antibiotic
resistancen surface water, recreational water, drinking water, reuse water, and
wastewater across the world (e.g., Rizzo et al., 2013; Garner et al., 2018; Nappier et al.,
2020; Liguori et al., 2022). Ongoing research is aimed at linking various measures of
AMR with the human health risks associated with waterborne exposure, e.g., as a result
of gut, skin, and urinaryract colonization (Price et al., 2012; Leonard et al., 2015; Xie et
al., 2019; Feddersen et al., 2021).

Given that the source water is treated wasiter effluent, recycled water is
especially worthy of added consideration with respect to potential AMR risks (Hong et
al., 2018). Recycled water infrastructure is expanding throughout the US and globally to
expand and protect water resources, espedralijaterstressed regions. Numerous
studies have examined potential human health impacts of chemical and microbial
contaminants that survive wastewater treatment (WHO, 2017; Nappier et al., 2018). The
human health risks are associated with a variety pbgxre routes and largely depend on
whether the water is intended for potable or-potable reuse (Garner et al., 2016).
Common norpotable applications include: toilet flushing (Gerba et al., 1975), spray
irrigation (Rosenberg Goldstein et al., 2014;sBaud et al., 2008), decorative water
fountains (Hlady et al., 1993; Haupt et al., 2012; Palmore et al., 2009), and food crop
irrigation (Rose et al., 1986). Although recycled water quality requirements are often
benchmarked to those required for drinkvagter, it is important to also consider that
even if the water is not intended for potable reuse, there can still be potential exposures
via skin contact, aerosol inhalation, or irrigation of crops (Garner et al., 2016). Also, if
water reuse is not inteotially planned, then the alternative is typicallyfactoreuse,

e.g., a drinking water intake downstream from a wastewater discharge.

Many studies have reported the removal of ARGs and ARB from wastewater
treatment plants (WWTPSs) (Ashbolt et al. 2018)jak can vary due to influent
composition, treatment train sequence, and technologies utilized. Overall, treatment
plants reduce the load of AMR before discharge, but do not completely eliminate genes
or bacteria that are then polluted into the receiviodyt(Amarasiri et al., 2020; Nappier
et al., 2020; Hong et al., 2018). In this way, wastewater treatment plant discharges act as
a point source pollution of AMR into the aquatic environment. A review by Hiller at al.
(2019) found that across 18 studiesatabundance of ARGsihpC, bla, erm sul, tet,
vanA) were significantly lower in effluent compareditdluent. Some studies have found
increasing relative abundance of AMR through WWTPs (Che et al., 2019; Wang et al.,
2021; Cheng et al., 2021), indigagithat while overall levels were reduced during
treatment, the bacteria and genes most likely to survive treatment were those with
resistance to antimicrobial$his evidence supports the hypothesis that ARB are not only
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more resistant to antibiotic treaént than susceptible bacteria, but can be more resilient
to some treatments such as those used in conventional wastewater treatment. Karkman et
al. (2016) examined 254 genes in different classes, and found overall the sulfonamide
class of ARGs was the gntlass in which summed relative abundance was higher in the
effluent compared to influent at the examined WWTP. In terms of individual gene
targets, they found 8 particular genes that had statistically significant increase in relative
abundance in final astewater effluent compared to influent (Karman et al., 20163.
includes and is evidenced by the frequenbcourrence of antibiotic, biocide, and metal
resistance genes (Pal et al., 2015). Mao et al. (2015) found evidence that high levels of
antibioics and metals in wastewater influent were creating selective environments
throughout the WWTPs that selected for relative increases in AMR, while overall levels
of bacteria were decreasing through treatment. This furthers the evidence base
demonstratinghat resistant bacteria are more robust in terms of survival rates when
faced with environmental stress.

Fewer studies have examined the fate of ARB and ARGs during advanced water
treatments (AWT) employed for water reuse. Chen & Zhang (2013) examined thre
plants in China, each using a different water reuse treatments and found that ARGs were
removed at a rate between 1 and 3 orders of magnitude. Overall, Chen & Zhang found
that of the examined systems, constructed wetlands were most effective at relmadiving
total ARGs and relative abundance of ARGs. Hiller et al. (2019) found that studies
examining the impacts of AWT on AMR removal have largely resulted in differing
results and report data in a way that makes it difficult to compare. Still, Hiller et al.
observed the largest effect from ultrafiltration and nanofiltration for removing ARGs
based on review of available literature. Additionally, they found that UV and chlorination
were most effective in removal ARBs, which makes practical sense in thavdagtor
removing bacteria overall will lead to more deactivation of resistant bacteria as well
(Hiller et al., 2019).

