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Krista M. Liguori 

ABSTRACT 

 

Antimicrobial resistance (AMR) is a One-Health (human, animal, environment) 

challenge that requires collaborative, 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 targets 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 of aquatic environments was developed through a 

combination of literature review and stakeholder input, via surveys and a workshop. 

Through this process, three targets were selected for standardization: the sulfonamide 

resistance gene (sul1), the class 1 integron integrase gene (intI1), and cefotaxime-

resistant Escherichia coli. Quantitative polymerase chain reaction (qPCR)- and culture-

based protocols were developed and pilot tested in two independent laboratories on a set 

of six water matrices: wastewater, recycled 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 targets. Finally, qPCR and culture methods were used to 

examine the relationship between sul1, intI1, E. coli, and fecal indicators in private 

household wells across four states in the Southern USA that were identified as 

susceptible to storm events. The overall findings 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.  
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Environments and Application to Wastewater, Recycled Water, Surface Water, and 
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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, are a double-edged sword, because 

they are an effective weapon for killing disease-causing pathogens, but the more 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 importance of antibiotic stewardship and other mitigation 

strategies. However, numerous data gaps need to be addressed in order to identify 

strategies that are most likely to be effective and to implement them. Environmental 

surveillance, including wastewater influent, wastewater effluent, and surface 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 environments and to test it across 

an array of sample types. We considered an array of possible culture- and DNA-based 

targets from available scientific literature and engaged experts and stakeholders in 

narrowing down the list to options that were both informative and feasible. We developed 

protocols for quantifying an antibiotic resistance gene (sul1), a mobile genetic element 

that has been implicated in the spread of multi-antibiotic resistance (intI1), and an 

extended spectrum beta-lactamase (ESBL) producing form of Escherichia 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 household well 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 

ñSuperbugs,ò drug failures, and deadly infections ï what truths are behind media 

claims that a ñpost-antibioticò era is imminent? 

Antibiotics were first discovered in 1928 and by the time of World War II were used 

to treat battle wounds and pneumonia (Arnaud, 2005). Throughout the war, production 

was rapidly 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 

miracle drugs, ñThen there is the danger that the ignorant man may easily underdose 

himself and, by exposing his microbes to nonlethal quantities of the drug, make them 

resistant (Arnaud, 2005).ò  
Nearly 100 years since the original discovery, we are seeing the wide-scale 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 new antibiotics, 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 been observed. 

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 and can trigger the 

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, viruses, fungi, 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), thus, is a broader 

term that refers to the adaptation of a microbe to survive antimicrobial treatment. In 2016, 

a report which produced projections of AMR rates came out with a jarring estimate that 

deaths attributable to AMR would exceed cancer deaths by 2050 (OôNeill, 2016).  

In global public health, the most concerning cases of AMR have arisen in the 

treatment of high-morbidity infectious diseases, including both tuberculosis (TB), caused 

by the bacterium Mycobacterium tuberculosis, and 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 with drug-resistance 

testing in HIV treatment, the World Health Organization (WHO) estimates the rates of 

drug-resistance 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 
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are intertwined, 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-19 virus. TB has a long history of outbreaks and 

continues to be endemic in many countries, particularly impacting low-income 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 first drug-resistance 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 of multi-drug 

resistant TB (MDR-TB) and extensively drug-resistant TB (XDR-TB). Today we face the 

threat of the potential spread of XDR-TB, a form of the infection that is resistant to 

nearly all available antibiotic treatments. WHOôs Global Tuberculosis Report 2022 

indicates a global treatment success rate of only 60% for drug-resistant strains (WHO, 

2022). 

While the fearmongering that comes from using phrases like ñsuperbugsò and 

painting a picture of the bleakness of a ñpost-antibioticò world are extreme, plenty of 

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 increasingly being 

recognized, as elaborated upon in a recent UNEP report, ñBracing for Superbugs: 

Strengthening Environmental Action in the One Health Response to AMRò (UNEP, 

2023). Environmental dimensions to AMR are essentially three-fold as a source, 

incubator, and conduit 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 medicine; AMR 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 extremely diverse 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 susceptibility to 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 environment 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 microbes, 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, wastewater treatment plants receive sewage that is rich in 

antimicrobials, pathogens, resistant microbes and their ARGs. This has led to concerns 



 3 

that the biological treatment processes within could potentially represent an ideal 

breeding grounds for horizontal transfer or ARGs among resident bacteria. Such 

environments have been conceptualized as ñgenetic reactorsò for amplifying AMR 

(Baquero et al., 2008). Correspondingly, it has been advised to avoid applying biological 

treatment to pharmaceutical wastes, which contain 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; Bengtsson-Palme & Larsson, 2016).  

Finally, the environment itself can be a conduit 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 sanitation and hygiene (WASH) in mitigating AMR, 

particularly in low-income 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 associated collateral 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 health (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 wastewater-based 

surveillance (WBS) as a valuable tool for assessing and tracking levels of human 

pathogens in the community, which can then be related to the incidence of infection 

(Choi et al., 2018). Interest in WBS for the purpose of tracking AMR was beginning to 

gather momentum just prior to the COVID-19 pandemic to uncover how to monitor 

AMR in wastewater matrices, as well as how to interpret the data collected. Widespread 

investments in resources, technology, and labor required for WBS of SARS-CoV-2, has 

now created infrastructure that can be harnessed to study and monitor other human health 

concerns, specifically AMR (Pruden et al., 2021).  

During the peak of the COVID-19 pandemic, WBS was used by continuously 

capturing a subset of sewage over regular time intervals (Randazzo et al., 2020). These 

subsets were subject to reverse transcription (RT) quantitative PCR (qPCR) testing for 

SARS-CoV-2 specific genes. Upticks in the concentrations of these genes could then be 

reported on public-facing dashboards or directly to local health 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 surveillance ï when samples 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 al., 2021). 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 indicators in the water system, such as new or 

unregulated pollution sources.  
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Environmental monitoring aims to uncover the role of the environment in the spread 

of AMR, while simultaneously providing a means to identify emergence of resistance 

determinants of concern. Utilizing sewage to detect increases in resistant organisms and 

ARGs can assist local health departments in their programming and to ensure proper 

interventions are made to prevent outbreaks of drug-resistant infections. Much 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 change in community health or 

increased risk to human health in that community (Diamond et al., 2022). By reacting to 

early signs observed in the environment, public health practitioners can further analyze 

the data available and uncover explanatory factors. These data may 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 antibiotics (Otto 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 how, when, 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 identified, then concerted 

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 reduce human exposure 

(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 

exposures, 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 food-production, irrigation water can act as a source of contamination for 

produce (Islam et al., 2004; Silbergeld et al., 2008).  

Drinking water exposures can 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 well is used to serve over 25 individuals; therefore, 

household-level 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 unfortunately leads 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 damage 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).   
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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 One Health 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., 2018; Berendonk et al., 2015; 

Hujibers et al., 2019; Keenum et al., 2022; Hassoun-Kheir et al., 2021).  

In 2021 WHO announced the Tricycle Protocol and corresponding international 

sampling program wherein they apply a culture-based method for detecting ESBL E. coli 

(WHO, 2021). Other international monitoring programs have also begun, like the Joint 

Programming Initiative for Antimicrobial Resistance (JPIAMR), a European Union-

based collaborative organization that aims to establish global baseline levels of AMR in 

the environment (JPIAMR, 2021). While the Tricycle program focuses on culture-based 

methods to detect live, culturable E. coli, the JPIAMR program focuses primarily on 

molecular methods to quantify gene targets, like ARGs and other indicators that can 

persist even after advanced treatments (WHO, 2021; JPIAMR, 2021). Culture- and 

qPCR-based methods are the most prevalent methods being used worldwide for detection 

of AMR in water environments, each with their own benefits and limitations, and as 

explored further within this dissertation, each have their own role respective to the 

objectives of monitoring (Liguori et al., 2022). 

Herein we address the need for consensus on monitoring targets and standardized 

methods through a multi-pronged approach, including literature review, expert and 

stakeholder input, and development and pilot-testing 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 

methods 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 detailed in the 

following sub-section. Chapters 2-5 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 (Liguori et al., 2022), and 

Chapters 3-5 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.  
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Objective 3 (Chapter 4): Quantify removal 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 they 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 workshop data were collected by Krista Liguori and Ishi Keenum. The 

workshop hosting was led by Krista Liguori, Ishi Keenum, Amy Pruden, and Valerie J 

Harwood with support from Jeanette Calarco, Benjamin Davis, and Erin Milligan. 

Conceptualization was led by Krista Liguori, Amy Pruden, and Valerie J Harwood. Data 

analysis and writing were led by Krista Liguori. Amy Pruden, Ishi Keenum, and Valerie 

J. Harwood contributed to the preparation and review of the manuscript.  

 

This manuscript is published in Environment 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 control. Environmental science & technology, 56(13), 9149-9160. 
 

Chapter 3: Comparison of Cefotaxime-Resistant Escherichia coli versus sul1 and intI1 

qPCR-Based Assessment of Antibiotic Resistance of Wastewater, Surface Water, and 

Recycled Water 

 

Sampling kits and protocols were created by Krista Liguori and Jeanette Calarco. 

Samples were collected in-kind by anonymous utility partners and processed by Krista 

Liguori, Jeanette Calarco, Benjamin Davis, Erin Milligan, Anna Kurowski, and Gabriel 

Maldonado Rivera. Concept by Krista Liguori, Amy Pruden, Valerie J Harwood, and Ishi 

Keenum. Manuscript preparation was led by Krista Liguori and editing by Amy Pruden, 

Valerie J Harwood, Ishi Keenum, and Benjamin Davis.  

 

This manuscript is in preparation for publication to the journal Antibiotics for their 

special issue: Monitoring the Occurrence and Distribution of Antibiotics, Antibiotic-

Resistant Bacteria and Antibiotic Resistance Genes in the Environment 

 

Chapter 4: Extent of Removal 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 in-kind by anonymous utility partners and processed by Krista 
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Liguori, Jeanette Calarco, Benjamin Davis, Erin Milligan, Anna Kurowski, and Gabriel 

Maldonado Rivera. Concept by Krista Liguori and Amy Pruden. Manuscript preparation 

was led by Krista Liguori with editing by Amy Pruden.  

 

This manuscript is in preparation for publication to the journal Science 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 was led by William Rhodes, 

Kelsey Pieper, Kris Mapili, and Dongjuan 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 manuscript is by Krista Liguori, with editing and review from Amy 

Pruden, Kelsey Pieper, and William Rhodes.  

 

This manuscript is in preparation for publication.  

 

Chapter 6: Conclusions and Future Work 

 

The final chapter was written by Krista Liguori with editing and review from Amy 

Pruden.  
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Abstract 
Antimicrobial resistance (AMR) is a grand societal challenge with important dimensions 

in the water environment that contribute to its evolution and spread. Environmental 

monitoring could provide vital information for mitigating the spread of AMR; this 

includes assessing antibiotic resistance genes (ARGs) circulating among human 

populations, identifying key hotspots for evolution and dissemination of resistance, 

informing epidemiological and human health risk assessment models, and quantifying 

removal efficiencies by domestic wastewater infrastructure. However, standardized 

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, evaluating the state of the 

science and practice of AMR monitoring of wastewater, recycled water, and surface 

water, through a literature review, survey, and workshop leveraging the expertise of 

academic, governmental, consulting, and water utility professionals. 

 

Synopsis: Standardized methods are a crucial next step in creating internationally 

comparable databases for antibiotic resistance monitoring 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 resistance (AMR) is now recognized as among the top ten threats to 

global health, with current trends in resistant infections in humans and livestock pointing 

towards a potential post-antibiotic era1. The societal and economic burden of AMR is still 

being realized, but some stark projections predict that resistant bacterial infections will 

become the leading cause of death worldwide by 20502.  

Global and national action plans have generally embraced a One Health (humans-

animals-environment) framework for tackling AMR3,4; however, it is increasingly 

recognized that more attention should be focused on environmental dimensions. The need 

to better understand the role of the environment in the spread of antibiotic resistant 

bacteria (ARB) and antibiotic resistance genes (ARGs) within and between humans, 

plants, and animals was emphasized in the US National Action Plan for Combating 

Antibiotic-Resistant Bacteria5, where a key objective in the 2020 update is to expand 

surveillance efforts. In the environmental sector, there are numerous avenues by which 

AMR can evolve and spread, but a large body of research has demonstrated that water 

environments are a unifying transmission pathway (Figure 1). Human exposure to 

environmental AMR can take place through water or aerosol-borne exposures; this 

includes contamination of drinking water, food, or recreational water, which can result in 

skin, gastrointestinal, urogenital, and respiratory colonization and/or infection with 

resistant microbes6,7,8,9. Despite evidence that water environments play a role, studies 

quantifying that role and the risks associated are lacking, further emphasizing the need to 

establish long-term comparable One Health monitoring data.  

A fundamental stumbling block to the advancement of AMR monitoring of water 

environments is a lack of agreed upon targets and standardized methods, including a lack 

of benchmarking and threshold data to inform evolutionary, epidemiological, and other 

risk modeling efforts.  Here we synthesize key findings from a systematic literature 

review, expert survey, and expert workshop in working towards a framework for meeting 

this need.  In the following sections we delve into critical environmental dimensions of 

AMR that should be taken into consideration in developing a monitoring program; 

expound upon the strengths and weaknesses of culture-, quantitative polymerase chain 

reaction (qPCR)-, and metagenomics-based methodologies; and summarize fundamental 

insights that have been gained through their application to the study of wastewater, 

surface water, and recycled water environments.  Subsequently, we distill down the 

insights gained through engaging a diverse array of experts across sectors in an online 

survey and subsequent workshop and propose a corresponding framework for 

standardized monitoring of AMR in water environments that taps into the benefits of 

various targets and methods, depending on the monitoring objective.  The ultimate goal 

was to develop a framework for engaging the water sector, particularly US water 

utilities10, in a manner that is supported by the current state of the science and also 

harmonized with ongoing international efforts to advance AMR monitoring of water 

environments. The framework is intended to support both local and global monitoring 

goals. 



 13 

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 as a source 

of acquisition of new ARGs by pathogens11,12,13,14. A major challenge is that ARGs can 

be shared among bacteria via mobile genetic elements (MGEs) and therefore it is 

necessary to consider their movement along with ARB and ARGs in the environment. 

The current understanding is that most ARGs found in pathogens were originally 

recruited from the vast and diverse genetic reservoir embodied by environmental 

bacteria15. Pollution is a direct source of ARB, ARGs, and MGEs into the environment. 

Pollution is also a direct source of antimicrobials, which can induce a selection pressure 

and can further maintain and amplify ARB and ARGs, contributing to the evolution of 

new forms of resistance. In fact, recent works have generally recognized the pollution 

and other inputs associated with industrialization over the last 150 years as a primary 

driver of AMR proliferation16,17.  ARB, ARGs, and MGEs can ultimately reach water 

environments via direct contamination from aquaculture18, landfill leachates19,20, 

improper treatment of pharmaceutical manufacturing waste streams21,22, runoff from 

agricultural production23, combined sewer overflow events24, and generally from human 

and animal excreta25(Figure 1). MGEs pose a special concern because they can carry 

several ARGs and represent a risk to pathogens acquiring resistance.  

Sewage is known to contain a confluence of antibiotics, ARB, ARGs, MGEs, and 

human bacterial pathogens emanating from various domestic, industrial, and clinical 

sources26,27, which are received by wastewater treatment plants (WWTPs). WWTPs have 

important potential to mitigate the spread of AMR to waterbodies, but they are not 

intentionally designed for this purpose. Concern has been raised that special measures 

may be warranted for pretreatment of hospital sewage before discharge28, or otherwise 

for treating wastewaters enriched in clinically-relevant forms of AMR. Recycled water, 

i.e., wherein WWTP effluent is further treated to a quality appropriate for the intended 

potable or non-potable purpose (e.g., irrigation of fields or crops), is of special concern 

because there may be less opportunity for AMR to attenuate prior to human exposure29. 

Research has also brought to light concerns about re-growth of resistant microorganisms 

in distribution systems, particularly in situations of non-potable recycled water30,31.  Thus, 

wastewater, recycled water, and impacted receiving waters have been identified as key 

candidate monitoring points for AMR in the environment32,33,34 (Figure 1).  

In order to address the rising threat of drug-resistant infections and disease, the 

field must move towards cooperative understanding of environmental occurrence, human 

exposures, effective mitigation strategies, and ultimately a dose-response assessment for 

human health risk assessments35. The first step in achieving such goals is the 

development of standardized methods that can be used both locally and globally to 

establish baseline environmental occurrence data specific to all relevant water 

environments36.  
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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 

Culture-based methods are attractive for AMR monitoring because a target can be 

selected with known clinical relevance (e.g., taxonomic groups containing human 

pathogens), methods are fairly well standardized for defining clinical resistance levels 

(e.g., EUCAST37, CLSI38, Kirby-Bauer39), and by definition, the recovered target is 

viable.  Further, once isolates have been recovered, they can be subject to further 

analysis, such as multidrug-resistance testing, sequence-based typing, or whole genome 

sequencing, which can aid in identification of ARG-carrying MGEs (e.g., plasmids), 

delineating phylogenetic relationships among strains, and identifying sources of outbreak 

strains. Culture-based targets also are most amenable to informing human health risk 

assessments. A challenge to culture methods for AMR monitoring, however, is that while 

there are numerous genera/species found in wastewater and surface water environments 

that could be informative as targets, the typically high levels of background 
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microorganisms in those environments can increase the likelihood of interference with 

methods for isolation of the target. In addition, the vast majority of environmental 

microbes cannot readily be cultured and therefore the broader pool of resistance in a 

given environmental reservoir will be overlooked by culture-based methods34. No one 

target can comprehensively capture the AMR status of a given environment.  