Yang et al. (2019) examined the impacts of different advanced treatments on
ARG removal from wastewater, finding ultimately thatcanbination of advanced
methods is the best way to remove the maximum amount of ARGs. Specifically,
biological treatment coupled with ozonation and AGAC (amorphas granular activated
carbon) absorption resulted in the highest removal rates for the treatanestudied
(Yang et al., 2019). Lu et al. (2020) found that reverse osmosis filtration removed up to
1.8 logs alone and up to 3.9 logmoval when combined with an integrated membrane
process treatment train, which also includes microfiltration amdfiltitation in addition
to a conventional anaerobamoxicaerobic proces$Vang et al. (2021) found that across
four WWTPs in China, rates varied from 0:1§ to 2.91log removal of ARGs. The
additional removal rate provided by a properly designed Ak&in has the potential to
reduce or eliminate the ARGs and ARBSs prior to reuse or discharge to surface water
bodies.

Surface water pollution with antimicrobials, ARB, and ARGs pose a significant
risk to ecological health, the environmental microbiome,landan health. Surface
waters can be an exposure risk for human health through ingestion and dermal routes,
particularly through primary and secondary recreation. In addition, many surface waters
in the US serve as source waters for drinking water treatohamts, adding a level of
complexity and risk of direct ingestion of water contaminated with ARGs. While surface
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waters possess naturally occurring, background levels of ARGs and ARB,
anthropogenicalhsourced ARB, ARGs, residues of antimicrobials, aathpgen loads
present a greater risk to human health.

Point sources are likely one main pollution contributor of AMR in surface waters,
including untreated sewage (Nappier et al., 2020), treated wastewater (Czekalski et al.,
2014), and pharmaceutical digrges (Scott et al., 2018). While healthcare facilities have
higher concentrations of antibiotic and antimicrobial use, as well as pathogen loads, the
volume of municipal sewage carrying ARGs into the environment is far more abundant
and globally ubiquitas (Kraemer et al., 2019; Kiimmerer, 2009).

The purpose of this study was to quantify and compare the removal of
cefotaximeresistanEscherichia col(referred to as ESBE. coli), sull, andintl1
achieved by AWT facilities located across the US appledife purpose of water reuse,
as compared to the upstream WWTP processes and corresponding water bodies where the
effluents are discharged or stored. Removal of these AMR indicators is of particular
interest because they are being considered for stamdtoti for monitoring in water
environments (Liguori et al. 2022). The findings help to establish expected ranges of
removal rates for various treatment processes and achievable effluent levels as compared
to neighboring surface water bodies.

Methods

Sample Collection

Utilities where sampling occurred were chosen based on 3 criteria: (1) presence of a
recycled water treatment train, (2) represents a distinct geological region within the US,
(3) the ability to cooperate with the research pravide inkind labor during sampling.

This resulted in a total of six utilities across five states (California, Florida, Georgia,
Nevada, Virginia). In accordance with data privacy agreements, utilities are referred to by
a random letter code, where redet. Each plant utilized a distinct treatment tifain

both conventional treatment as well as the additional advanced treatment processes used,
which are outlined iTable Stland Table Si5. Conventional treatment stages all

included activated sludgéor each of the recycled water plants sampled, the details of
their postconventional treatment are outlined in Tablél plants except foD included
nutrient removal, and all except fGrincluded a filtration step.

Table 1:Overview of Each Recycledaiér Plant Sampled

- Plant
Utility State Capacity PostConventional Treatment Intended Recycled
Code Uses
(MGD)
A Florida 9 Nitrification/ Denitrification,
phosphorousemovaj Depth
filtration (sand); Chlorine Nor-potable reuse
disinfection
B Georgia 37* Nitrification/ Denitrification, .
Indirect potable reus
phosphorousemovaj Granular
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media/membrane filtration
(ultrafiltration); Ozone disinfection

C Virginia 1 Nitrification/ Denitrification,
phosphorousemovaj Sodium
hypochlorite disinfetion

Non-potable reuse
(de factoreuse)

D California 6 Inert media grauvity filtration;

Sodium hypochlorite disinfection Nor-potable reuse

E Florida 5 Nitrification/ Denitrification;
Shallow bed filtration; Chlorine  |Norn-potable reuse
disinfection

* Average daily flowvas the only measure of capacity available at time of publication.

Samples collected for this study included: wastewater influent, wastewater
effluent, treated recycled water, and a nearby surface water that has noikpasts
from the associated WWTP (Table 2). All samples were collected between August 2021
and March 2022, sampling is detailed in Liguori et al. (2023). Biological replicates were
collected on the same day and time, in separate bottles, and a new cellecssd for
each of the two independent labs, with two replicates for culture and three replicates for
gPCR in each set (Sl Figure 10).

Table 2:Samples Included in Analysis

Facilies | _ Blological
Type Treatment Stage #) Replicates per
sampling locatim
Wastewater Influent| Postsecondary clarifier 7 6

Wastewater Effluent| End of traditional
treatment train; 7 6
Disinfected effluent
Treated Recycled | Final effluent from

Water advanced treatment > 69
Ambient Water Nearby surface water,
without known discharge 6 39
from WWTP

Standardized operating procedures (SOPs) for sampling were developed in a prior
study and are publicly available in Liguori et al., 2023 and on the Water Antibiotic
Resistance Database (WARD) (https://ward.cs.vt.edu). For wastewater influent and
effluent amples, the individual conducting sampling was instructed to flush the valve
before sampling, by opening the valve/sample port and allowing wastewater to run for 30
seconds. Then, they were to remove the bottlewdpout touching the inside of the cap
or the inside of the bottle and place the open bottle such that the appropriate sampling
port is just inside the bottle, but not touching the inside of the bottle. The sampler fills
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each bottle until sample water reaches the neck of the bottle, then seplacap and
repeat the process for all remaining sample bottles.

For surface water samples taken upstream and downstream of the wastewater
effluent discharge site, the individual conducting sampling was instructed to sample
upstream at a point within aasonable distance allowing a proper comparison to the
downstream sample. The downstream sample should be taken as close as reasonably
possible after the effluent has mixed with the receiving water. The sampler then collects 1
L from center of flow, ~1ft blow surface, making sure to wait for stream/river to clear of
resuspended sediment. To sample under water, samplers keep the bottle capped, place
under the surface of the flow upstream of your body, then open bottle to take sample and
recap. This is repéed for all remaining sample bottles. Metadata is collected at both
surface water sites as well during sampling, including collecting the GPS coordinates of
the sample locations and collecting temperature and turbidity, if possible.

Upon completion of edcsample, all bottles were returned to the cooler with the
frozen ice packs as soon as possible. After all sampling steps have been completed,
metadata was collected from the plant, including total and free chlorine, ammonia,
temperature, pH, turbidity, drconductivity. When all bottles and frozen ice packs are
returned to cooler, the return labels are affixed to the outside and coolers and thoroughly
taped shut before being dropped at the agegsesh UPS PickUp location. Return
shipping waserdminghtuskEargl i®®Ovt o ensure arrival
sampling.

Sample Processing

Upon arrival of the coolers at the laboratory, they were immediately placed into
new coolers with fresh ice, then processed. Sample processing included filter
concentrationgulturing filters, and storage of filters destined for further molecular
analysis. Filter concentration was conducted using vacuum filtration. For samples
destined for molecular quantification via gqPCR, 0.22 um filters were used, then stored in
cryotubes wh 50% ethanol a20°C. For samples destined for culture, 0.45 pum filters
were used and then plated onto media immediately.

Culture

The culture media used in this study was modified mTEC (BD BifcBranklin
Lakes, NJ). Filters were placed onto preggghmedia with antibiotic (cefotaxime 4 pg/ml)
and without antibiotics, in technical duplicate using flesterilized tweezers. Plates were
then incubated for 2 hours at 37°C before being transferred to a preheated water bath at
44.5°C for an additional 22ours. Colonies were counted at the end of thdid#
period (+¢ 2 hours) and recorded. A subset of colonies was further isolated and pure
cultured prior to running a PCR confirmation assay to confirm to species (Chern et al.,
2009).

gPCR

gPCR assgs were performed following previously published methodologies
(Liguori et al., 2023) and utilizing the primers and probes published in Barraud et al.
(2010), Pei et al. (2006), Suzuki et al. (2000), and Stachler et al. (2017), as summarized
in Table 2 andun parameters are detailed in TabledSThe limit of detection (LOD)
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was determined as the lowest point on the standard curve that amplified in at least 2/3
technical replicates. The limit of quantification (LOQ) was determined by the lowest
point on he standard curve that amplified in all 3/3 technical replicates; in some cases,
the LOD and LOQ were the same. When a sample point fell below the LOD it was
assigned a value of 1.25 for gPCR analyses andhalfi¢he LOD for culture analyses, to
enable tkir inclusion in further analyses. If a sample fell above the LOD for gPCR but
below the LOQ, it was assigned a value of ¥2 the LOQ.