Fecal indicator bacteria, such as fecal coliforms, Escherichia coli, and 

Enterococcus spp., are obvious candidates due to the long history of regulatory 

monitoring in water and wastewater systems and correspondingly, the high level of 

standardization for existing methods40,41. World Health Organizationôs (WHO) Global 

Antimicrobial Resistance Surveillance System (GLASS) utilizes a one-target integrated 

multisectoral approach that focuses on ESBL- E. coli as an indicator due to its relevance 

in human health, food chain, and the environment42.  Enterococcus spp. could potentially 

be a good complement as a Gram-positive organism, thus representing a distinct suite of 

antibiotics for which AMR is a concern43. On the other hand, bacterial targets commonly 

present in sewage that also have broader niches in the environment than traditional fecal 

indicators, such as Pseudomonas aeruginosa and Aeromonas spp., are also important to 

consider44. Because such targets survive and grow in the environment, they may serve as 

informative indicators of AMR that is acquired through horizontal gene transfer (HGT) of 

ARGs taking place through anthropogenic activities and maintained by ambient pollution 

sources in the receiving environments45. 

Prior application of culture-based methods has proved useful for tracking fate and 

persistence of vancomycin-resistant E. faecium in environmental waters due to sewage 

overflow46. Culture-based monitoring has also been widely applied to examine changes in 

E. coli populations during wastewater treatment. One comprehensive study found no 

evidence of E. coli acquisition of ARGs during treatment, but this could be, in part, 

because E. coli tend to die off during treatment47,48.  Thus, others have examined 

resistance patterns in organisms, such as Aeromonas, which are capable of growth in 

WWTPs49.  Research on surface waters and aquaculture systems has exposed a high rate 

at which Aeromonas harbor ARGs, indicating Aeromonas may be an organism of 

particular interest when monitoring with the goal of mitigating human health 

exposures50,45.  

 

qPCR-based methods 

Molecular methods opened the door to assessing AMR in uncultured and 

unculturable bacteria, providing an integrated measure across the microbial community. 

In particular, qPCR began to be applied in the mid-2000s for the purpose of directly 

quantifying ARGs in various environmental samples, revealing widespread and striking 

patterns of elevated ARGs in anthropogenically-impacted aquatic environments51,52,53.  

qPCR can provide very sensitive detection and quantification over several logs, 

which is useful for identifying and characterizing patterns of anthropogenic influence, as 

well as assessing removal of ARGs during wastewater or other water treatments and 

informing modeling, such as environmental fate and human health risk assessment. For 

example, Pruden et al.54 found a near perfect correlation between the number of sul1 

ARG copies measured in Poudre River, Colorado, sediments and the capacities of 

upstream WWTPs and animal feeding operations (total volume treated/day and number 

of livestock respectively).  Czekalski et al.55 demonstrated that subsurface discharge of 
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WWTP effluent to Lake Geneva was a point source of sul, tet, and qnrA genes, whose 

fate could be modeled using the quantitative information yielded by qPCR. Similarly, 

class 1 integrons (typically tracked by targeting the corresponding intI1 integrase gene) 

have been found to be highly indicative of anthropogenic pollution and are now well 

established as indicators of multi-antibiotic resistance and potential for ARG 

mobility56,57. Such patterns of sul1 and intI1 occurrence were readily apparent because (a) 

these genes have proven to be strongly associated with anthropogenic sources and (b) 

they are abundant in environments such as wastewater, facilitating efforts to measure 

their dispersal and attenuation. However, there is also value in evaluating less abundant, 

but more clinically-relevant ARGs, such as those encoding resistance to last-resort 

antibiotics (e.g., on the CDC urgent, serious, or concerning threat lists58). vanA 

(vancomycin resistance) and blaCTX-M (extended spectrum beta-lactamase (ESBL) 

resistance) have been proposed for this purpose, but sparse detection of such genes can 

undermine analytical potential. Mobility of ARGs, i.e., their association with MGEs and 

thus potential to move across species, is also an important consideration. Others have 

similarly sought to classify ARGs from óomics data according to tendency to be enriched 

in anthropogenic environments, mobility, and pathogenicity59.   

A challenge with qPCR is that it requires the researcher to select ARGs or other 

relevant gene target(s) a priori, among thousands of choices, as is apparent from current 

ARG databases (CARD, DeepARG-db). Recently, high throughput qPCR arrays that 

include hundreds of ARG targets have been developed, reducing the need to choose the 

ñrightò suite of ARGs60. Other markers, such as MGE and pathogen-specific genes, can 

also be included. However, the high throughput qPCR instrumentation is not widely 

available, quality assurance protocols are not well-established, and the addition of a pre-

amplification step is required to achieve sensitive detection limits via specific target 

amplification, all of which are drawbacks for environmental monitoring61. Also, guidance 

would still be needed on how to interpret high throughput qPCR data in terms of which 

occurrence patterns of ARGs are of concern. Digital droplet PCR (ddPCR) is gaining 

traction in the field, lauded as an improved version of qPCR that is more sensitive and 

less affected by inhibition. However, few published ARG studies have yet reported the 

use of ddPCR.  

 

Metagenomic-based methods 

Next-generation DNA sequencing (NGS) applications became accessible in 2009, 

enabling for the first time the possibility of profiling ñallò ARGs and other genes in an 

environmental sample without a priori selection of targets, i.e., metagenomic sequencing. 

Metagenomic sequencing is carried out through direct extraction of genomic DNA, 

fragmentation, and application of NGS to obtain millions of reads representing the 

bacterial community of environmental samples. Metagenomics was initially used to 

examine river sediments of highly-impacted surface waters exposed to pharmaceutical 

(specifically antibiotic) wastewater discharges62. Researchers found high levels of ARGs 

(sul2, aph-, tet-, qnr-, erm-), transposons, plasmids, and integrons, which are risk factors 

for HGT as a propagation mechanism for AMR in water. Metagenomics is now widely 

applied for examining shifts in the resistome (i.e., the collection of all ARGs across an 

environmental sample) through WWTPs and identifying MGEs in order to estimate the 

extent of HGT events63,64,65. Metagenomics has also been used to characterize resistomes 
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and treatment efficiencies in recycled water and drinking water treatment plants31,66. Most 

recently, it has been recognized that metagenomics has potential as a powerful tool for 

wastewater-based epidemiology, i.e., monitoring raw sewage to estimate ARG carriage 

and shedding of corresponding human populations67.  

A major challenge with comparing metagenomic data across studies is that there are 

numerous ways to generate, analyze, and interpret the data68,69. 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 libraries70,71,72. Further, ARGs, MGEs, and 

other genes of interest can be annotated through comparison to numerous publicly-

available databases, including: CARD73,74, DeepARG75, Resfinder76, MEGARes77, 

ResFams78, resqu79, SARG80, ARG-ANNOT81, BacMet82, PlasFLow83, ICEberg84, and 

ACLAME85, which vary in completeness, nomenclature, and degree/frequency of 

curation. The sequence libraries produced by NGS are semi-quantitative, i.e., they must 

be normalized to a denominator in order to compare across studies.  Such denominators 

include: 16S rRNA genes, the ɓ subunit of RNA polymerase (rpoB), single copy genes, 

or simply the size of the sequence library itself, resulting in relative abundance estimates 

of ARGs. Another major challenge is that the random nature of shotgun sequencing 

results in high representation of genes in the libraries that are not of interest, e.g., not 

ARGs, MGEs, or pathogen markers, and thus the limit of quantification is typically 

higher than that of qPCR86 and very rare genes will not likely be detected. NGS is already 

very costly and attempts at deeper sequencing to capture more rare sequences further 

increases cost.  

Assembly, in which assemblers (e.g., IDBA-UD87, MEGAHIT88, and 

metaSpades89) are used to re-piece together portions of the genomes of the organisms 

representing the original microbial community, is also a key aspect of metagenomic 

analysis that requires consideration for standardization90. Assembly is often applied 

towards identifying putative linkages between ARGs, MGEs, and pathogens, a key 

frontier in the application of AMR risk assessment91. A major challenge to assembly has 

also been that the dominant sequencing technology currently applied for environmental 

metagenomics, Illumina (Illumina, Inc., San Diego, CA), produces large sequence 

libraries, but with very short (~150 bp) reads, which are computationally challenging to 

accurately piece together. Newly emerging methods such as long read DNA sequencing, 

hybrid assembly, or proximity ligation prior to sequencing can help reduce such 

uncertainties92,90.  

 

Critical Research Needs Call for Standardized Methods for AMR 
Monitoring of Water Environments 

At this point it is clear that human activities profoundly shape the levels and types of 

AMR encountered in natural ecosystems, especially impacted water environments 

(Figure 1).  There is also evidence that the environment is a source of resistant infections 

in clinical settings. However, there are still several critical questions that must be 

addressed in order to effectively tackle the spread of AMR, particularly from an 

environmental perspective. Some of these questions include: 
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¶ What kinds and levels of ARGs in various water environments (wastewater, 
recycled water, surface water) result in elevated exposure and risk of acquiring a 
resistant infection? 

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

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

¶ What are the relative contributions of various environmental sources of AMR to 
resistant infections observed in humans? 

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

 

Coordinated environmental surveillance efforts employing standard methods, ideally 

at local, regional, national, and global scales, will be required to address these questions 

and to inform corresponding policy and practice to stem the spread of AMR36.  

 

Local and Global Collaboration Required to Standardize Monitoring 

There have been a number of recent calls for standardization of targets and 

methods for environmental AMR monitoring32,93,94,95. Because AMR is complex, a multi-

target, adaptable approach will be required, depending on the objective of the monitoring 

program. The complexity of AMR also mandates special attention to quality 

assurance/quality control in experimental design, execution, and reporting97. 

Berendonk et al.93 remains a highly influential paper that set the stage for 

environmental surveillance of antibiotic resistance and a need for standardized methods. 

There it is argued that consistency and comparability is needed to assess the global 

antibiotic resistome, to inform future policy, science, and medicine93. Pruden et al.32 

outlined how the environmental link to AMR makes it a uniquely interdisciplinary 

challenge that will require engineering, environmental science, medicine, agriculture, 

public health, and policy to generate meaningful data and coordinate effective mitigation 

strategies. Overall, some of the authorsô recommendations included standardization of 

methods for surveillance, agreement on targets for monitoring, and coordinated global 

research representing varying water matrices and contexts. Hujibers et al.94 outline five 

main monitoring objectives within a One Health conceptual framework (paraphrased) 

addressing: risk of transmission of already antibiotic-resistant bacteria to humans; risk of 

accelerating the evolution of antibiotic resistance in pathogens through pollution with 

selective agents and bacteria of human or animal origin; risks antibiotics pose to aquatic 

and terrestrial ecosystem health; population-level prevalence of ARBs/ARGs; and 

population-level antibiotic use.  

WHO recently proposed a standard method for ESBL-producing E. coli, under the 

Global Tricycle Surveillance program42.  The ESBL-EC Tricycle Protocol aims for a 

simple, feasible, and comparable method to enable global and multisectoral engagement 
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in the surveillance of AMR that is relevant across One Health matrices98. Establishing a 

Monitoring Baseline for Antimicrobial Resistance in Key Environments (EMBARK) is 

an international program by the Joint Programming Initiative for Antimicrobial 

Resistance (JPIAMR), which aims to identify baseline levels of environmental AMR by 

region and types of resistance, and thereafter standardize methods for surveillance and 

monitoring of those resistances worldwide99.  In the U.S., a multi-agency program was 

initiated in 1996 to encourage collaboration towards tackling AMR, the National 

Antimicrobial Resistance Monitoring System (NARMS), which has historically focused 

on culture-based monitoring of retail meat. Currently an effort is underway to extend 

monitoring efforts into the environment by utilizing existing EPA National Rivers and 

Streams Assessment (NRSA) infrastructure to detect AMR in surface waters, as an 

integrator of multiple environmental inputs (e.g., Figure 1)100.  

 

A Way Forward: Guidance from an Expert Survey and Workshop 

An expert survey was conducted to provide insight into which methods are most 

commonly used for AMR monitoring, identify common barriers to implementation, and 

consider boundaries to application (e.g., cost, time, labor, expertise). The survey was 

conducted online and reached 105 experts, who resided mainly in North America, 

Europe, Asia, and Africa and spanned various relevant fields across academia, research 

institutions, state and federal governments, consulting, and water/wastewater utilities. 

The queries solicited input on recommended culture, qPCR, and metagenomic targets for 

monitoring AMR in water environments. The survey ultimately served to narrow down 

the list of commonly-employed targets and protocols to a core list of methods whose 

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

in terms of appropriateness for standardization. A summary of the methods (SI Section 1) 

and findings (SI Figures SI 1-7) of the survey is provided in the Supporting 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 qPCR, 75% 

culturing fecal coliforms, 66% engaging in some form of metagenomics (Table SI 2), and 

81% claiming to be ñfamiliar with next-generation sequencingò (Figure SI 4). In terms of 

the desired attributes of the targets, both ñRelevance to Human Healthò and ability to 

inform ñHuman Health Risk Assessmentò were the most frequently selected as the first or 

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

(Figure SI 7). A ñQuantifiableò target and one that captures ñHGT Potentialò also were 

commonly selected within the top three most important attributes. 

From a selection of seven culture targets, in which participants could choose two 

options, the majority selected E. coli (53%), followed by Enterococci (30%) (Figure SI 

2). Enterobacteriaceae ranked a close third (29%), followed by Pseudomonas aeruginosa 

(15%), Acinetobacter baumannii (11.4%), Salmonella spp. (8.6%), and Aeromonas spp. 

(6.6%).  Based on the survey, E. coli and Enterococci spp. were obvious choices to 

pursue further as complementary Gram-positive and Gram-negative fecal indicator 

organisms that already have widely applied standard methods for water samples. 

Enterobacteriaceae and Salmonella spp., which are also Gram-negative fecal-derived 

bacteria, were not considered further because of redundancy with the clearly popular E. 

coli. P. aeruginosa, A. baumannii, and Aeromonas spp. were considered further as 
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candidate targets known for re-growth in water environments, which could contribute to 

evolution of multi-antibiotic 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 integron commonly targeted by qPCR for AMR monitoring of water 

environments (Figure SI3).  The five most frequently selected qPCR-based targets were 

ranked as follows: intI1 (36%), blaCTX-M (23%), sul1 (21%), vanA (15%), and tet(A) 

(12%). These five gene targets naturally captured key attributes of interest, such as 

strongly correlating with anthropogenic inputs (intI1, sul1), occurring at sufficient 

abundances in wastewater to quantify removal rates (intI1, sul1, tet(A)), encoding highly 

clinically-relevant forms of resistance with suspected environmental linkages (blaCTX-

M, vanA), high associations with multi-antibiotic resistance (intI1, sul1), and relevance to 

HGT (intI1, sul1) while also representing resistance to four different antibiotic classes 

(sulfonamides, beta-lactams, glycopeptides, and tetracyclines). Therefore, these five gene 

targets were selected for further consideration for potential standard methods. 

A systematic Web of Science literature review was conducted to evaluate the 

application of the five culture targets, the five qPCR targets, and metagenomics for 

monitoring of AMR in wastewater, recycled water, and surface water environments.  This 

literature review was provided to participants to review in advance of the expert 

workshop. The search terms and protocol for the literature review is provided in SI 

Section 1a, with the portion devoted to qPCR recently being published95. The workshop 

took place on four days over a 2-week period (May 2021) and was attended by 49 (43 

US, 6 international) experts representing academia (17), industry (8), federal 

governmental agencies (e.g., EPA, FDA, USDA) (13), state and local governmental 

organizations (2), United Nations agencies (WHO) (1), and water utilities (9). In addition 

to the literature review, the workshop participants were provided with a summary of the 

results of the online survey. The workshop itself was generally structured around leading 

with an expert presentation on the state of the science of one of four categories of 

methods (culture of fecal indicators, culture of targets with environmental niches, qPCR, 

and metagenomics) followed by discussion in breakout groups and a poll to rank the 

methods discussed within each category in terms of suitability for water utility 

monitoring of AMR.  The workshop concluded with a panel discussion led by US water 

utility representatives focused on the feasibility, benefits, challenges, and limitations of 

AMR monitoring of water environments and a final poll to assess opinions on these 

aspects and obtain a ranking of all of the methods for AMR monitoring of water 

environments that were discussed at the workshop. A summary of the overall assessment 

of the method categories and targets gathered from the workshop presentations, 

discussions, and polls is provided in Table 1 and SI Section 3. 

Based on analysis of workshop discussion notes, recordings, and polls, a major 

outcome of the workshop that became well-apparent was that the question of ñwhich is 

the best target for AMR monitoring of water environments?ò is highly dependent on the 

objective or motivating research question (Figures SI8-10; Figures SI15-17).  Together, 

the participants and moderators worked throughout the workshop to develop a decision 

tree based on four fundamental objectives that can subsequently guide the selection of 

culture-, qPCR-, and metagenomic-based methods, corresponding targets, and where to 

sample (Figure 2). Targets and methods that can also conceivably inform human health 
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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 SI 7; Figure SI 12). 

 
Figure 2: Decision tree for selecting culture-, qPCR, or metagenomics-derived 

monitoring methods for AMR monitoring of wastewater, recycled water, or surface 

water, depending on the monitoring objective. Dashed lines indicate the potential for 

enhanced realization of research objectives when molecular methods are coupled with 

culture. (WBE- wastewater-based epidemiology) 

 

 

Table 1: Summary of advantages and disadvantages of the methods and targets 

for AMR monitoring of water environments identified in this study through 

literature review, expert survey, and expert workshop.  
Method Advantages Disadvantages 

Culture 

- Best aligns with current utility infrastructure 
and regulatory requirements for in-house 
monitoring 

- Enumerated target is viable 
- Targets with direct clinical relevance can be 

prioritized 
- Isolates can be further characterized for multi-

- Some methods yield high frequency of false 
positives, requiring validation 

- Viable but non-culturable organisms will not be 
detected 

- Specialized media can be costly 
- Methods are laborious, particularly when 

quantitative data are desired 
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drug resistance and virulence factors - Any one target will not fully capture human 
health risk or the broader resistome 

E
s
ch

e
ri
c
h

ia
 c

o
li 

- Aligns with existing regulatory requirements 
- EPA and ISO standard methods available 
- Recreational water regulations in U.S. 
- Human clinical and One Health relevance 
- Utilities already have infrastructure in place 
- mTEC agar well validated for drinking water, 

surface water, and wastewater 
- WHO Tricycle protocol already available 

- Current regulatory trends are moving towards 
more precise targets, rather than indicators.  

- E. coli is a genetically complex target 
- Clinical relevance and forms of resistance are 

site-specific 

E
n

te
ro

c
o

cc
u
s s
p

p
. - Provides insight into Gram + AMR to 

complement Gram ς monitoring 
- EPA and ISO standard methods available 
- Recreational water regulations in U.S.; drinking 

water standards in EU 
- mEI agar well validated for drinking water, 

surface water, and wastewater 

- Broad range of Enterococcus species that vary in 
clinical relevance 

- Speciation and genotyping needed for 
determining clinical relevance 

P
s
e

u
d

o
m

o
n
a

s
 

a
e

ru
g

in
o
s
a 

- Environmentally-relevant 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 diminished 

- 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 
 

A
c
in

e
to

-
b

a
c
te

r 
b

a
u
m

a
n

ii - Clinically relevant with emerging evidence 
of environmental sources  

- Carbapenem-resistant A. baumannii of 
particular concern  

- No published method to date reliably recovers 
the target from wastewater, recycled water, or 
surface water 

A
e

ro
m

o
n

a
s
 

s
p

p
. 

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

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

- Less human clinical relevance than the other 
culture-based options  

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

qPCR 

- Captures ARGs carried across a microbial 
community 

- Higher throughput than culture, more targets 
feasible 

- Instrumentation is increasingly available to 
water utilities 

- Quantitative info useful for modeling  
- Samples can be preserved long-term for 

retrospective analysis as new targets emerge  

- Does not distinguish DNA from viable vs non-
viable bacteria 

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

- Requires personnel with expertise in molecular 
biology 

- Multiple levels of controls required for false 
positives/negatives  

- Assays require lab-specific troubleshooting and 
validation 

in
tI

1 

- Strong correlation with anthropogenic sources 
- MGE associated with cassettes carrying 

multiple ARGs, thus tracking mobile multi-drug 
resistance 

- Abundance makes it suitable for assessing 
treatment removal efficiencies 

- MGE, not an ARG 
- Sometimes gene cassettes do not contain ARGs 
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s
u

l1
 

- Strong correlation with anthropogenic sources 
- Tends to be associated with intI1 
- Abundance makes it suitable for assessing 

treatment removal efficiencies 

- Sulfonamide resistance is already widespread, 
as these antibiotics have been used for decades 

- It is likely too late to effectively mitigate spread 
of sulfonamide resistance 

b
la

C
T

X-
M

 - Greatest human health threat among 
candidate targets 

- Emerging concern about environmental/ 
waterborne sources/ pathways of spread 

- Less likely to detect in environmental waters, 
resulting in non-detects and therefore not 
suitable for quantifying removal rates. 

v
a

nA
 - High clinical relevance 

- Relevant to Gram + bacteria, particularly 
Enterococcus 

- Less likely to detect in environmental waters, 
resulting in non-detects and therefore not 
suitable for quantifying removal rates. 

T
e

t(A
) 

- Frequently detected in the environment101  
- Tetracycline a widely used antibiotic for 

human and agricultural applications 

- Not as strong anthropogenic indicator 
compared to intI1 and sul1 

- Less widely utilized by researchers, utilities, and 
regulators compared to other relevant gene 
targets 

Meta-
genomics 

- Comprehensively captures multiple ARG, MGE, 
pathogen and other gene targets across 
microbial community 

- Samples can be preserved long-term (DNA 
extracts) 

- Sequence libraries can be stored, shared, and 
retrospectively analyzed as new gene targets 
are added to databases 

- Strong momentum as a comprehensive 
monitoring tool of the future 

- Included in NARMS/NRSA and EMBARK 
monitoring strategy 

- Lack of standard methods for data generation 
and analysis 

- Specialized expertise needed for data 
analysis/interpretation: user-friendly pipelines 
needed for future 

- Difficult to validate 
- Non-target approach inherently hinders 

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 environments. Many highlighted the need to establish sample storage guidance 

to enable sharing of samples across partnering researchers and countries as well as 

archiving samples for future analysis. As new resistances evolve and our understanding 

of the role ARGs play develops, studies on archived water samples can showcase 

temporal relationships and assess effectiveness of mitigation strategies, such as the 

research done by Knapp et al.102 with a 48-year archive of soils. Based on results from the 

expert survey (Figure SI 5), one aim was to narrow down the list of targets to what 

experts considered reasonable (3-5 assays). In terms of culture-based methods, the top 

three selections based on the workshop polls were E. coli, Enterococcus spp., and P. 

aeruginosa, which conveniently captured a Gram-negative and Gram-positive organism 

with long regulatory histories and P. aeruginosa as an organism capable of re-growth in 

water environments and notoriously prone to multi-drug resistance.    

While recognizing the benefits of culture, 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 

qPCR-based methods as best balancing being ñboth informative and feasibleò and the 

selection of metagenomics as being the ñmost informativeò method for AMR monitoring 
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(Figure SI 8).  The ranking of qPCR targets based on the workshop polls were in strong 

accordance with the expert survey, with intI1 as the clear top choice, sul1 and vanA 

tending to be 2nd choice, and blaCTX-M being split across 1st, 2nd, and 3rd choice (Figure 

SI 10).   

There was notable enthusiasm for metagenomics, but with a recognition that it 

will be the most difficult to standardize.  One challenge is the cost of conducting NGS; 

most experts surveyed thought $10-$50 per sample was a reasonable cost for monitoring, 

with only 3 participants selecting >$300 as a reasonable cost.  Advice gathered at the 

workshop could help guide such an endeavor, considering aspects such as required 

sequencing depths, recommended annotation databases and parameters, denominators for 

normalization, accuracy of assembly, and positive and negative controls for validation 

(Figure SI 11) (Table 1). 

When workshop participants were polled regarding when they thought that the US 

water sector would be ready to implement standard methods for AMR monitoring, 40.7% 

of respondents chose 10 years, followed by 5 years (33.3%), 3 years (14.8%), now 

(7.4%), and never (3.7%).  It was clear throughout workshop discussions that regulatory 

requirements or other incentives are likely necessary to encourage broad-scale 

participation of water utilities in AMR monitoring.  Emerging practice and regulation 

around water reuse was discussed as a potential example to follow, where molecular 

methods for pathogen detection have gained a strong footing. Larger WWTPs with more 

resources are also in a position to proactively set the standards of approaches applied. 

Taking action without regulatory requirement could earn favor with the general public, 

which is very concerned about the potential for future public health threats, given the 

current pandemic. 

Interestingly, when polled at the end of the workshop about which AMR 

monitoring objectives would be of most interest to water utilities, it was ñAssess AMR 

status in a human population and compare to other populations (e.g., wastewater-based 

epidemiology)ò that received the most votes (37%). This suggests that recent momentum 

in monitoring sewage for SARS-CoV-2 could spur adoption of monitoring of AMR-

relevant targets and open the door to broader AMR monitoring to meet other objectives 

as well36.  For example, quantifying removal of AMR through wastewater/recycled water 

(29.6%) and identifying types of AMR of clinical concern that might escape treatment 

(25.9%) also ranked high. However, none of these monitoring objectives can be met 

without an agreed upon framework and standard methods and approaches for monitoring 

AMR in aquatic environments. 

Recommendations   

The framework proposed in this Feature Article helps to better align target and 

method selection with monitoring objectives, while also laying out a path for 

standardizing approaches for monitoring AMR in water and wastewater in the U.S. and 

globally. Based on the feedback provided from the expert survey and workshop, it was 

possible to prioritize methods that are widely suitable and applicable for utilities, 

academics, government researchers, and industry scientists alike. The decision tree 

developed herein can provide a framework that is adaptable to specific monitoring 

locations and objectives and can support more detailed guidance, including standard 

operating procedures, to support data comparability. Such an effort is critically needed to 
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break down current silos that limit data comparability and aid in supporting broader 

global AMR surveillance goals, including tracking and mitigating the spread of AMR via 

water environments and informing epidemiological studies and human health risk 

assessments. 
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Summary of contents: 

25 pages, 18 figures, 4 tables 
 

Supplemental Methods 

a. Systematic Literature Reviews 
Eight independent systematic literature reviews were conducted at the beginning 

of this work (September 2020). The targets were: sul1, intI1, tetA, blaCTX-M, vanA, E. 

coli, Enterococcus, and environmental pathogens. Searches were conducted on Web of 

Science Core Collection for articles published between 2000 and May 1, 2020 in English, 

using a tiered literature search strategy. For gene targets, articles were included that met 

the following criteria: (1) intended to measure antibiotic resistance, (2) focused on 

surface water, recycled water, and/or wastewater, and (3) employed qPCR to quantify the 

specific gene target (Keenum et al., 2022). For organism targets, articles were included 

that met the following criteria: (1) intended to measure or characterize antibiotic 

resistance, (2) focused on surface water, recycled water, and/or wastewater, and (3) 

employed culture-based methods, and (4) targeted the organism of interest (Calarco et al., 

2022 (in-preparation)). 

To identify studies that assessed antibiotic resistance (tier one), a topic search was 

conducted using the following keywords: ñantibiotic resistan*ò OR ñantimicrobial 

susceptibilityò OR ñantimicrobial resistan*ò OR ñdrug resistan*ò OR ñmulti-drug 

resistan*ò OR ñresistomeò OR "ARG" OR "antibiotic resistan* gene"). Within the 

publications found 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 

following keywords: TS = (ñwastewaterò OR ñreclaimed waterò OR ñrecycled waterò OR 

ñwater reuseò OR ñnon-potable reuseò OR ñgreywaterò OR ñhospital wastewaterò OR 

ñsurface waterò OR ñsewageò OR ñwastewater treatment plantò OR ñfiltrationò OR 

ñdirect potable reuseò OR ñindirect potable reuseò OR ñriverò OR ñwatershedò OR "lake" 

OR "pond" OR "recreational 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 PCR: TS = (ñ*PCRò 

OR ñpolymerase chain reactionò OR ñmicrofluidic PCRò OR ñ*PCR arrayò). Finally, in 

tier four, each gene was searched independently: TS = (ñsul1ò OR ñintI1ò OR ñvanAò 

OR ñblaCTX-Mò OR ñtetAò).  
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For organism targets, within the publications found in tiers one and two, an 

additional topic search (tier three) was applied to ensure the studies utilized culture 

methods: TS =(ñcultureò OR ñdis* diffusionò OR ñisolat*ò OR "membrane filtrat*" OR 

"spread plating" OR "IDEXX" OR "Colilert" OR "Colilert-18" OR "Colisure" OR 

"Enterolert" OR "Pseudalert" OR "Enterolert-E").  Finally, in tier four, each organism 

target was searched independently: TS = (ñEscherichia coliò OR ñE. coliò OR 

ñenterococc*ò ñAcinetobacterò OR ñA. baumanniiò OR ñAeromonasò OR 

ñPseudomonasò OR ñP. aeruginosaò).  

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 address the specific 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 relevance were presented 

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 in Table S2 (supplementary material). Relevant quantitative data 

points were extracted from text, figures, and tables manually.  

 

b. Online Expert Survey Design 
            The survey first captured information about the expert particip ants and the 

organizations that they represented and assessed their confidence and expertise in 

environmental AMR monitoring. Participants provided information about any AMR 

methods currently used, their familiarity with culture, qPCR, and metagenomic methods, 

and their opinions 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 using Qualtrics management software 

(Qualtrics, Provo, UT). A variety of text entry, multiple choice, slider, rank order, and 

matrix table questions were employed in a survey with 19 core questions.  An additional 

six ódisplayô questions, i.e., ones that pop-up only for participants with a relevant answer 

to the previous question, were incorporated. Institutional Review Board (IRB) evaluation 

deemed that the study was exempt according to Virginia Tech IRBð20-659. 

             

c. Survey Participants 
i. Participant Recruitment             

Experts were identified via multiple avenues, with the aim of recruiting 

individuals who have published research on the topic of antimicrobial resistance as it 

relates to the water environment or were otherwise familiar with antimicrobial resistance 

from an environmental perspective and are engaged in relevant governmental or non-

governmental initiatives. Particular efforts were made to ensure inclusion of U.S. water 

industry representatives, e.g., utility representatives that had volunteered to assist with 

this research sponsored by the U.S. Water Research Foundation. A list was initially 

compiled of research known by the authors and their professional networks. Attendee 

lists from relevant professional conferences were compiled, including: The 5th 

International Meeting on Environmental Dimensions of Antibiotic Resistance (Hong 

https://doi.org/10.1080/10643389.2021.2024739
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Kong, 2019), the University of North Carolina Water Microbiology Conference (Chapel 

Hill, NC 2019), and the Gordon Research Conference on Microbiology of 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 

resistance maintained by Dr. Ed Topp (Principal Research Scientist, Agriculture 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, but students were 

considered to be ineligible. Using this approach, a list of 327 individuals was compiled 

and emailed the survey.  

All  individuals received a standardized invitation email and one standardized 

reminder email afterwards. Survey invitations were sent via email using Qualtricsô 

embedded Distribution software over a period of 2 months, from October 2020-

December 2020. Invitations 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 returned (32% response rate). The majority of 

participants 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, seven (6.5%) worked in 

water engineering and/or consulting, four (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), Asia (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 respondents self-reported as Principal Investigator (PI), 

eight percent as Manager, about five percent as Post-Doctoral Researcher, and one 

percent as Laboratory Technician (n=1). The remaining eighteen percent identified as 

ñOther.ò  Upon review of the text entries for respondents choosing ñOther,ò almost all 

indicated a title of scientist or researcher, with the exception of one (1) consultant and 

one (1) corporate employee.  

            To further assess the participantsô relevant fields of expertise, respondents 

selected from a dropdown list of environments that they specialize in or have worked 

with, with unlimited selections. Wastewater was the leading environment relevant with 

the participantsô expertise (n=85), followed by surface water (n=79), reuse/recycled water 

(n=40), drinking water (n=39), soil (n=31), manure (n=28), livestock/animals (n=18), 

human clinical (n=16), and other (n=11). Breaking out the ñotherò by written responses, 

seawater (n=2), sediments (n=2), groundwater (n=2), wildlife (n=1), coral reef (n=1), 

stormwater (n=1), and biofilms (n=1) were entered by the experts. 

 

d. Expert Workshop  
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An expert workshop was hosted virtually on May 18, 20, 25, and 27, 2021, for 

three-hours each day, using Zoom web-conferencing (Zoom Video Communications, Inc. 

San Jose, California). Forty nine participants attended at least a portion of  the workshop, 

consisting 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 countries. Key international participants 

currently involved in standardizing methods for monitoring of antimicrobial resistance in 

water environments were invited to and participated in the workshop: the co-principal 

investigators of the Establishing a Monitoring Baseline for Antimicrobial Resistance in 

Key Environments (EMBARK) project1, which is funded by The Joint Programming 

Initiative on Antimicrobial Resistance (JPIAMR), a representative of the WHO Tricycle 

initiative involved in the standardization of ESBL E. coli, and a representative of the 

Global Water Research Consortium on AMR.  Based on a poll conducted on day 1, in 

which participants were asked to self-rank their familiarity with objectives and methods 

for AMR surveillance: 22.2% of respondents self-identified as experts, 48.1% as very 

familiar, 22.2% somewhat familiar, and 7.4% beginner. No participants selected ñnot at 

allò. 