All gPCR data fosull andintl1 were plotted normalized to either the
corresponding sample volume or to total 16S rRNA genes. Figures with 16S
normalization can be found in the SI. gPCR data were normalized by dividing the gene
copies/mL of ARG by the gene copies/mL 16S rRNA for gaashe sampled (Keenum et
al., 2022).

Table 2 gPCR assays, primers and probes used in this study

Target PrimeB3®)(506 Probe Citation
6-FAM)
. (F) GCCTTGATGTTACCCGAGAG: | ¢ Barraud et al.,
intl 1 (R) GATCGGTCGAATGCGTGT ATTCCTGGCCGTGGT 5,
TCTGGGTTTT(BHQL)
(F) CGCACCGGAAACATCGCTGCAC; .
sull (R) TGAAGTTCCGCCGCAAGGCTCG | 2 Pei etal., 2006
(F) CGGTGAATACGTTCYCGG Suzuki et al.,
16STRNA | (R) GGWTACCTTGTTACGACTT n/a 2000
(FICAGAAGTACAAACTCCTAAAAA | L\
crAssphage| ACGTAGAG Stachler et al.,
AATAACGATTTACG
(056) '&Fg éBATGACCAATAAACAAGCCATT TGATGTAAC MGE] | 2017

Data Analysis

Data were aggregated in Excel (16.70) and all statistical analyses were conducted in
RStudio (4.1.2). Both original data and {sgnsformed data were tested for normality
using ShapiréWilks test, which indicated the data were not normally distributed
(ShapirocWilk, p < 2.2e16) and therefore parametric tests were utilized throughout. Log
transformed data were paired by lab, utility, and sample type, then effluents were
subtracted from influents to determine log removals. Biological replicates were ahalyze
in parallel at two laboratories, Virginia Tech and University of South Florida (USF). The
data for these replicates was combined here due to previous research showing no
significant difference between the laboratories. However, USF did not collectegcycl
influent or surface upstream, therefore for cultu @ological replicates were binned
for each sample and for gPCR6diological replicates were binned for each sample
(Liguori et al., in prep (Chapter 3)).

Analysis was done to determine groupingsamples into water matrices categories,
notably surface water which were collected upstream and downstream of wastewater
discharges, as well as in other nearby, ambient surface water bodies. Surface water
upstream and ambient surface water were conddaye&ruskalWallis to determine if
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the concentrations were significantly different overall (p = 0.1751). With no difference

detected, and with the rationale that the two groups both represent surface water that are

not receiving the discharge water from¢ pl ant s, the two were merg

watero category and treated as such througho
Differences in detection of ARGs and culture targets were tested using Kruskal

Wal lis tests. Dunndos test, witoswhrethd err oni c

KruskalWallis test rejected the null in order to further assess pairwise comparisons

across groups. To determine if variability amongst samples varied by water type or

location, FlignetKilleen tests were conducted.

Results

Removal during Conventional Wastewater Treatment

All wastewater influent and effluent samples were compared (Figure 1). Overall,
wastewater influent contained higher total concentrations ofdudthandintll genes as
compared to the wastewater effluent (Kruskadllis, p=2.2e16). Variability was much
higher amongst the wastewater influent samples compared to effluent (fKigjaen,
p=2.2e16). With all utilities combined, the overall removaliaiil achieved by the
WWTPs wa<2.76-log and forsull removal wa£.69-log.
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Log10(Gene Copies/mL)
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Figure 1. Log10 concenttion of gene copies in wastewater influent compared to
effluent, with all biological replicates binned from both labs. Utility B did not have a
comparable sampling site for wastewater effluent and therefore has no data.

Concentrations of culture targetppeared similar in magnitude in the wastewater

influent and effluent samples collected across the utilities (Figure 3). Wastewater influent
had higher concentrations of Total coliand ESBL- E. coli (KruskalWallis, p= <2.2e
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16) as compared to wastewater effluent. EEBIcoliwere found at concentrations2l
logs lower than TotdE. coliin the influent, but after treatment both culture targets were
detected within a comparable range. The results estimated an overall agenagal of
Total E. coliby 6.7 logs and a removal of ESHL. coliof 4.8 logs.
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Figure 3: Log10 CFUs per 100 ml of Total E. calof) and presumptive ESBL E. coli
(botton) across six utilities entering (influented) and leaving (effluenblue) thar
respective wastewater treatment traNondetects were coded at %2 the detection limit,
raning 0.1 to 0.5 CFU per 100 ml to maintain them in analyses, whetndogformed
these show up around 0.0 on the graph.