Two weeks before the workshop, participants 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 draft standard operating procedures (SOPs) for proposed standard methods 

compiled by the co-authors.  The targets selected for the literature reviews and draft 

SOPs were chosen based on the expert survey: Escherichia coli, Enterococcus spp., 

Pseudomonas aeruginosa, Aeromonas spp., Acinetobacter spp., sul1, intI1, tetA, vanA, 

and blaCTX-M. A literature review of studies incorporating metagenomics for 

environmental AMR monitoring was also provided. The workshop consisted of 

presentations by the WRF Project 5052 team members, invited external presentations, 

interactive break-out sessions, plenary discussions, and a panel discussion.   

Break-out groups focused on five topics: (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 (i.e., E. coli and Enterococcus) as culture-based 

AMR monitoring targets?  (3) What are the advantages and challenges to 

environmentally-relevant bacteria (e.g., Pseudomonas aeruginosa, Aeromonas spp., 

Acinetobacter baumanii) as culture-based AMR monitoring targets? (4) How should 

qPCR-based antibiotic resistance gene (ARG) targets be prioritized for AMR monitoring? 

(5) What is the potential for metagenomic-based AMR monitoring of water environments 

and which metrics and approaches are most meaningful and amenable to standardization? 

Break-out sessions were followed up with polls that allowed participants to rank 

targets and methods that are most relevant and practical for addressing specific AMR 

monitoring objectives, based on their expertise and experience in the group discussions.  

End-of-day surveys were carried out each day in which participants were asked to self-

rank their familiarity with the topics covered in that session. In general, end-of-day 

surveys received around a 50% response rate. 
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Supplemental Results- Expert Survey 

e. Assessing Survey Participant Background 

Participants were 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 worked with wastewater and surface water. 

When split out by continent of their organization, similar patterns were observed (Figure 

SI 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) 

 
Figure SI 1: Water environments which participants reported that they were engaged in 

monitoring, sub-analyzed by continent 

 

            Survey participants were asked to self-rank themselves on familiarity with 

laboratory methods on AMR monitoring (Table SI 1).  

 

Table SI 1: Self-reported Ranking of Familiarity with AMR monitoring 

Laboratory Methods, by Organization Type of Respondent1  

Organization Type Familiarity Ranking 

Academic/University 4.43 

Research Institute 4.75 
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Government 3.79 

Water Utility 3.33 

Water 

Engineering/Consulting 
3.14 

Other 2.00 

1group mean, from individual 1-5 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 environments (Table SI 2): PCR, qPCR, ddPCR, 

commercialized rapid MPN-based culture methods (i.e., IDEXX, Westbrook, ME), 

metagenomics, qPCR array or microfluidic qPCR, membrane filtration, and culturing 

fecal coliforms. 

 

Table SI 2: Participants Reporting Current Use of Various Methodologies 

Relevant to AMR Monitoring of Water Environments1 

Method 

Which of these are currently 

implemented by you/your 

lab/your organization? (counts) 

Which of these methods do 

you outsource (i.e., send to 

external commercial labs) for 

analysis? (counts) 

PCR 78 4 

qPCR 85 10 

ddPCR 30 8 

IDEXX 32 3 

Metagenomics 53 66 

qPCR array or 

microfluidic qPCR 
21 22 

Membrane Filtration 79 4 

Fecal Coliforms 78 4 

1Multiple choice matrix table question with multiple selections available.  

 

f. Assessing Preferences for Targets for Monitoring AMR in Water 
Environments 
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Eighty-six survey respondents (82%) reported that they had an understanding of 

culture-based methods. E. coli, enterococci, and Enterobacteriaceae were consistently 

selected as the most frequent in-house culture-based targets. These three targets were also 

indicated in response to the question if they have been tested in their labs within the last 

12 months and were also indicated as the top three options for AMR monitoring. Survey 

participants were asked which culture targets they believed to be the best option for 

standardized AMR monitoring of water environments (Figure SI 2).   

 
Figure SI 2: Preferred target bacteria for standardized culture-based monitoring of 

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

  

Eighty-nine survey respondents (85%) reported that they had an understanding of 

qPCR. The characteristics ranked most important for monitoring by experts were genes 

reported to occur in human pathogens and ARGs with clinical relevance. Fifty-four 

respondents (51%) reported that they are familiar with high-throughput qPCR/multi-array 

approaches. Experts indicated that specificity, sensitivity, and quantitation are the most 

important characteristics for development of a strong qPCR array method.  Survey 

participants were asked which qPCR targets they believed to be the best option for AMR 

monitoring of water environments and the results are summarized in Figure SI 3.   
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Figure SI 3: Preferred target genes for qPCR-based monitoring of AMR of water 

environments.  Participants could select up to three targets.   

  

When asked for familiarity around metagenomic sequencing, 81% of survey 

respondents reported that they or their organizations had an understanding of 

bioinformatic analysis (Figure SI 4).  
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Does your organization have capacity for or are you familiar with 
bioinformatic analysis of next generation DNA sequencing data? 

 
Figure SI 4: Expertsô and/or their organizations familiarity with next-generation 

sequencing data analysis  

 

Participants were asked to rank sequencing-derived metrics for next-generation 

sequencing (NGS) data for AMR monitoring, with 1 being the most important and 9 

being the least important. The data are represented here (Table SI 3) using the overall 

score each metric received, thereby sorted by least important to most important (highest 

to lowest score). Clinical relevance scored as the highest-priority for designing an 

metagenomic analysis workflow, followed by mobility of ARGs.  

 

Table SI 3: Expertsô Ranked Preference  

Please rank the following with respect to next generation DNA sequencing-derived 
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., bioinformatically- or functionally-predicted ARGs that have not 
yet been reported in the clinic) 

6.09 

Total Mobile Genetic Elements (e.g., plasmids, transposons, and integrons) 5.64 

ARGs Occurring on Contiguous DNA Strand with Mobile Genetic Elements 5.64 

ARGs Occurring on Contiguous DNA Strand that is Taxonomically-Classified as 
Pertaining to a Genus Known to Contain Human Pathogens 

5.46 

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 be 4.63 
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mobile and exclude intrinsic ARGs) 
Clinically-Relevant ARGs 3.82 

 

Participants were asked how many assays is reasonable to expect water utilities 

and other relevant organizations to carry out for AMR monitoring of water environments 

(Figure SI 5).  

 

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

 
Figure SI 5: Expertsô recommendations regarding the number of targets that is 

reasonable to recommend for AMR monitoring of water environments. Participants could 

select from four bins: 1-2, 3-5, >5, or not sure. 

  

The survey further queried how much turnaround time is acceptable for AMR 

monitoring methods, and found that many didnôt see turnaround time as a barrier (26 

selections for ñnot a concernò), 26 participants thought 3 days was appropriate, and 23 

thought that 1-day was appropriate (Figure SI 6).  
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Figure SI 6: Expert survey results regarding acceptable turnaround times for AMR 

monitoring methods. 

 

Participants were asked about reasonable costs per sample for an assay. Nine (9) 

indicated that $3/sample was reasonable, 27 selected $10/sample, 23 selected 

$25/sample, 23 selected $50/sample, 17 selected $100/sample, and 3 selected 

$300/sample or more.   

            Experts were also surveyed about factors of importance in AMR monitoring 

standard methods.  Results indicated that ability to inform a human health risk 

assessment, relevance to human health, and a quantifiable target were the most important 

factors to the experts completing the survey (Figure SI 7). Timeliness of results, low 

technical skill requirement, and precedence of a standardized method tended to rank 

lower. 
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Figure SI 7: Expert ranking of factors of importance for 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 ranking (y-axis) for each factor 

(x-axis). 

 

The barriers to uptake of a new or proposed monitoring method were collected via 

comments and open-ended feedback forms. The main barriers mentioned include cost, 

skill/training/labor requirement, insufficient sensitivity, high detection limit, insufficient 

quantitation, uncertainty around 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 informative, and which were the best combination of feasible and 

informative (Figure SI 8). The participants indicated that qPCR was the likely the most 

feasible for monitoring by U.S. water utilities, followed by culture, metagenomics, and 
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ñotherò. On which is the most informative, the majority of participants selected 

metagenomics, followed by culture, then qPCR, then ñotherò. When asked to select one 

method that balances both feasibility and information yielded, qPCR was selected by a 

majority, followed by culture, then other, then metagenomics.  

 

 
 Figure SI 8: Workshop participant poll results on feasibility and informative nature of 

method categories for AMR monitoring of water environments. 

 

h. Workshop Sessions on Culture-Based Methods 

During the end-of-day survey, participants (n=27) were asked to self-rank their 

familiarity with E. coli as a monitoring target, Enterococcus as a monitoring target, and 

environmentally-relevant culture bacteria as targets (Table SI 4).   

 

Table SI 4: Participant (n=24) self-reported familiarity with the culture-based 

methods discussed that day at workshop 

The topic of ñ_ò as an AMR 

Monitoring Target: 
Expert 

Very 

Familiar 

Somewhat 

Familiar 
Beginner 

Not at all 

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 SOP (E. coli, 

Enterococcus spp., environmentally-relevant organisms). Participants observed that 

utilities are very comfortable running culturable E. coli assays, but not PCR or qPCR for 

confirmation or ARG detection. However, it is becoming more common for water 

utilities to be equipped with qPCR, and some participants viewed that recommendation of 

culture for monitoring would be a step backwards. Feasibility of in-house versus out-

sourced analysis was discussed. For example, water utilities are widely capable of 

culturing fecal indictors, but not subsequent testing 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 elsewhere for metagenomic sequencing or qPCR analysis.   

Breakout groups discussed the question of which culture target with strong niches 

for regrowth in the environment is the best candidate. Many participants preferred 

Pseudomonas as the easiest to grow and with high enough occurring abundance to 

capture, as well as its clinical-relevance. 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 development 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 temperature and media used for storage, and how long samples 

can be stored at given temperatures.  It was also suggested that while the mEI agar works 

well for wastewater, it may require additional steps for success with environmental water 

samples. Some participants had concerns about how specific any PCR confirmation 

assays could be, given the specificity of available gene targets for Enterococcus. 

Similarly, for E. coli there are questions around which gene targets would be most 

applicable as monitoring targets, as well as how 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 the protocol, 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 factors may impact resulting data measurements and should be 

considered and 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 system, users could select 

the top antibiotics to test for, with the number tested selected according 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 labor, and is likely excessive for most 

purposes.  

A poll was conducted (n= 35) following sessions on culture-based techniques to 

assess group consensus on which organisms are most feasible and informative for 

monitoring AMR in wastewater, recycled water, and surface water in the US. A majority 
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of participants selected E. coli as the first choice, Enterococcus as the second choice, and 

P. aeruginosa as the third choice (Figure SI 9).   

 

 
 Figure SI 9: Ranking of culture targets for AMR monitoring of water environments 

based on poll conducted following sessions focused on culture-based methods 

 

i. qPCR Session 

During the end-of-day survey, participants (n=24) were asked to self-rank their 

familiarity with qPCR-based AMR monitoring. 12.5% of participants identified 

themselves as an expert, a majority chose very familiar (54.2%), followed by somewhat 

familiar (25%), and finally beginner (8.3%).  Participants (n= 11) were also asked to self-

rank their familiarity with high throughput qPCR (HTqPCR) and digital droplet qPCR 

(ddPCR). Only 9.2% identified as expert, 27.3% chose very familiar, 36.4% chose 

somewhat familiar, followed by beginner (18.2%), and not at all, at (9.1%).   

Participants commented that calculations surrounding the recovery efficiency, 

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 experts, as some normalize to 16S rRNA (as 

proposed in the original draft SOP), others normalize rpoB, and some would prefer no 

normalization.  In terms of calculating the limit of detection (LOD) and limit of 

quantification (LOQ), some would prefer a more statistical approach. It was noted that 

the measurement of LOD/LOQ will require an entirely different method for ddPCR as 

opposed to qPCR.  This information, as well as discussion on the differences between 
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ddPCR and qPCR, syber and probe assays, types of standards, and more were requested 

to be components of the final guidance document.  

Throughout breakout session groups, blaCTX-M, sul1, and vanA were the highest 

ranked choices for a monitoring priority. Participants singled out blaCTX-M as the most 

significant for indicating health risks, and sul1 and intI1 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 consideration for a method intended for national uptake, as 

water chemistry, target occurrence levels, and equipment are highly variable across the 

U.S.  Participants agreed that an inhibition assessment should be included in the standard 

method developed. Many recommend using the salmon testes DNA assay in EPA 

Method 16112. Though, there is some concern with the salmon DNA interacting with 

future metagenomics analysis, which may favor the use of a NIST eukaryotic DNA 

standard3.  

On the third workshop day, a poll was conducted to follow up discussion on 

qPCR targets for AMR monitoring. The poll asked participants (n=33) to rank their top 3 

qPCR monitoring targets based on feasibility and how informative they are for 

wastewater, recycled water, and surface water in the US. A strong majority ranked intI1 

as first choice, then the rankings became more divided for second and third choice 

(Figure SI 10). 36.4% of ranked sul1 as the second choice, followed closely by vanA 

(27.3%), blaCTX-M (15.2%), tetA (12.1%), intI1 (6.1%), and ñOtherò (3%).  For third 

choice qPCR target,  blaCTX-M received a clearer majority at 36.4%, followed by vanA 

(18.2%), sul1 (15.2%), intI1 (12.1%), tetA (9.1%), and ñOtherò (9.1%).  
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 Figure SI 10: Ranking of qPCR targets for AMR monitoring of water environments 

based on poll conducted following sessions focused on q-PCR-based methods 

 

j. Metagenomics Session 

During the end-of-day survey, participants (n=11) were asked to self-rank their 

familiarity with metagenomics.  18.2% self-identified as an expert, 27.3% very familiar, 

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 participants judged themselves or their organizations to be under-

prepared at the moment to conduct comparable and meaningful metagenomics work. The 

need for further research and standardization was widely recognized.  However, despite 

impressions that metagenomics is the least developed/standardized method, participants 

remained strong in the opinion that 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 surveying water samples for numerous 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 the challenge of standardization and comparability of data, 

participants expressed concern about the price point of metagenomics sequencing 

currently and the inaccessibility that results for many communities.   

 At the end of the metagenomics sessions, a poll was conducted on attitudes, 

preferences, and perceptions in regards to metagenomics for AMR monitoring. First, 

participants (n = 27) were asked to select their preferred normalization method (Figure 

SI 11). 40.7% of respondents chose ñdonôt know,ò 22.2% 16S rRNA, 14.8% ña collection 

of single copy genes,ò 7.4% FPKM, and the remaining options each received 3.7% of 

selections: TPM, rpoB gene, None, and Other.  
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Figure SI 11: Participant poll of recommended normalization methods for metagenomic-

based monitoring of AMR 

 

 Next, participants (n=27) were asked to estimate when they think the US water 

sector will be ready to implement standard methods for AMR monitoring. 40.7% of 

respondents chose 10 years, followed by 5 years (33.3%), 3 years (14.8%), now (7.4%), 

and never (3.7%).  

 Participants (n=27) were asked which metagenomics metric is the most 

informative for AMR monitoring in water environments. The top selection was a three-

way tie (22.2% each) between comparative index of co-occurrence of 

ARG/MGE/pathogen markers on same contig, total clinically-relevant ARGs, and total 

ARGs. ñOtherò was selected by 18.5% of respondents, followed by emerging/newly 

evolved ARGs (7.4%) and donôt know (7.4%).  

 Lastly, participants were asked if their organization 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 latter question, a slight increase of 77.8% 

responded that their organization/group is planning to implement metagenomics in the 

near future, representing just one response indicating that their organization intends to 

begin metagenomics.  

 

k. US Water Utility Perspectives 

During the final survey, administered following the session on water utilities, 

participants (n= 28) were asked to self-rank their familiarity with water utility 

perspectives on AMR monitoring.  50% responded very familiar, 35.7% somewhat 

familiar, 10.7% beginner, and 3.6% expert.  

Discussion with respect to how to best involve water utilities in AMR monitoring 

in the future tended to either focus on barriers to AMR monitoring or general things to 

consider. Some barriers discussed include lack of standard methods, lack of responsible 

party for interpretation of results, lack of regulatory drivers, lack of trained staff and 

available equipment, costs, lack of buy-in from upper management, lack of political will, 

and the need for strong justification for such 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 fits 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 to demonstrate a value provided by AMR monitoring was a recurring 

concern for participants.  There was concern that some utilities would not be open to 

using qPCR as a measure of gene removal during treatment, due to a mixed history with 

norovirus gene targets.  Additionally, there was recognition of the need to demonstrate 

that gene removal relates to human health 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 US water utilities (Figure SI 12); 37% chose wastewater-based epidemiology, 

followed by quantifying removal of AMR through wastewater/recycled water (29.6%), 

identifying types of AMR of clinical concern that might escape treatment (25.9%), and 

ñother). For Other, answers were written in: ñdetermining if conditions during treatment 

or in receiving environments are conducive to evolution of new forms of AMRò and ñ1, 

2, 3 are all relevant.ò  

 

 
Figure SI 12: Participant survey results following session focused on US water utility 

perspectives, Day 4 

 

The survey asked (n=26) if any methods should be categorically óruled outô for 

use in US water utilities for the monitoring of AMR. The majority responded ñNoneò 

(65.4%), followed by metagenomics (26.9%), whole genome sequencing (19.2%), 

HTqPCR (19.2%), ddPCR (7.7%), and culturing resistant fecal indicators (3.8%).  

 

l. 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 exposure risks associated with ARGs and antibiotic resistant organisms. One 

aim of the Water Research Foundation Project (Project 5052) sponsoring the survey and 

workshop is to establish an open-access database for researchers across the globe, to 

upload and download data from different regions, water types, and contamination levels. 
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These efforts will facilitate public health assessments ensuring that data are comparable 

across databases due to the use of standard methods.  With these data, exposure 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 determined. In addition to this, more basic-science 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 health risks fundamental, but ecological risks and risk for 

emergence of new resistance types are crucial to AMR research.  What is the 

environmental impact of not only the selection pressures, but the resulting changes in 

microbiomes and organisms alike?  Are there 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 ahead, we must 

understand the risk factors that drive emergence of new resistance genes, bacteria, and 

drug-resistant pathogens.  The risks of emergent drug-resistant pathogens should be 

accounted for in all risk assessments that consider AMR in the environment.  

At the end of the workshop, the final survey polled participants for their opinions 

and preferences on various topics and questions, with the option for open-ended feedback 

as well.  One question asked (Figure SI 13), if you/your organization were to conduct 

AMR monitoring in the environment, what would the primary goal be? Results (n=27) 

indicate that 63% would aim to inform human health risk, followed by public health 

monitoring (51.9%), assess potential for treatment processes to remove AMR (44.4%), 

assess potential for evolution and spread of AMR (29.6%), basic research (29.6%), 

informing policy (22.2%), and ñotherò (3.7%).  
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Figure SI 13: Final survey results from Expert Workshop, Day 4 

 

Another asked, óIf you/your organization were to initiate AMR monitoring next 

year, what methods would you propose?ô (Figure SI 14). Results indicated that 56% 

would propose qPCR methods, metagenomics at 52%, then ddPCR (48%), culture 

resistant fecal indicators (48%), culture resistant bacteria (32%), whole genome 

sequencings (20%), HTPCR (12%), and Other (8%).  
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Figure SI 14: Final survey results from Expert Workshop, Day 4 

 

Final rankings of AMR monitoring targets were captured from participants on the 

last day (n=26). First, participants were asked to rank the targets for the best option to 

monitor AMR in wastewater-based epidemiology. The top three were metagenomics 

(38.5%), resistant E. coli (26.9%), and intI1 (11.5%) (Figure SI 15).  
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Figure SI 15: Final workshop poll results reflecting rankings of monitoring targets for 

the purpose of wastewater-based epidemiology. 

 

Next, participants were asked to rank the targets for the best option for the 

reduction of public health risks associated with wastewater exposures. Resistant E. coli 

received a clear consensus ranking at 50% of selections, followed by intI1 (16.7%) and 

metagenomics (8.3%) (Figure SI 16).  
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Figure SI 16: Final workshop poll results reflecting selections of monitoring targets for 

the purpose of demonstrating that wastewater/recycled water treatment processes reduce 

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 bacteria (Figure SI 

17). This question received slightly less consensus, with 30.4% selecting metagenomics 

and another 30.4% selecting intI1.  Next, resistant E. coli received 13% of selections and 

resistant enterococcus received 8.7%.   

 

Which of the following targets would best inform wastewater/recycled water/surface 
water monitoring, in terms of reducing potential for antibiotic resistance to evolve 

and spread among bacterial populations? 

 
Figure SI 17: Final workshop survey results reflecting rankings of monitoring targets for 

the purpose of demonstrating that wastewater/recycled water treatment processes reduce 

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 being 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, with 50% of respondents ranking a 5 out of 5, 33.3% ranking a 4 out of 5, and 

16.7% ranking a 3 out of 5 (Figure SI 18).   



 58 

 
 Figure SI 18: Poll results on the usefulness of the workshop for identifying suitable 

AMR targets. 5 was the most productive and 1 was the least productive. 
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Chapter 3: Comparison of Cefotaxime-Resistant Escherichia 

coli versus sul1 and intI1 qPCR-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 antimicrobial resistance (AMR) in water 

environments is growing, but there is uncertainty regarding appropriate monitoring 

targets. Adapting culture-based fecal indicator monitoring to include antibiotics in the 

media provides a potentially low tech and accessible option, while quantitative 

polymerase chain reaction (qPCR) targeting key genes of interest provides a broad, 

quantitative measure across the microbial community. The purpose of this study was to 

compare findings obtained from culture of cefotaxime-resistant Escherichia coli to two 

qPCR methods for quantification of antibiotic-resistance genes across wastewater, 

recycled water, and surface waters. The culture method was a modification of standard 

US EPA method 1603 for E. coli, in which cefotaxime is included in the medium to 

capture extended-spectrum beta lactamase (ESBL) strains, while qPCR methods 

quantified sul1 and intI1. A common standard operating procedure for each target was 

applied across samples collected by six water utilities across the United States and 

processed by two laboratories. The methods performed consistently and all three 

measures reflected the same overarching trends across water types, i.e., highest in 

wastewater and lowest in treated recycled water and generally low in surface water. 

qPCR detection of sul1 yielded the widest dynamic range of measurement as an AMR 

indicator (7-log versus 3.5-log for ESBL E. coli), while intI1 was the most frequently 

detected target (99%, versus 96.5% and 50.8% for sul1 and ESBL E. coli). All methods 

produced comparable measurements between labs (P<0.05, Kruskal-Wallis). Further 

study is needed to consider how relevant each measure is to capturing hot spots for 

evolution and dissemination of AMR in the environment and as indicators of AMR-

associated human health risk. 

 

Introduction 

Antimicrobial resistance (AMR) is no longer a ñcoming threatò to global health, 

the threat has arrived. A comprehensive evaluation of globally available data from 2019 

estimated that 4.95 million people die of drug-resistant infections per year (Murray et al., 

2022). Current rates of morbidity and disability-adjusted life years due to AMR are 

competing with, if not exceeding, 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 

ñquintessential One-Health issue,ò which showcases the need for a holistic, 
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interconnected human-animal-environment 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 recommendations, the 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 summarizes opportunities 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 AMR concerns 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 number of calls 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 as receiving bodies for inputs of antimicrobials, 

resistant microorganisms, and their antibiotic resistance genes (ARGs) from various 

sources, including agriculture, wastewater treatment plants (WWTPs), and industry. 

Additionally, aquatic environments have been hypothesized to serve as a microbial 

ecological incubator for 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 source (Nappier et al., 2020; Leonard et al., 2015; 

Jørgensen et al., 2017; Amarasiri et al., 2020). Recently, Liguori et al. (2022) solicited 

expert and stakeholder input in the development of a decision-tree to guide selection of 

AMR monitoring targets and methods based on the monitoring objective. Four primary 

objectives of particular relevance to water utilities were identified: 1) wastewater-based 

surveillance to identify forms of AMR circulating in corresponding human populations; 

2) identification of forms of AMR escaping 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 monitored as a water 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, the World Health 

Organization published such a protocol, called the ñTricycle protocolò (in reference to the 

three domains of One Health), in which tryptone bile (TBX) agar is amended with 

cefotaxime (CTX) for the purpose of isolating extended-spectrum beta lactamase 

(ESBL)-producing E. 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 ESBL-producing 

Enterobacterales (referred to as Enterobacteriaceae prior to 2020) as a 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 of last-resort antibiotics, 
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such as carbapenems and colistin. ESBL-producing organisms have been detected with 

increasing prevalence across the world, and their detection in the environment has been 

negatively correlated with implementation of antibiotic stewardship, in both food-animal 

and human settings (WHO 2021; Høg et al., 2018; Schechner et al., 2013).  

While the general advantage of culture-based methods is that they indicate a 

viable endpoint, a limitation of the WHO Tricycle protocol is its singular focus on E. coli. 

Others have accordingly sought to further expand the method to more broadly capture 

ESBL Enterobacterales (Marano et al., 2020). Enterococcus spp. have also been 

suggested, as this target would also benefit from widespread standardization and 

implementation for regulatory monitoring and would capture a clinically-important 

Gram-positive target (Davis et al., 2022). Others have assessed the potential to target 

Pseudomonas, Aeromonas, or Acinetobacter, because they are clinically-relevant to AMR 

and have growth niches in the environment (Milligan et al., 2023). Still, no single, or 

combined set of culture-based targets will be able to fully capture all resistant bacteria in 

a given water sample. Molecular methods, e.g., quantitative polymerase chain reaction 

(qPCR), present an alternative to culture by facilitating the direct enumeration of ARGs 

across the microbial community. The broad dynamic range of qPCR and low detection 

limit can hypothetically support calculation of removal rates and quantitative modeling 

efforts.  

A comprehensive literature review of application of qPCR for the purpose of 

AMR monitoring of wastewater, recycled water, and surface water revealed that sul1 and 

intI1 were the two most commonly applied gene targets (Keenum et al., 2022). Sul1 

encodes resistance to sulfonamides (Sköld, 2000), which were the first antibiotics to be 

mass produced for use in human medicine, and resistance is correspondingly widespread. 

Sul1 measurements in surface waters have been found to be highly correlated to inputs 

from WWTPs and upstream agricultural operations (Pei et al., 2006; Pruden et al., 2006; 

Nardelli et al., 2012; Pruden et al. 2012; Czekalski et al., 2015). IntI1 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). Like sul1, intI1 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). Both sul1 and intI1 are also commonly linked to fecal pollution 

(Karkman et al., 2018; Tarek & Garner, 2023), although a recent study found that sul1 

and intI1 predict a distinct subset of ARGs when compared against shotgun metagenomic 

sequencing-based ARG profiling of watersheds (Davis et al., 2020).  

The objective of this study was to compare and contrast the trends observed and 

conclusions drawn when E. coli were enumerated on media containing cefotaxime 

(herein referred to as ñESBL E. coli,ò in accordance with the WHO Tricycle Protocol) 

versus when sul1 or intI1 were quantified by qPCR across different water matrices.  

Specifically, the methods were compared in parallel by two laboratories across 

wastewater, recycled water, and surface water samples collected from six water utilities 

across the U.S. The methods were further compared in terms of various considerations 

for their implementation, including dynamic quantitative range, limits of quantification, 

variance among replicates, inter-lab reproducibility, practical aspects in their 

implementation for integrated 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 Interlaboratory Comparison 

Samples for this study were collected from six utilities, each incorporating both 

wastewater and water reuse treatment trains, located in five different US states, over a 

six-month period. We worked with each utility to develop and implement a tailored 

sampling plan that captured influent and effluent to the WWTP, input and effluent to 

water reuse treatment trains, and a nearby surface water body, ideally one receiving 

WWTP effluent, if possible. For utilities with surface water discharge sites, samples were 

collected both upstream and downstream of the discharge pipe, with locations specific to 

each site due to feasibility and accessibility. A detailed sampling protocol was developed 

and is reported in Liguori et al. 2022. Briefly, each utility partner was provided with 

sampling kits, which included all supplies, protocols, and return shipping labels. 

Sampling kits were assembled identically for each sample event, with the number or label 

of bottles being adapted for each utility in order to simplify sample 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 at Virginia 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 and Quality Control (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 

comparison across plants.  Recycled water samples (2 L) were collected to capture the 

water entering recycled treatment (ñinput,ò typically secondary effluent or tertiary treated 

water piped to the recycled treatment facility) and the final treated recycled water effluent 

coming out of the facility. Samplers wore clean gloves and samples were collected in 

sterilized bottles. Sample valve/ports were flushed for 30 seconds before the respective 

sample bottle was uncapped and filled to the bottom of the bottle stem. Bottles 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 foot below the water surface, with the cap still on, upstream of the 

individual collecting the sample. Once below the water surface, the cap was removed and 

the bottle was filled, then re-capped before removing from the water.  This process was 

repeated for each surface water bottle at their respective locations in the surface water 

body. All bottles were maintained on ice for preservation and transport.  

A trip blank consisted of 1 liter of molecular-grade or autoclaved water that was 

shipped with the sampling kits 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 included filter-concentration with 

nitrocellulose or mixed -cellulose ester filters for both culture and molecular qPCR 

methods, using filter sizes of 0.45 µm and 0.22 µm, respectively. Detailed analytical 

standard operating procedures developed and used by both laboratories are available at 

https://ward.cs.vt.edu and Liguori et al. (2023) and summarized in Table 1.  

 

Table 1: Methods Compared in this Study  

Method Target Rationale Details 
Assay 

Reference 

Culture 
Total 
E. coli 

comparison point for 
ESBL E. coli and allows 
percent resistance 
calculations 

Modified mTEC 
EPA Method 
1603 

Culture 
ESBL E. 
coli 

Can cause difficult to 
treat resistant 
infections  

Modified mTEC with cefotaxime 
Modified EPA 
Method 1603 
(EPA, 2014)  

qPCR intI1 

Indicator of mobile, 
anthropogenic 
sources of multi-
antibiotic resistance 

¢ŀǉaŀƴ ǇǊƻōŜ ŀǎǎŀȅ όрΩ-оΩύΥ 
F: GCCTTGATGTTACCCGAGAG; R: 
GATCGGTCGAATGCGTGT; P: (6-FAM) 
ATTCCTGGCCGTGGTTCTGGGTTTT 
(BHQ1) 

Barraud et al., 
2010 

qPCR sul1 

ARG encoding 
resistance to 
sulfonamides and 
correlates with 
anthropogenic inputs 

C όрΩ-оΩύΥ 
CGCACCGGAAACATCGCTGCAC;  
w όрΩ-оΩύΥ ¢D!!D¢¢//D//D/!!DD/¢/D  

Pei et al., 
2006 

 

ESBL- E. coli Culture  

All samples were cultured on modified mTEC media (BD Difco Cat No. B14880) 

and modified mTEC with 4 µg/ml cefotaxime (Millipore Sigma Product No. 219504; 

Fisher Sci Cat No. AC454950010). The methods used herein were adapted from EPA 

Method 1603 for E. coli (USEPA, 2014) and the WHO Global Tricycle Surveillance of 

ESBL-E. coli method (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 plates). From each biological duplicate bottle, three target 

dilutions were filtered onto membranes in technical duplicate.  ~ 24 plates were typically 

analyzed per sample (2 biological duplicate × 3 dilutions × 2 technical duplicates × 2 

media types).  

Serial dilutions of wastewater influent samples were made prior to plating, in 

order to capture a countable range of colonies. To achieve these dilutions, 1 ml of sample 

was added to a tube containing 9 ml of sterile phosphate-buffered saline (PBS). This was 

repeated serially to achieve a final dilution of 10-4. For all other sample types, the original 

https://ward.cs.vt.edu/
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sample was added to the filter concentration set-up without dilution. The volume of 

sample filtered differed based on sample type, as outlined in Table SI-1. 

Samples were concentrated by filtration onto 0.45-µm filters with a 47 mm 

diameter (Nitrocellulose: Fisher Cat No. 09-719-555; Mixed-cellulose ester: Fisher Cat 

No. HAWP04700) and plated in a biosafety level II cabinet. Flame-sterilized forceps 

were used to place filters inside autoclaved filter cups. The appropriate volume for each 

sample type (Table SI-1) was then added to the filter cup, which was capped before 

turning on the vacuum filter and allowing the sample to pass completely through the filter 

into the receiving cup. For volumes of 1 ml, the samples were suspended in 30 ml of 

sterile PBS prior to filtration to improve spread across the filter. After the vacuum was 

turned off, the filter was removed using flame-sterilized forceps and placed onto the 

respective media plate. This process was repeated for all samples, including negative and 

positive controls, from ñcleanestò to ñdirtiest,ò utilizing previous experience of working 

with these sample types to estimate which samples were likely to contain the least/most 

number of culturable E. coli to determine their order, with each cup being rinsed with 

sterile PBS in between samples. Plates were inverted and transferred to an incubator at 

35̄ C for two hours. After two hours, these plates were transferred to a pre-heated water 

bath at 44.5̄C for 22 hours (+/- 2 hours). Set up and submersion of plates in the water 

bath are detailed further in the Supplemental Information (Figure S-1).  

After the 20ï24-hour incubation, plates were removed from the water bath and 

colony forming units (CFUs) were enumerated on all plates, manually marking each 

colony with a permanent marker. Numbers are reported here for dilutions that produced 

CFUs in a countable range (10-100 CFU per plate). Species confirmation was conducted 

on five colonies per water matrix, per sampling event, up to a total of 30 samples per 

sampling event, where sufficient colonies grew (Table SI-3). 

 

qPCR enumeration of sul1 and intI1  

All samples designated for qPCR analysis were filtered to clogging onto 0.22 µm 

filters with a 47 mm diameter (Millipore Sigma Cat No: GSWG047S6). Clogging was 

defined as no liquid penetrating the filter for a period of 10 or more minutes. All sample 

bottles were weighed before and after filtering, to determine net difference and therefore 

estimate the volume of sample filtered. Autoclaved filter cups and flame-sterilized 

forceps were used in a biosafety cabinet to minimize potential for sample contamination. 