Removal during Advanced Treatment

All recycled water samples were plotted together and visualized using a boxplot (Figure
4), with the gene target differentiated by color. In the recycled water samples the
concentratiomanges overlap significantly between the influent and effluent samples. The
trends of the violin indicate that recycled influent samples tend to be higher in
concentration (Kruskalallis, p=0.03), around the 4@ 1 range. Higher variability

was noted in recycled effluent sample concentration, with the majority of samples fal

in the range of 1Mo 1 gene copies/mL. A Fligne(illeen test, for norparametric

data, indicated that variability was significantly higher in the effluent group (p=0.02175).
Forintl1l andsull, aslight enrichment of gene copies was observed by#&hd?.03log
increase in effluent compared to recytieput respectively
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Figure 4: Log10 concentration of gene copies in recycled water influent compared to
effluent, with all samples binned from both processing laboratories.

Figure 5 compares the removal ratesuwll andintl1 observed for eacdttility during

recycled treatment. Overall, most recycled treatment processes achieved additional
removal, although the magnitude of that removal varied drastically. The removal rates
achieved also differed across utilities (Kruskéllis, p=0.02). Someplants saw no

removal between the influent and effluent in these sample sets, and two sample sets show
higher rates of one of the gene targets in the effluent than in the influent.

Log10(Gene Copies/mL)

intl1

sul1 ]

Water Matrix
® Recycled Influent

® Recycled Effluent

T @ O Q &

T @ O Q

Utility

10¢



Figure 5: Log10 concentration of gene copies in recycled water infl(green)
compared to final effluent from recycled water treatment (orange) in the same sampling
set. Note that only samples processed at VT are included, because recycled water influent
was not collected at USF.

Concentrations of culture targetere examineth recycled influent and recycled
effluent across the utilities sampled (Figure 6). EEBlcoliwere found at
concentrations-2 logs lower than Totdt. coliin the water entering recycled treatment,
but ater advanced treatment both culture targets were detected within a comparable
range. The results indicated a kial§ removal of ESBLE. coliand a relative increase in
Total E. coliby 0.12log.
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Figure 6: Log10 CFUs per 100 ml of Total E. calop) and ESBL E. coliottom
across six utilities enteringy(eer) and leaving grange their respective advanced water
treatment train. Fewer samples were collected for recycled influent compared to effluent
due to the influent samples not beamplyzed at USHANon-detects were coded at ¥z the
detection limit, raning 0.1 to 0.5 CFU per 100 ml to maintain them in analyses, when log
transformed these show up around 0.0 on the graph.

Comparison of Treated Recycled Water to Relevant Surface Water
intl1 andsull gene target concentrations amongst the three types of surface water

sampled (upstream, downstream, and ambient) are shown in FigbifEoSEst for an
impact on downstream water quality, the delta between upstream and downstream
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concentratios were calculated for each sampling site, these deltas were found to differ
by site (KruskalWallis, p=0.01), indicating the impact of the effluent on the receiving
body differs by utility.

No significant difference were found between the upstream suwfater samples and the
ambient surface water samples (KrusWédllis, p=0.3870), therefore they were binned
together for statistical comparison to other water categories. Ambient surface water
samples and upstream samples were combined to represemtagted water as a

comparison for the downstream samples. Figure 7 compares the concentration ranges for
intll andsull genes in the upstream/ambient versus downstream waters.
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Figure 7: Log10 concentration of intl1 (top) and sull (bottom) in ambieneserivaters
(green) as compared to impacted surface waters downstream of effluent discharge (blue),
across six utilities.

Concentrations of culture targets differed across the utilities sampled for surface waters,
including upstream and downstream of Wesstewater discharge, as well as a separate
ambient site (Figure 9). ESBE. coliwere found at concentrations3dogs lower than

Total E. coliin all of the surface waters. The results estimate a quageeduction of

Total E. colibetween upstream drdownstream surface waters. However, for EEBL

coli a small increase was observed in the downstream as compared to the upstream
surface waters (0.0135 log).
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Figure 9: Log10 CFUs per 100 ml of Total E. calof) and ESBL E. coliottom
across siutilities sampled, for three surface water types. Fewer samples were collected
for upstream surface waters compared to downstream due to the upstream samples not
being collected by USRondetects were coded at ¥z the detection limit, raning 0.1 to
0.5 CFUper 100 ml to maintain them in analyses, whenttagsformed these show up
around 0.0 on the graph.