 Filters were removed from the cups using flame-sterilized forceps and folded into 

sterile O-ring microcentrifuge tubes for storage. A filter blank (50 ml of sterile PBS) was 

filtered at each sample processing event to serve as a negative control throughout the 

extraction process. Each tube containing a filter was filled to cover the filter with a 50% 

ethanol solution to prevent degradation of DNA in storage and stored at -20̄ C until DNA 

extraction within 20 days (Li et al., 2018). After thawing at room temperature, filters 

were removed and shredded using flame-sterilized forceps and subsequently extracted 

using the FastDNA SpinKit for Soil (MP Bio Cat No. 6560200). When the SpinKit 

directions suggested a range of options, the more conservative (e.g., longer time, high 

temp, larger tube) was implemented. Resulting DNA extracts were stored in molecular 

grade water at -20̄ C.  

qPCR was performed in technical triplicate using primers and probes, where 

applicable, reported previously by Pei et al. (2006) and Barraud et al. (2010) for sul1 and 
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intI1, respectively (Table 1). For the qPCR master mix, 12.5 µl was used of PowerSYBR 

Green for dye assays and TaqMan Environmental Master Mix 2.0 for probe-based assays, 

with a total reaction volume of 25 µl per well. Standard curves were created using 

Gblocks (Integrated DNA Technologies, Coralville, IA) designed specific to each gene 

target (Sequence available in Table SI-4). Gblocks were serially diluted and analyzed 

along the first row of each qPCR plate for each standard curve, with the typical dilution 

ranging from 108 to 102. All qPCR analysis was conducted on a Bio-Rad CFX RT-PCR 

thermal cycler (Bio-Rad, Hercules, California, USA). Resulting 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 culture-based analysis. The CFU/ml for the selected dilution were averaged 

across the two technical replicates (A and B), and converted to a per 100 ml basis, to 

produce the final count of 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. Non-detects were assigned a value of one-half the limit of detection. For lawns 

and growth that were too numerous to count, a value of 750 was assigned as an arbitrary 

high value > highest countable number. Culture data were compiled and averaged in 

Excel, then loaded into R (version 4.1.2) for all statistical analyses. 

qPCR data were extracted from Bio-Rad CFX manager instrument software. 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 

quantification. Technical replicates were averaged for all samples for which at least 2/3 

of the technical replicates produced a measurable gene target. Samples with signal below 

the limit of detection were marked as non-detects and assigned a value of 1.25 gene 

copies per milliliter for statistical purposes. Measurements falling between the limit of 

detection and limit of quantification were assigned a value half that of the limit of 

quantification. qPCR data were compiled in Excel and transferred into R (version 4.1.2) 

for all statistical analyses.  

All culture and qPCR data were log-transformed prior to analysis. Neither culture nor 

qPCR data were found to be normally distributed according to the Shapiro-Wilks test. 

Kruskal-Wallis was used as a non-parametric test for differences between groups. Levene 

tests were used to test for differences in variance between groups. Linear regressions 

were used to assess the strength of correlations (r squared values) across all water 

matrices. Additionally, Spearmanôs Rank Correlations were used to assess the strength of 

correlations within each water matrix, to separate effect from water type (Table SI-7). 

Statistical significance was set across this study at p<0.05. Bonferroni adjustments to p-

values were made where applicable, by dividing by the number of simultaneous tests 

being performed. 

To assess the regression coefficient between culture data and qPCR data on a sample-

by-sample basis, the biological triplicates from qPCR were averaged in order to produce 

a dataset with even numbers of samples in each group (qPCR and culture). In order to 

assess replication, technical and biological replicates were averaged and then each sample 

was compared to 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 

ESBL E. coli were detected in 100% (14/14) of influent wastewater samples, but 

among all other sample types tested, at least one sample yielded a non-detect. Both total 

E. coli and ESBL E. coli concentrations differed by water matrix (Kruskal-Wallis, 

p=5.9e-08 and p=2.2e-7, respectively). ESBL E. coli was most abundant in wastewater 

influent (Figure 1).  Total E. coli and ESBL E. coli measurements were very strongly 

correlated (r2 = 0.9194; p < 2.23e-16). 
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Figure 1: Occurrence of total E. coli and ESBL E. coli cultured in this study by water 

matrix (indicated by color and x-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 Virginia Tech and 

University of South Florida are combined for this analysis. 

 

 There were no distinct patterns observed for sul1 and intI1 genes in the range, 

lowest concentration, highest concentration, nor median concentration when all data 

points were plotted together by utility (Figure 2). 

 
Figure 2: Log10 concentration (gene copies/mL) intI1 and sul1 measured across all 

utilities sampled. Colors indicate the water matrix of the sample; shapes indicate the 

state where the utility is located. Two utilities were sampled 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 concentrations of sul1 that were observed here differed by type of 

sample (Kruskal-Wallis, p=2.2e-16). We further compared these data to those reported 

across 95 studies in the literature, as detailed in a meta-analysis reported by Keenum et 

al. (2022). The ranges and trends within and across water matrices were highly 

comparable between this study and Keenum et al. Between the two studies, neither 

wastewater influent concentrations of sul1 (p=0.83) nor wastewater effluent 

concentrations of sul1 differed (Kruskal-Wallis with a Bonferroni-corrected alpha value 

of 0.0063, p=0.030). sul1 concentrations measured in recycled water also did not differ 

between studies (Kruskal-Wallis, p= 0.084). Surface water concentrations of sul1 
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measured in this study were significantly higher than those reported in the literature 

(Kruskal-Wallis with a Bonferroni-corrected alpha value of 0.00625, p=3.8e-08).  

The concentrations of intI1 differed by type of sample (Kruskal-Wallis, 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), although the intI1 concentration in 

wastewater influent and effluent exceeded the ranges found in the literature by 

approximately two log10. Concentrations of intI1 in wastewater influent were 

significantly higher than those reported in the literature (Kruskal-Wallis with a 

Bonferroni-corrected alpha value of 0.0063, p=0.00024). In wastewater effluent, 

concentrations of intI1 were not significantly different between this study and the 

literature (p=0.10). No differences were found in terms of intI1 concentration in recycled 

water (p=0.79 for intI1). IntI1 concentrations measured in surface waters in this study 

were significantly higher than those reported in the literature (p=0.0045).  
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Figure 2:  Comparison of sul1 concentrations in water matrices in this study (A) to those 

reported in the literature (Keenum et al., 2022) (B); Comparison of intI1 concentrations 

in water matrices in this study (C) to those reported in the 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 the ñrecycledò category in this analysis, for consistency with the 

data available in the literature.  

 

Correlation of sul1 / intI1 with ESBL E. coli 

Sul1 and intI1 measurements were significantly correlated with ESBL E. coli 

measurements across all sample types (Figure 5). However, strengths of the correlations 

were moderate (r2~0.5). Notably, sul1 and intI1 were above the detection limit in 96.5% 

and 99% of samples, respectively. On the other hand, total E. coli and ESBL E. coli were 

above the detection limit in 76% and 50.8% of samples, respectively. Thus, the greater 

number of non-detects with the culture-based analysis weakened the correlation. 
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Figure 5:  intI1 (A; B) and sul1 (C; D), are plotted against culturable ESBL E. coli and 

total E. coli. Shapes indicate the utility where the sample 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. 

 

sul1 and intI1 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=6.5e-08) and moderate in strength (r2=0.40).  

Interlaboratory Comparison 

Total E. coli and ESBL E. coli concentrations were very strongly correlated 

between the two laboratories performing the assay (r2=0.9822, p = 2.2e-16; r2=0.9783, 

p=2.2e-16, respectively) (Figure SI-3).  No significant difference was found between the 

two labs for total E. coli (p=0.32) nor for ESBL E. coli (Kruskal-Wallis, p=0.054).  
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qPCR measurements of intI1 and sul1 produced by the two labs were positively 

correlated by linear regression (p=1.1e-08 for intI1 and p=0.00013 for sul1), with weak-

to-moderate correlation coefficients (r2= 0.43 and 0.24, respectively) (Figure SI-4). No 

significant difference was detected between labs for intI1 (p= 0.48) or sul1 (p= 0.39) 

concentrations by Kruskal-Wallis. Note that recycled input and surface upstream water 

matrices have 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 total E. coli assays and 118/136 ESBL E. coli 

assays were within 10% difference from the mean, 114/130 biological replicates of total 

E. coli and 118/130 for ESBL E. coli assays were within 10% difference from the mean) 

(Figure SI-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= 6.4e-05) had a significant 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 function of water 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 culture-based data, the variation of replicates from the mean for 

qPCR data was <10% for the majority of samples (Figure SI-6). For technical replicates, 

373/384 and 456/474 fell within 10% difference from the mean for sul1 and intI1, 

respectively. For biological replicates, 124/135 and 139/155 fell below this threshold for 

sul1 and intI1, respectively. However, the percent deviation from the mean was 

significantly affected by water matrix (Levene Test, p=0.0044) and the utility sampled 

(Levene Test, p=1.2e-14). The greatest variation among technical replicates was observed 

for wastewater samples. Overall, the intI1 assay yielded greater percent deviation 

between technical replicates than the sul1 assay (T-test, p=0.022). As would be expected, 

greater variance among biological replicates was observed relative to technical replicates. 

Some biological replicates varied by as much as 50%. However, there was no obvious 

trend in the deviation from the mean of biological replicates as a function of water matrix 

(Kruskal-Wallis, = 0.075). The differences observed in percent difference from mean 

across samples was also not significantly influenced by the laboratory in which they were 

processed (Kruskal-Wallis, p=0.19). There was, however, a significant effect of water 

utility on the percent difference from the mean of biological replicates (Kruskal-Wallis, 

p=0.0083).  

 Overall, 12 outliers were detected among the biological replicates, with 1-2 

outliers found amongst each utilityôs sample set. In terms of water matrix, outliers were 

more frequently detected in wastewater influent (n=4) and recycled water effluent (n=4), 

followed by downstream surface waters (n=3).  

 Measurements of sul1 and intI1 in trip and field blanks were found to be 

significantly lower than those measured in the recycled effluent samples, both when 

analyzed at USF (Kruskal-Wallis, p= 3.3e-12) and VT (Kruskal-Wallis, p= 5.4e-07).  
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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 ESBL E. coli, sul1, and intI1 enumeration were similar, i.e., highest in raw 

wastewater and lowest in recycled water effluents, and all three measures were 

significantly correlated with each other. Thus, at a global level, the three methods are 

likely to produce similar 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 and also 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, sul1 and intI1 Measures Correlate as Indicators of Water Quality 

Here we found that sul1 and intI1 were positively correlated with both E. coli and 

ESBL E. coli. ESBL E. coli was also very strongly correlated to total E. coli.  E. coli is a 

well-established indicator of efficacy of wastewater treatment and water quality. 

Understanding of the significance of sul1 and intI1 as indicators of mobile AMR in the 

environment is evolving, but they have consistently been found to strongly correlate with 

anthropogenic inputs (Hardwick et al., 2008; Gillings et al., 2015; Nardelli et al., 

2012).Correspondingly, it has been pointed out that in many cases, sul1 and intI1 

observed in the environment 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. coli and sul1/intI1 measures were consistent in indicating that some of the 

surface waters included in this study were impaired. Total E. coli were frequently 

detected in surface waters tested in this study, as high as 3.07-log CFU/100 mL (ESBL E. 

coli up to 1-log), in a range consistent with typical surface water detections across the 

literature (Blaak et al., 2015; Dhanji et al., 2011).  Similarly, the mean concentrations of 

both sul1 and intI1 trended higher than those reported more broadly across surface waters 

examined in 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 by CWA) (Table SI-2). 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 ESBL E. coli is 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; Jørgensen et al., 2017). Thus, ESBL E. coli is an amenable input to human health 

risk assessment (HHRA) models. However, not all ESBL E. coli captured by culture are 

necessarily pathogens. One study examined a diverse set of sea, lake, canal, and river 

water samples as well as wastewater 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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ESBL E. coli carried virulence markers (Franz et al., 2015). Culture may also overlook 

viable but nonculturable forms and thus underestimate associated exposure risk.  

The quantitative nature of qPCR measurements can potentially provide value in 

estimating when it comes to comparing relative exposure or transmission risk.  It was 

noted that sul1 and intI1 were moderately positively correlated with both E. coli and 

ESBL E. coli, suggesting that there may be some overlap or a co-variate influencing these 

measurements. Examination of currently available E. coli whole genome sequence data 

indicates that 17.27% carry the sul1 gene (CARD, 2023). sul1 and intI1 were also 

confirmed to be correlated, which is consistent with the understanding that sul1 is 

typically found in the intI1 operon (Gillings et al., 2015), though the moderate correlation 

in this study indicates that this is not always the case, and is supported by other studies 

that have detected moderate to strong correlations (Makkaew et al., 2021; Huang et al., 

2019; Adelowo et al., 2018).   

Applying Measurements for Assessing Removal by Treatment Processes 

If the objective is to measure removal achieved by the treatment technology, then a 

benefit of qPCR of sul1 and intI1 is that it provides a wide dynamic range of detection. 

Both qPCR methods produced a large dynamic range of quantitation, with a limit of 

detection at 100 gene copies/mL and an upper detection of 1.73E+09 and 2.13E+08 for 

sul1 and intI1, respectively. Samples measured across this study fell within the range of 

1.41-8.42 log gc/mL and 1.35-9.23 log gc/mL, respectively.   E. coli was also measured 

over a wide range in this study, with a lower limit of detection as low as 0.1 CFU/100 mL 

up to the largest detection at 3.28E+08 CFU/100 mL. However, a challenge with culture 

is the need to guess the correct dilution range a priori, where typically it is manageable to 

test a range of three 10-fold dilutions. The ESBL E. coli method dynamic range was 

smaller, with a lower limit of detection at 0.2 CFU/100 mL and an upper detection value 

at 4 log CFU/100 mL.  

CWA guidelines are already established for E. coli, 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 ESBL E. coli.  Achieving non-detects of sul1 and intI1 

might not be feasible from a regulatory standpoint, at least for secondary wastewater 

treatment. In this study non-detects were exceedingly rare for qPCR (1 non-detect for 

intI1; 6 non-detects for sul1) compared to the culture method (14 non-detects for Total E. 

coli; 29 non-detects for ESBL E. coli). Among the samples where culturable ESBL E. 

coli were non-detect, sul1 and intI1 concentrations remained in the 2.98ï8.76 log gc/mL 

and 4.15ï8.18 log gc/mL range, respectively.  Thus, censored data tend to be less 

problematic from a statistical standpoint for qPCR than culture data.  A low rate of non-

detects in environmental samples, except for relatively pristine sites, is consistent with 

the literature (Pruden et al., 2012; Ashbolt et al., 2018; Keenum et al., 2022). Thus, one 

possibility for sul1 and intI1, could be to establish log removal guidelines, as has 

similarly been applied to removal of viral gene copies in water reuse systems where 

WHO recommends that technologies meet a 6-7-log 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 elevated ñriskò for the evolution of new forms or strains of 
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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 (Bengtsson-Palme & 

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 total E. coli can provide an indication of whether the resistant 

form survives better than the generic form.  In this study, comparing ratios of ESBL E. 

coli to total E. coli, suggested that, although ESBL E. coli experience a net decrease 

through treatment, the have a slight selective advantage, at least under some 

circumstances. The log difference between total E. coli and ESBL E. coli trended around 

a 2-logs in wastewater influent (1.43-2.8 log) samples, and for all other sample types the 

difference was primarily below 1-log (-0.289-1.08 log).  This is consistent with findings 

from Bréchet et al. (2014) that found relative enrichment of ESBL E. coli in comparison 

to total E. coli through the wastewater treatment plant.  

Similarly, it is common to track ratios of sul1 and intI1 to the universal bacterial 

housekeeping gene, 16S rRNA, as a means to judge whether the relative proportions of 

microorganisms carrying these genes are increasing or decreasing (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 

been a convergence of recent efforts to develop tools for classifying environmental 

metagenomes in terms of their ñresistome risk,ò that take into consideration the total 

numbers of ARGs, their clinical relevance, their presence on a mobile genetic element, 

and their likelihood of being carried by or transferred to a pathogen (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).   

Wastewater-Based Surveillance and Epidemiology 

Wastewater-based surveillance entails monitoring influent wastewater for markers of 

disease to inform public health efforts, while wastewater-based epidemiology takes this a 

step further by relating these measures to human disease  (Larsen et al., 2021). 

Substantial infrastructure was established for this purpose across the globe as a means to 

track the spread of COVID-19, and there is interest in adapting this infrastructure to track 

AMR (Pruden et al., 2021; Aarestrup and Woolhouse, 2020). In the context of the present 

study, sul1 and intI1 alone would not be very informative for such purposes, but adapting 

qPCR to track emerging ARGs of concern, such as those that encode ESBLs (e.g., 

blaTEM, blaCTX-M), carbapenemases (blaNDM, blaVIM, blaOXA), colistin resistance 

(mcr), and tigecycline resistance (tetX) could be of value (Keenum et al., 2022; 

Miğobedzka et al., 2022). There are efforts to advance metagenomic-based surveillance of 

AMR in wastewater, which would provide the advantage of simultaneous non-targeted 

detection of ARGs, mobile genetic elements, and pathogens (Pruden et al., 2021; 

Aarestrup and Woolhouse, 2020; Riquelme et al., 2022). There is a substantial trade-off 

in terms of cost of metagenomics; however, and, even with the deepest of sequencing, the 

detection limit will be on the order of 2-log higher than that of qPCR (Davis et al., 2023).    

Tracking ESBL E. coli could also be of value to wastewater-based surveillance and 

epidemiology by providing an indication of whether such infections are elevated in a 
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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 track patterns in multi-antibiotic 

resistance.  The isolates can also be subject to whole genome sequencing, which can be 

used not only to track sources of the E. coli, but also the molecular origin of their ARGs 

(e.g., movement on a plasmid) and thus contribute to an ecological 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 

results, with mTEC providing a slight increase in specificity (Calarco et al. in prep). The 

results of the present study further demonstrate that the ESBL E. coli methods tested here 

produced highly comparable results across states, water utilities, and laboratories.  

The qPCR 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 

sul1 and intI1 assays were significantly correlated between labs, but there was greater 

discrepancy compared to the E. coli culture methods. Other studies have similarly 

reported challenges in generating repeatable qPCR measurements between labs (Rocha et 

al. 2019; Taylor et al., 2019: Sanders et al., 2014) due to variability in standard curve 

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, particularly 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 correlated (intI1: r2 = 0.6028, p < 2.2e-16; sul1: r2 = 

0.351, p = 3.174e-13), but systematically about 0.7- and 0.9- log lower than the 

measurements performed at VT, for sul1 and intI1 respectively (Figure SI-7). It could not 

be determined if this was due to degradation of DNA extract due to an additional freeze-

thaw cycle, or because the qPCR assay systematically overestimated the number of gene 

copies relative to ddPCR. 

A challenge for all culture-based methods is that the samples are subject to short 

holding times and must be analyzed upon receipt within a limited time window. 

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 1-2 hours for each additional day required to achieve a pure culture for ultimate 

species confirmation and/or isolation. Final results after species confirmation are 

attainable two-four days after processing.  In general, qPCR methods allow greater 

flexibility in their execution because, once samples are received and concentrated, they 

can be preserved for extended periods at -20°C or -80°C prior to or after DNA extraction 

(Li et al., 2018). In this study, 6 samples in biological and technical triplicate (+standard 

curves and controls) could be analyzed for both sul1 and intI1 within 3 workdays, given 

two lab workers and two thermal cyclers. Day one was dedicated to filter-concentration 

and storage of filters, day two to DNA extraction, and day three to qPCR. Thus, person-
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hours of labor was estimated at 20 for culture (including time to prepare media in 

advance) and at 30 for qPCR, for corresponding batches of all 72 and 48 samples. Based 

on experience from this study, we estimate that as many as 8-16 samples could be 

analyzed for the two assays by qPCR in one batch, while 8-12 samples would be the limit 

for culture (these numbers are exclusive of biological and technical replicates).  

A cost analysis indicated that, for six samples collected in triplicate and run with 

technical duplication as 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 for the methods performed here (Table SI-5).  In terms of capital costs, culture 

requires an autoclave, a clean workspace, a water bath, and an incubator (Table SI-6).  

The most essential capital cost for qPCR is a real-time thermal cycler, which can cost on 

the order of $20,000-$40,000 USD, as well as a homogenizing instrument to facilitate 

DNA extraction. qPCR also generally also requires a -20̄ C freezer for storage of filters 

and DNA extracts if analysis is not immediate. Conversion to droplet digital PCR incurs 

even greater capital cost, but may be worthwhile if the results are more consistent and 

require less trouble-shooting. Given that US utilities are already required to monitor E. 

coli, there is generally less of a cost barrier as an entry point. However, water utilities in 

the US are more commonly becoming equipped with DNA analysis capabilities, 

including thermal cyclers and technicians trained on qPCR methods. Liguori et al. (2022) 

found that 8 out of 9 utility employees surveyed reported their organization has the 

capacity to run qPCR.  

QA/QC Recommendations  

An advantage of the E. coli method is that QA/QC criteria have already been 

established in a manner harmonized with existing fecal indicator regulatory guidelines. 

However, we found that for a large-scale comparative study of this nature, it was not 

practically feasible to process the samples within the 2-8 hour window specified by EPA 

Standard Method 1603. We instead set a limit at 48-hours to allow time for shipping, and 

held the samples on ice to reduce die-off. The high level of replication between labs, 

despite this modification, is encouraging. A study that examined the effects of holding 

time on survival of culturable E. coli found that E. coli concentrations in 64% of samples 

that were held on ice and concentrated by membrane filtration did not change 

significantly after 48 h (Pope et al., 2003). While it is desirable to process samples for 

culturable E. coli as quickly as possible, studies across large geographic areas require 

shipping and extended holding times, and E. coli concentrations are generally stable if 

samples are held on ice. 

 Borchardt et al. (2021) recently recommended several QA/QC measures to 

improve the accuracy and repeatability of qPCR when applied to environmental samples, 

referred to as the EMMI guidelines.  The outlined QA/QC processes were included in this 

study, with the exception of the 95% probability model for calculating LOD.   While the 

qPCR measurements in this study were significantly correlated between laboratories, the 

correlations were weak and there were a number of samples with fairly discrepant 

measures. Efficiencies and r2 coefficients of the standard curves were found to differ 

between the laboratories and might have contributed to the observed variability. 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 more variability among 

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, significant differences in the 

variance among biological qPCR 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 personnel collecting the water or 

unique on-site 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 the DNA extract 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 qPCR samples), a sub-group sample size of 2.77 is required to obtain 

significance at the level of 0.05 and a power of 0.8, indicating that, at a minimum, 

biological triplicates are necessary to support statistical comparison for qPCR analysis. It 

was also noted that the sul1 assay produced less variance among technical replicates, as 

compared to the intI1 assay (Figure 9). This sul1 assay in particular has been used 

historically in both laboratories and is well established, which could account for some 

improved consistency across replicates.  

A power analysis for linear regression determined for 4 water matrices, 2 labs, and 6 

utilities (48 culture samples), a sub-group sample size of 1.5 is required to obtain 

significance at the level of 0.05 and a power of 0.7, indicating that, at a minimum, 

biological duplicates are necessary to support statistical comparison for culture analysis. 

For total E. coli and ESBL E. coli, technical replicates centered closely around their 

mean, but variation from mean did ultimately differ significantly by utility and water 

matrix. Some variation 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 utility and water matrix, with a larger scale of variation observed upwards of 1-log for 

both total E. coli and for ESBL E. coli. The greatest variance within each sample type 

was noted for wastewater influent and effluent, which is reasonable given the inherent 

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 contributed by local 

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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Table SI-1: Sample volumes used to concentrate samples for culture assays by membrane 

filtration 

Water Matrix Media Filtration Amount 

Wastewater influent 
Modified mTEC 1 mL (at 10-2,-3,-4) 

Modified mTEC w/ cefotaxime  1 mL (at 10-1,-2,-3) 

Wastewater effluent 

Modified mTEC Up to 500 mL (until 

filter refusal) 

Modified mTEC w/ cefotaxime  Up to 500 mL (until 

filter refusal) 

Recycled Water 

Modified mTEC Up to 500 mL (until 

filter refusal) 

Modified mTEC w/ cefotaxime  Up to 500 mL (until 

filter refusal) 

Surface Water 
Modified mTEC 1, 10, 100 mL 

Modified mTEC w/ cefotaxime  10, 100, 250 mL  

 

 
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 Uses1 Impaired?1 

California N/A; this site is regulated under The BEACH Act N/A2 

Florida 
Aquatic Life, Fish and Shellfish Consumption, Swimming & 

Boating 
Impaired 

Florida 
Aquatic Life, Fish and Shellfish Consumption, Swimming & 

Boating 
Impaired 

Georgia Drinking Water, Aquatic Life, Swimming & Boating Impaired 

Nevada 
Aquatic Life, Fish and Shellfish Consumption, Swimming & 

Boating, Other 
Unknown 

Nevada 
Aquatic Life, Fish and Shellfish Consumption, Swimming & 

Boating, Other 
Good  

Nevada 
Aquatic Life, Fish and Shellfish Consumption, Swimming & 

Boating, Other 
Good  

Virginia 
Aquatic Life, Fish and Shellfish Consumption, Swimming & 

Boating, Other  
Impaired 

- 1 EPA, 2022 (mywaterway.epa.gov) 
- 2 Impairment 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 by uidA  

Target Type {ŜǉǳŜƴŎŜ όрΩ ǘƻ оΩύ Rationale Reference 

uidA 
Intercalating 

dye 

F) 
CAACGAACTGAACTGGCAGA; 
R) CATTACGCTGCGATGGAT 

E. coli species 
confirmation 

Modified 
from Chern 
et al., 2009* 

*Chern et al. assay was published using a probe and was adatped here as an 

intercalating dye-based assay for presence/absence of E. coli species.  
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Table SI-4: qPCR Sequence sul1/intI Gblock standard 

 
 

 

Figure SI-2: Correlation of sul1 and intI1 (gene copies/ml), with shape indicating utility 

where sample was collected and color indicating water matrix. Adjusted linear 

regression r-squared value and p-value are reported. Biological replicates analyzed at 
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both Virginia Tech and University of South Florida are combined for this analysis. Light 

blue lines delineate a 1:1 relationship. 

 

 

Figure SI-3: Inter-lab comparison of total E. coli (A) and ESBL E. coli (B) 

concentrations measured across water matrices, with USF on the x-axis and VT on the y-

axis. Note that recycled input and surface upstream samples were not collected at USF 

and therefore were omitted in this analysis. Light blue lines delineate a 1:1 relationship. 
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Figure SI-4: Inter-lab comparison of intI1 (A) and sul1 (B) qPCR measurements. 

Recycled input and surface upstream samples were not analyzed at USF and are 

excluded from this analysis. Light blue lines delineate a 1:1 relationship. 
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Figure SI-5:  The percent difference from the mean for each technical replicate for total 

E. coli (A) and ESBL E. coli (B) and biological replicate for total E. coli (C) and ESBL E. 

coli (D) of each sample cultured (samples are unlabeled across the X-axis). Colors 

indicate water matrix sample; Shapes indicate utility where sample was collected. The 

mean here is the average of three technical and biological replicates, respectively, 

collected at the same site and time, and processed at the same laboratory. The horizontal 

line indicates 0% deviation from the mean as a reference. Replicates analyzed at both 

Virginia Tech and University of South Florida are all included in this analysis. 
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Figure SI-6: The percent difference from the mean for each technical replicate for intI1 

(A) and sul1 (B) and biological replicate for intI1(C) and sul1 (D) of each sample 

(samples are unlabeled across the X-axis). Colors indicate water matrix sample; Shapes 

indicate utility where sample was collected. The mean here is the average of three 

technical and biological replicates, respectively, collected at the same site and time, and 

processed at the same laboratory. The horizontal line indicates 0% deviation from the 

mean as a reference. Replicates analyzed at both Virginia Tech and University of South 

Florida are all included in this analysis. 
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Table SI-5: Estimates and assumptions for cost analysis of methods for 6 samples 

(plus biological and technical triplicate for qPCR; plus biological triplicate and 

technical duplicate for culture) 

Method Target 

Lower Estimate, 

Consumables 

Only 

Upper Estimate, 

Consumables 

Only 

Estimated 

Consumable 

Cost per 

Sample 

Estimated 

Hours 

Culture 

total E. coli 

and ESBL E. 

coli 

$ 120.35 $ 222.63 $20-37 8-9 

qPCR 
sul1 and 

intI1 
$ 572.78 $ 645.93 $95-108 9-14 

Assumptions: 

- Culture estimated hours for one technician; qPCR estimated hours range 

from 1 to 2 technicians at upper estimate. 

- [ƻǿŜǊ ŜǎǘƛƳŀǘŜǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ±ƛǊƎƛƴƛŀ ¢ŜŎƘΩǎ ƴŜƎƻǘƛŀǘŜŘ ǊŀǘŜǎ ǿƛǘƘ 

preferred vendors.  

- ¦ǇǇŜǊ ŜǎǘƛƳŀǘŜǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ƭƛǎǘƛƴƎ ǇǊƛŎŜǎ ƻƴ ǘƘŜ ǎŀƳŜ ǾŜƴŘƻǊΩǎ ǎƛǘŜǎ 

as viewed without institutional login. 

 

Table SI-6: Capital Costs Associated with Methods 

Method Equipment Use Lower Estimate Upper Estimate 

 

Culture 

Water Bath Incubation $591 $3,811 

Incubator Incubation $1,677 $8,643 

Total equipment costs: $2,268 ς 12,454 

 

qPCR 

Homogenizer DNA extraction $12,607 $16,597 

Mini centrifuge Preparation of 
master mix 

$178 $450 

Thermal Cycler Run qPCR $20,000 $40,000 

Maintenance/year Thermal cycler $10,000 $12,000 

Computer Edit qPCR cycles 
and download 
data 

$499 $1,500 

Total equipment costs: $43,284 ς 70,547 

 

ddPCR 

Homogenizer DNA extraction $12,607 $16,597 

Mini centrifuge Preparation of 
master mix 

$178 $450 

System with droplet 

generator, plate 

Uniform droplet 
generation, 
plate run, 

$132,610 176,814 
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reader, and computer download data  

Plate sealer Uniform seal $4,293 $4,434 

Total equipment costs: $149,688 ς 198, 295 

*All three methods utilize a biosafety cabinet and an autoclave, therefore those pieces 

of equipment were not included in the comparative cost analyses.  

 

 

 

Figure SI-7: Correlation of sul1 (A) and int1 (B) concentrations (gene copies/ml) by 

qPCR and ddPCR. Color indicates water matrix. Adjusted linear regression r-squared 

value and p-value are reported. Only biological replicates analyzed at Virginia Tech are 

included in this analysis. ddPCR was conducted by partners at US EPAôs Office of 

Research and Development. Light blue lines delineate a 1:1 relationship. 
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Table SI-7: Spearman correlation 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.  

- *recycled influent and surface upstream samples were not collected at USF and 
therefore no correlation analysis was possible.  
- Statistically significant correlations bolded for emphasis.  

 

 

Correlation: 
Wastewater 

influent 
Wastewater 

Effluent 
Recycled 

Input 
Recycled 
Effluent 

Surface 
Upstream 

Surface 
Downstream 

Total E. coli  
(VT x USF) 

p = 0.033 
Rho ς 0.75 

P = 0.82 
Rho = -0.63 

-*  P = NA 
Rho = NA 

-*  P = 0.008 
Rho = 1 

ESBL E. coli 
(VT x USF) 

P = 0.017 
Rho = 0.82 

P = NA 
Rho = NA 

-*  P = NA 
Rho = NA 

-*  P = 0.043 
Rho = 0.92 

Sul1  
(VT x USF) 

P = 0.98 
Rho = -0.49 

P = 0.56 
Rho = -
0.048 

-*  P = 0.026 
Rho = 
0.61 

-*  P = 0.66 
Rho = -0.12 

intI1  
(VT x USF) 

P = 0.69 
Rho = -0.12 

P = 0.06 
Rho = 0.57 

-*  P = 0.604 
Rho = -
0.077 

-*  P = 0.532 
Rho = -0.077 

Total E. coli 
x sul1 

P = 0.23 
Rho = 0.21 

P = 0.71 
Rho = -0.20 

P = 0.23 
Rho = 
0.21 

P = 0.24 
Rho = 
0.27 

P = 0.53 
Rho = 0.0 

P = 0.039 
Rho = 0.55 

ESBL E. coli 
x sul1 

P = 0.47 
Rho = 0.024 

P = NA 
Rho = NA 

P = 0.47 
Rho = 
0.024 

P = 0.18 
Rho = 
0.34 

P = 0.53 
Rho = -
0.051 

P = 0.17 
Rho = 0.32 

Total E. 

coli x intI1 
P = 0.631 
Rho = -
0.095 

P = 0.96 
Rho = -0.58  

P = 0.63 
Rho = -
0.095 

P = 0.032 
Rho = 
0.64 

P = 0.26 
Rho = 0.4 

P = 0.59 
Rho = -0.078 

ESBL E. 

coli x intI1 
P = 0.33 
Rho = 0.13 

P = NA 
Rho = NA 

P = 0.33 
Rho = 
0.13 

P = 0.046 
Rho = 
0.59 

P = 0.11 
Rho = 
0.67 

P = 0.036 
Rho = 0.56 
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Figure SI-8: Utility operational data for the 2 weeks prior to sample event, and 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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Figure SI-9: Utility Operational Data for the 2 weeks prior to sample event, and 1 week 

post sampling event for influent compared to effluent samples. Some parameters were 

missing for some utilities due to the utility not collecting this data and are blank here. 
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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 

(WWTPs) coupled with AWT reuse systems across the US in order to quantify the 

removal of key indicators of antibiotic resistance proposed for monitoring: sul1, intI1, 

and cefotaxime-resistant E. coli. We additionally compared these to the removal of total 

bacteria (16S rRNA genes), the human-specific fecal marker crAssphage, and total E. 

coli. The findings 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 associated 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 

helps to 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 infection rates 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 per year due to AMR (World Bank, 2017). Over the next 30 years, 

projections estimate deaths from drug-resistant infections exceed 10 million deaths per 

year (IACG, 2019).  