Recycled water effluent was compared to wastewater effluent in order to determine if
significant improvements are made in water quality discharged tec¢ké/ing body

(Figure 10). The individual samples were plotted by sample set, with the overall boxplot
overlayed to demonstrate the mean and quartiles. Foirititandsull, the mean for
recycled effluent samples was lower than that of the wastewater effluent samples, but
their ranges otherwise overlap. No significant difference was found between the two
groups by KruskaWallis (p=0.1). A paired-test was conducted by piaig the recycled
effluent and wastewater effluent samples by sampling event and processing laboratory,
which found no significant difference between the two water typesutbrorintl1
(p=0.2826).

AWT Effluent vs. surface waters forde factoReuse

Nearby surface waters were compared to the recycled effluent here, to determine
if the use of recycled effluent for planned reuse would be superiatédactosystem
that draws source waters from nearby surface bodies. Further information on these
surfece bodies is provided in Sl

The final recycled effluent was compared to nearbynypacted surface waters to
determine the pollution potential of these discharged waters (Figure 11). The ranges of
sull andintl1 observed for recycled water effluent waand to be comparable to the
surface waters, although the range of data points is larger in recycled samples. A-Kruskal
Wallis test finds no significant difference between the means for each gene target
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comparing recycled effluent to concentrations iarbg surface water (p=0.23). The gene
concentrations were not found to significantly differ when comparing recycled effluent,
ambient surface waters, and downstream surface waters (kivskiad, p=0.17).
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Figure 11 Log10 concentration of intl1 and dugene copies in recycled water effluent
(green) compared to nearby ambient surface waters believed toibganted by
discharged effluents (orange). Biological replicates are binned for both labs. Utilities
without one or more sample types were remdraa this analysis.

Discussion

This study assesses the extenindfl, sull, total E. coli, and ESBLE. coliremoved
from conventional wastewater and AWT for water reuse while examining whether
removal rates of a gene target correlate with removal chtesistant bacteria. In
general, conventional WWTPs were found to be responsible fondfaity of observed
removal of the targets measured here where between 4lagdd&moval was observed
for sull andintl1 across all sites. In some cases, AWTiegkd additional removal, but
in other cases, AWT appeared to actually contribute to selective enrichment of the AMR
targets. On average, an additional removalbfldg was observed for these genes by
AWT, when all samples are combined.
Fecal and Bacteial Indicators

To compare the removal of indicators of antibiotic resistance to removal of fecal
indicators, crAssphage genes were quantified in all samples analyzed at Virginia Tech. A
more recently discovered fecal indicator which is even more hspeific is the
crAssphage gene, which has been tied to anthropogenic impact in water environments
(Karman et al., 2019; Davis et al., 2020) and human fecal metagenomes (Dutilh et al.,
2014). 16S rRNA genes, on the other hand, provide a more general indidatai
bacterial removal. Normalizing ARG measures to 16S rRNA genes is also commonly
applied as a proxy for estimating the proportion of the bacterial population carrying
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ARGs (ARG per 16S rRNA) across sample types, assays, and environments (Keenum et
al., 2022).

In some plants, selective enrichment was observed of some genes through
conventional wastewater treatment, as indicated by an increase in relative abundance
coupled with overall decrease in gene abundance. This trend was particularly evident in
Utility C, where a removal of 2.1%&nd 2.16log was observed fantil andsull
abundances, however when 16S normalized, the relative abundance of both genes was
higher in effluent than influent by an average of 24r&d 2.18log, respectively. This
may indicate that the treatment train utilized at Utility C actually selectivelghes
indicators of antibiotic resistance, while overall gene copies decrease the relative number
of then gene indicators increases. Utility C uses a secondaag® bardenpho treatment
train followed by disinfection by sodium hypochlorite.

Removal ancEnrichment of Antibiotic Resistance Indicator Genes

Among the AWT plants, it was again observed that some selective enrichment of
gene targets was observed at some of the utilities. Notably, an increase in total abundance
of bothintl1 andsull is observe at Utility A through advanced treatment, however when
16S normalized this trend reverses and an overall reduction in relative abundance was
observed. This suggests that bacterial populations in general were increasing through
treatment, which elevatedtéd numbers ofull andintll, although they were not
selectively enriched. At Utility B, a small increase was observed initdkhlabundance
in the effluent compared to the AWT influent. This trend is exacerbated when 16S
normalized, the relative abuaice was several logs higher in effluent compared to
influent.

Removal and Enrichment of Total and ESBL E. coli

Conventional wastewater treatment effectively removed culturable Eotali and
ESBLE. coliacross all six sites to belowldg. Results otained from the culture
methods here did not indicate any selective enrichment of EESBalithrough
conventional treatment, though colilevels in the effluent were near or below the
detection limit for all sites.

The water entering advanced treatmead already been treated by conventional and
therefore generally had Total and ESBLcolidetections at or below the detection limit.
Utility B was the exception here, with one sample testing for abtag2of ESBLE.
coli in the water entering advaed treatment. All utilities saw an overall reduction in
Total and ESBLE. colifrom water entering advanced treatment to the recycled effluent,
except for Utility D. However, the results do not indicate selective enrichment due to the
fact that near equédvels of Total and ESBE. coliwere detected in the effluent
samples from Utility D.

In terms of surface water pollution, concentrations of Total and ESRbliwere
comparable across upstream and downstream categorizations, within each site. This
evidence does not suggest any strong increase in the concentrdtiocobdownstream
of wastewater discharge points. This could indicate no impact of the discharge on
culturableE. coli, or could be due to the locations where samples were collected.
Condusions and Next Steps

This paper addresses the needs to examine the impact of advanced recycled water
treatment technologies on the quality of final effluent and thereby the impact on receiving
surface bodies and the suitability of its use as a sourakifking water treatment
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plants. The evidence herein suggests that current AWT, when designed properly, can
effectively remove sufficient ARGs and indicators of antibiotic resistance to be
discharged to a local water body with minimal effects and witbausing a significant
increase in the abundance of ARGs present. The evidence also suggests that these
effluents are comparable in quality, in terms of AMR indicators, as other ambient water
sources being used as drinking water sources in these regioas ter United States.
Further research is needed to determine under what conditions advanced treatment
can act as a selective pressure or enable the accumulation of ARGs in treated waters.
Additionally, ongoing research seeks to determine the best tegm®and applications
or combinations of said technologies for the removal of genetic determinants of AMR or
other humasrelevant infections.
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Table SI-1: Overview of Each Wastewater Plant Sampled, Conventional Treatment

Utility Code State | Plant Capacity (MGD) | Time Sampling Began| Weather
A Florida 9 ~8 am Clear
B Georgia 60 8 am Clear
C Virginia 30 11:40 am Clear
D California 25 - Clear
E Florida 33 9 am Overcast
F* Nevada** 100 - Clear
G Nevada 5 - Clear

* Surface water discharge upstream of a lake which serves as a DW source
** Enhanced nutrient removal

Table SI-2: Metadata collected from each utility

Chlorine|Chlorine .| Temp ... |Conductivity
State | Date |Water Type Total Eree Ammonia © pH |Turbidity us/cm
Florida | 9/21/21| Wastewatert 1 \va | 21.36 | 285 [7.12] na 1617
Influent
Florida |o/21/21| Wastewater) <0.01 11 504 | 304 [7.11] 06 1210
Effluent mg/L
Florida |o/21/21|  Surface n/a nfa | 0117 | 27.3 |7.21| 46 382
Upstream
Florida |9/21/21| Surface n/a n/a 0.175 28,5 |7.39 2.43 820

114



Downstream

Wastewater

Georgia|10/18/22 n/a n/a 32.2 20.6 (7.41] 731 n/a
Influent
Georgia|10/18/22 Wastewater n/a n/a - nfa | n/a n/a n/a
Effluent
Georgialto/ie/2]  Surface | | : 232 [7.77] o0.42 45.9
Upstream
Georgial10/18/24 _ Surface |, n/a - 232 |7.33| 042 46
Downstrean
Surface
Georgia|10/18/21Downstream| n/a n/a - 23.2 (7.08] 0.41 45.9
further
Nevada| 11/g/21| \Wastewaten 24.6
Influent
Nevada| 11/g/21| Vastewater 24.8
Effluent
Nevada( 11/8/21 Surface n/a n/a
Upstream
Surface
Nevada( 11/8/21 Downstrean n/a n/a
Californig 1/24/22 V"I";‘]";'ltfgft‘ter nfa | nia [53.7mgiL|69.3°F 75| nia 1640
Californig 1/24/22| Wastewaterl <o.0l | 0.02 1, o il 74 3°F 75 | 1.0 NTU| 1260
Effluent mg/L mg/L
H20-
Californid 1/24/22|  SUface | a | e . | 80LFlg 9326 NTU[ 1760
Upstream air- 73.5
°F
H20-
. Surface 67.3F
Californig 1/24/22 Downstrean n/a n/a - air-67.4 8.2218.22 NTU 1370
°F
Virginia | 2/0722 | Wastewater | pja - |14.148|6.98| 55.8 0.848
Influent
o Wastewater|
Virginia | 2/9/22 Effluent n/a n/a - 15.03|7.14| 16.54 0.695
Virginia | 270722 | Surface 01 a i 57 |7.88| 037 | 23204
Upstream
Virginia | 2/9/22 DS“rface n/a nla - 47 |7.48 -2.1 26.857
ownstrean
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Florida | 3/10/22| Vastewaten n | na | >12mg| 23.8 [8.02] nia nia
Influent
Florida | 3/10/22 \Wastewater 3.2 | ;0 | 0058 | 26.8 [7.26| 0.93 n/a
Effluent mg/L
Florida [3/10/22  Surface | | g . 24.1 |7.87| 4.42 521
Upstream
Florida |3/10/22| _ SUface | pa | pja - | 241 | 78| 435 532
Downstrean]
Table SI-3: Characteristics of Selected Sampling Sites (EPA, 2022)
State Utility WWTP Surface Water EPA Designated Impaired?*
Code Pop. Used
Served
. N/A,; this site is regulated under 2
California| D 250,000 The BEACH Act N/A
Aquatic Life, Fish and Shellfish
Florida A 81,589* Consumption, Swimming & Impaired
Boating
Aquatic Life, Fish and Shellfish
Florida E 220,000 ConsumptionSwimming & Impaired
Boating
: Drinking Water, Aquatic Life, :
Georgia | B 606,263 Swimming & Boating Impaired
Aquatic Life, Fish and Shellfish 1 site Unknown:
Nevada |F&G 86,000 Consumption, Swimming & . '
. 2 sites Good
Boating, Other
Aquatic Life, Fish and Shellfish
Virginia |C 197,608 Consumption, Swimming & Impaired
Boating, Other

- 1EPA, 2022 (mywaterway.epa.gov)

- ?Impairment designations are only given to waterways which are regulated under
the Clean Water Act (CWA); there are no comparable categimniis to report for

waters regulated under the BEACH Act.
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Table SI-4: gPCR Run Parameters

Melt
Target 1 2 3 4
Curve
98C | 2:00 [ 98C | 0:05 55 0:05 | Repeat steps
16S rRNA peat steps
2-3, 39 times
wull 95C [ 1500 95C | 0:15 | 65C [ 0:30 | Repeat steps
2-3,49 times y
. 95C [ 10:00| 95C | 0:30 | 60C | 1:00 Repeat steps
intll , n
2-3,44times
crAssphage | 95C | 3:00 | 95C | 0:10 | 60C [ 0:30 | Repeat steps n
(056) 2-3, 39 times
Table SI-5: Simplified Treatment Train for all Plants Sampled
Utility A B C D E F G
Bioloaical Activated Activated slud Activated Activated Activated Activated Activated
fologica sludge clivaled sludge sludge sludge sludge sludge sludge
L . - . . ‘Nitrification Nitrification/
. Nltnﬁlcz?\tlon_ Nltrlﬁqatloplpanlal /Denitrification - . Nitrification/ partial
Nutrient /Denitrification, 'denitrification, Nitrification . o .
Removal hosphorous phosphorus and . /Denitrification P2rtial denitrification,
v phosp | us jpnosp | phosphorus trimeation’ yenitrification Phosphorus
remova remova removal removal
Granular media/ Membrane
Filtration Depth filtration Memprane - Inert_medla Shallow bed ffiltration Dual media
(sand) filtration gravity trafiltrati
(ultrafiltration) (ultrafiltration)
. . . Sodium Sodium ) Sodium ,
Disinfection:Chorine gas 'Ozone hypochlorite hypochlorite Chlorine hypochlorite Ultraviolet
Indirect
Non- Indirect potable Surf. t Surface Surf t Non- potable reuse
End Uses agricultural reuse via surface d.u ﬁce Waler water d.u Ece water agricultural  ‘via surface
irrigation water discharge Ischarge discharge Ischarge irrigation water
discharge
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Figure SI-1: Abundance of Fecal indicators, 16S and crAssphage

Figure SI-2: 16Snormalized version of Figure 1, with 1og10 concentration of gene
copies in wastewater influent compared to effluent, with all samples binned from across
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