As AMR is now widely recognized as a complex, multi-dimensional One Health 

(people-animals-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 reduction, 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 

resistance in 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 urinary-tract colonization (Price et al., 2012; Leonard et al., 2015; Xie et 

al., 2019; Feddersen et al., 2021).  

Given that the source water is treated wastewater 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, especially in water-stressed 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 of exposure routes and largely depend on 

whether the water is intended for potable or non-potable reuse (Garner et al., 2016). 

Common non-potable applications include: toilet flushing (Gerba et al., 1975), spray 

irrigation (Rosenberg Goldstein et al., 2014; Brissaud 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 drinking water, 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 intentionally planned, then the alternative is typically de facto reuse, 

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 (WWTPs) (Ashbolt et al. 2018), which 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 receiving body (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 studies, total abundance of ARGs (ampC, bla, erm, sul, tet, 

vanA) were significantly lower in effluent compared to influent. Some studies have found 

increasing relative abundance of AMR through WWTPs (Che et al., 2019; Wang et al., 

2021; Cheng et al., 2021), indicating that while overall levels were reduced during 

treatment, the bacteria and genes most likely to survive treatment were those with 

resistance to antimicrobials. This evidence supports the hypothesis that ARB are not only 
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more resistant to antibiotic treatment 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 only class 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 wastewater effluent compared to influent (Karman et al., 2016). This 

includes and is evidenced by the frequent co-occurrence of antibiotic, biocide, and metal 

resistance genes (Pal et al., 2015). Mao et al. (2015) found evidence that high levels of 

antibiotics 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 

demonstrating that 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 three 

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 removing both 

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 that deactivating or 

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 that a combination 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 treatment train studied 

(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 log-removal when combined with an integrated membrane 

process treatment train, which also includes microfiltration and ultrafiltration in addition 

to a conventional anaerobic-anoxic-aerobic process. Wang et al. (2021) found that across 

four WWTPs in China, rates varied from 0.19- up to 2.91-log removal of ARGs. The 

additional removal rate provided by a properly designed AWT train has the potential to 

reduce or eliminate the ARGs and ARBs 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, and human 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 treatment plants, 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, 

anthropogenically-sourced ARB, ARGs, residues of antimicrobials, and pathogen 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 discharges (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 ubiquitous (Kraemer et al., 2019; Kümmerer, 2009).  

The purpose of this study was to quantify and compare the removal of 

cefotaxime-resistant Escherichia coli (referred to as ESBL E. coli), sul1, and intI1 

achieved by AWT facilities located across the US applied for the 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 standardization 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 and provide in-kind 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 relevant. Each plant utilized a distinct treatment train for 

both conventional treatment as well as the additional advanced treatment processes used, 

which are outlined in Table SI-1and Table SI-5. Conventional treatment stages all 

included activated sludge. For each of the recycled water plants sampled, the details of 

their post-conventional treatment are outlined in Table 1. All plants except for D included 

nutrient removal, and all except for C included a filtration step.  

Table 1: Overview of Each Recycled Water Plant Sampled 

Utility 

Code 
State 

Plant 

Capacity 

(MGD)  

Post-Conventional Treatment 
Intended Recycled 

Uses 

A Florida 9 Nitrification/ Denitrification, 

phosphorous removal; Depth 

filtration (sand); Chlorine 

disinfection 

Non-potable reuse 

B Georgia 37*   Nitrification/ Denitrification, 

phosphorous removal; Granular 
Indirect potable reuse 
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media/membrane filtration 

(ultrafiltration); Ozone disinfection 

C Virginia 1 Nitrification/ Denitrification, 

phosphorous removal; Sodium 

hypochlorite disinfection 

Non-potable reuse  

(de facto reuse)  

D California 6 Inert media gravity filtration;  

Sodium hypochlorite disinfection 
Non-potable reuse 

E Florida 5 Nitrification/ Denitrification; 

Shallow bed filtration; Chlorine 

disinfection 

Non-potable reuse 

*  Average daily flow was 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 no known impacts 

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 set was collected for 

each of the two independent labs, with two replicates for culture and three replicates for 

qPCR in each set (SI Figure 10). 

 

Table 2: Samples Included in Analysis  

Type Treatment Stage 
Facilities 

(#) 

Biological 
Replicates per 

sampling location 

Wastewater Influent Post-secondary clarifier 7 6 

Wastewater Effluent End of traditional 
treatment train; 
Disinfected effluent 

7 6 

Treated Recycled 
Water 

Final effluent from 
advanced treatment 

5 6-9 

Ambient Water Nearby surface water, 
without known discharge 
from WWTP 

6 3-9 

 

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 samples, 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 bottle cap- without 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 replaces the cap 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 a reasonable 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 below 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 repeated 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 each sample, 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, and conductivity. 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 agreed-upon UPS PickUp location. Return 

shipping was done using ñOvernight Earlyò to ensure arrival within 24 hours of 

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-

concentration, culturing filters, and storage of filters destined for further molecular 

analysis. Filter concentration was conducted using vacuum filtration. For samples 

destined for molecular quantification via qPCR, 0.22 µm filters were used, then stored in 

cryotubes with 50% ethanol at -20°C. For samples destined for culture, 0.45 µm filters 

were used and then plated onto media immediately.   

 

Culture 

 The culture media used in this study was modified mTEC (BD DifcoÊ, Franklin 

Lakes, NJ). Filters were placed onto prepared media with antibiotic (cefotaxime 4 µg/ml) 

and without antibiotics, in technical duplicate using flame-sterilized 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 22 hours. Colonies were counted at the end of that 22-hour 

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).   

 

qPCR 

 qPCR assays 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 and run parameters are detailed in Table SI-4. The 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 the 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 qPCR analyses and one-half the LOD for culture analyses, to 

enable their inclusion in further analyses. If a sample fell above the LOD for qPCR but 

below the LOQ, it was assigned a value of ½ the LOQ. 

All qPCR data for sul1 and intI1 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. qPCR data were normalized by dividing the gene 

copies/mL of ARG by the gene copies/mL 16S rRNA for that same sampled (Keenum et 

al., 2022).  

 

Table 2: qPCR assays, primers and probes used in this study  

Target Primers (5ô-3ô) Probe Citation  

intI1 
(F) GCCTTGATGTTACCCGAGAG;  

(R) GATCGGTCGAATGCGTGT 

(6-FAM) 

ATTCCTGGCCGTGGT

TCTGGGTTTT(BHQ1) 

Barraud et al., 

2010 

sul1 
(F) CGCACCGGAAACATCGCTGCAC; 

(R) TGAAGTTCCGCCGCAAGGCTCG 
n/a Pei et al., 2006 

16S rRNA 
(F) CGGTGAATACGTTCYCGG 

(R) GGWTACCTTGTTACGACTT 
n/a 

Suzuki et al., 

2000 

crAssphage 

(056) 

(F)CAGAAGTACAAACTCCTAAAAA

ACGTAGAG  

(R) GATGACCAATAAACAAGCCATT 

AGC 

[FAM] 

AATAACGATTTACG

TGATGTAAC [MGB]  

Stachler et al., 

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 log-transformed data were tested for normality 

using Shapiro-Wilks test, which indicated the data were not normally distributed 

(Shapiro-Wilk, p < 2.2e-16) 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 analyzed 

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 collect recycled 

influent or surface upstream, therefore for culture 2-4 biological replicates were binned 

for each sample and for qPCR 3-6 biological replicates were binned for each sample 

(Liguori et al., in prep (Chapter 3)).  

Analysis was done to determine groupings of samples 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 compared by Kruskal-Wallis 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 the plants, the two were merged into one ñsurface 

waterò category and treated as such throughout here.  

Differences in detection of ARGs and culture targets were tested using Kruskal-

Wallis tests. Dunnôs test, with Bonferroni correction, was used for scenarios where the 

Kruskal-Wallis 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, Fligner-Killeen 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 of both sul1 and intI1 genes as 

compared to the wastewater effluent (Kruskal-Wallis, p=2.2e-16). Variability was much 

higher amongst the wastewater influent samples compared to effluent (Fligner-Killeen, 

p=2.2e-16). With all utilities combined, the overall removal of intI1 achieved by the 

WWTPs was 2.76-log and for sul1 removal was 2.69 -log.  

 

  

Figure 1: Log10 concentration 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 targets appeared similar in magnitude in the wastewater 

influent and effluent samples collected across the utilities (Figure 3). Wastewater influent 

had higher concentrations of Total E. coli and ESBL- E. coli (Kruskal-Wallis, p= <2.2e-
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16) as compared to wastewater effluent. ESBL E. coli were found at concentrations 1-2 

logs lower than Total E. coli in the influent, but after treatment both culture targets were 

detected within a comparable range. The results estimated an overall average removal of 

Total E. coli by 6.7 logs and a removal of ESBL E. coli of 4.8 logs.   

 

 
Figure 3: Log10 CFUs per 100 ml of Total E. coli (top) and presumptive ESBL E. coli 

(bottom) across six utilities entering (influent- red) and leaving (effluent- blue) their 

respective wastewater treatment train. Non-detects were coded at ½ 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. 

 

 

Removal during Advanced Treatment 

 

All r ecycled 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 

concentration ranges overlap significantly between the influent and effluent samples. The 

trends of the violin indicate that recycled influent samples tend to be higher in 

concentration (Kruskal-Wallis, p=0.03), around the 104 to 106 range. Higher variability 

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

in the range of 103 to 105 gene copies/mL. A Fligner-Killeen test, for non-parametric 

data, indicated that variability was significantly higher in the effluent group (p=0.02175). 

For intI1 and sul1, a slight enrichment of gene copies was observed by 0.77 and 0.03 log 

increase in effluent compared to recycled input, 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 rates of sul1 and intI1 observed for each utility 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 (Kruskal-Wallis, p=0.02). Some plants 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.  
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Figure 5: Log10 concentration of gene copies in recycled water influent (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 targets were examined in recycled influent and recycled 

effluent across the utilities sampled (Figure 6). ESBL E. coli were found at 

concentrations 0-2 logs lower than Total E. coli in the water entering recycled treatment, 

but after advanced treatment both culture targets were detected within a comparable 

range. The results indicated a half-log removal of ESBL E. coli and a relative increase in 

Total E. coli by 0.12-log.   

 

 
Figure 6: Log10 CFUs per 100 ml of Total E. coli (top) and ESBL E. coli (bottom) 

across six utilities entering (green) and leaving (orange) their respective advanced water 

treatment train. Fewer samples were collected for recycled influent compared to effluent 

due to the influent samples not being analyzed at USF. Non-detects were coded at ½ 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 

 

intI1 and sul1 gene target concentrations amongst the three types of surface water 

sampled (upstream, downstream, and ambient) are shown in Figure SI-5 To test for an 

impact on downstream water quality, the delta between upstream and downstream 
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concentrations were calculated for each sampling site, these deltas were found to differ 

by site (Kruskal-Wallis, p=0.01), indicating the impact of the effluent on the receiving 

body differs by utility.  

 

No significant difference were found between the upstream surface water samples and the 

ambient surface water samples (Kruskal-Wallis, 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 represent un-impacted water as a 

comparison for the downstream samples. Figure 7 compares the concentration ranges for 

intI1 and sul1 genes in the upstream/ambient versus downstream waters.  

 

 
Figure 7: Log10 concentration of intI1 (top) and sul1 (bottom) in ambient surface waters 

(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 the wastewater discharge, as well as a separate 

ambient site (Figure 9). ESBL E. coli were found at concentrations 0-3 logs lower than 

Total E. coli in all of the surface waters. The results estimate a quarter-log reduction of 

Total E. coli between upstream and downstream surface waters. However, for ESBL E. 

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. coli (top) and ESBL E. coli (bottom) 

across six utilities 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 USF. Non-detects were coded at ½ 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. 

 

Recycled water effluent was compared to wastewater effluent in order to determine if 

significant improvements are made in water quality discharged to the receiving body 

(Figure 10). The individual samples were plotted by sample set, with the overall boxplot 

overlayed to demonstrate the mean and quartiles. For both intI1 and sul1, 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 Kruskal-Wallis (p=0.1). A paired t-test was conducted by pairing the recycled 

effluent and wastewater effluent samples by sampling event and processing laboratory, 

which found no significant difference between the two water types for sul1 or intI1 

(p=0.2826). 

 

 

AWT Effluent vs. surface waters for de facto Reuse 

Nearby surface waters were compared to the recycled effluent here, to determine 

if the use of recycled effluent for planned reuse would be superior to a de facto system 

that draws source waters from nearby surface bodies. Further information on these 

surface bodies is provided in SI-3.  

The final recycled effluent was compared to nearby un-impacted surface waters to 

determine the pollution potential of these discharged waters (Figure 11). The ranges of 

sul1 and intI1 observed for recycled water effluent was found 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 in nearby 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 (Kruskal-Wallis, p=0.17).  

 

 
Figure 11: Log10 concentration of intI1 and sul1 gene copies in recycled water effluent 

(green) compared to nearby ambient surface waters believed to be un-impacted by 

discharged effluents (orange). Biological replicates are binned for both labs. Utilities 

without one or more sample types were removed from this analysis. 

 

Discussion 

This study assesses the extent of intI1, sul1, total E. coli, and ESBL E. coli removed 

from conventional wastewater and AWT for water reuse while examining whether 

removal rates of a gene target correlate with removal rates of resistant bacteria. In 

general, conventional WWTPs were found to be responsible for the majority of observed 

removal of the targets measured here where between 4 and 5-log removal was observed 

for sul1 and intI1 across all sites. In some cases, AWT achieved additional removal, but 

in other cases, AWT appeared to actually contribute to selective enrichment of the AMR 

targets.  On average, an additional removal of 4-5-log was observed for these genes by 

AWT, when all samples are combined. 

Fecal and Bacterial 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 human-specific 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 indicator of total 

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 2.15- and 2.10-log was observed for inti1 and sul1 

abundances, however when 16S normalized, the relative abundance of both genes was 

higher in effluent than influent by an average of 2.13- and 2.18-log, respectively. This 

may indicate that the treatment train utilized at Utility C actually selectively enriches 

indicators of antibiotic resistance, while overall gene copies decrease the relative number 

of then gene indicators increases. Utility C uses a secondary 5-stage bardenpho treatment 

train followed by disinfection by sodium hypochlorite.  

Removal and Enrichment 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 both intI1 and sul1 is observed 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 elevated total numbers of sul1 and intI1, although they were not 

selectively enriched. At Utility B, a small increase was observed in total intI1 abundance 

in the effluent compared to the AWT influent. This trend is exacerbated when 16S 

normalized, the relative abundance was several logs higher in effluent compared to 

influent. 

Removal and Enrichment of Total and ESBL E. coli  

Conventional wastewater treatment effectively removed culturable Total E. coli and 

ESBL E. coli across all six sites to below 1-log. Results obtained from the culture 

methods here did not indicate any selective enrichment of ESBL E. coli through 

conventional treatment, though E. coli levels in the effluent were near or below the 

detection limit for all sites. 

The water entering advanced treatment had already been treated by conventional and 

therefore generally had Total and ESBL E. coli detections at or below the detection limit. 

Utility B was the exception here, with one sample testing for about 2-logs of ESBL E. 

coli in the water entering advanced treatment. All utilities saw an overall reduction in 

Total and ESBL E. coli from 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 equal levels of Total and ESBL E. coli were detected in the effluent 

samples from Utility D.  

In terms of surface water pollution, concentrations of Total and ESBL E. coli were 

comparable across upstream and downstream categorizations, within each site. This 

evidence does not suggest any strong increase in the concentration of E. coli downstream 

of wastewater discharge points. This could indicate no impact of the discharge on 

culturable E. coli, or could be due to the locations where samples were collected.  

Conclusions 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 source for drinking 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 without causing 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 regions across the 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 technologies and applications 

or combinations of said technologies for the removal of genetic determinants of AMR or 

other human-relevant 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 

State Date Water Type 
Chlorine 

Total 

Chlorine 

Free 
Ammonia 

Temp 

© 
pH Turbidity  

Conductivity 

us/cm 

Florida 9/21/21 
Wastewater 

Influent 
n/a n/a 21.36 28.5 7.12 n/a 1617 

Florida 9/21/21 
Wastewater 

Effluent 

<0.01 

mg/L 
n/a 0.04 30.4 7.11 0.6 1210 

Florida 9/21/21 
Surface 

Upstream 
n/a n/a 0.117 27.3 7.21 4.6 382 

Florida 9/21/21 Surface n/a n/a 0.175 28.5 7.39 2.43 820 
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Downstream 

Georgia 10/18/22 
Wastewater 

Influent 
n/a n/a 32.2 20.6 7.41 73.1 n/a 

Georgia 10/18/22 
Wastewater 

Effluent 
n/a n/a - n/a n/a n/a n/a 

Georgia 10/18/22 
Surface 

Upstream 
n/a n/a - 23.2 7.77 0.42 45.9 

Georgia 10/18/22 
Surface 

Downstream 
n/a n/a - 23.2 7.33 0.42 46 

Georgia 10/18/22 

Surface 

Downstream, 

further 

n/a n/a - 23.2 7.08 0.41 45.9 

Nevada 11/8/21 
Wastewater 

Influent 
   24.6    

Nevada 11/8/21 
Wastewater 

Effluent 
   24.8    

Nevada 11/8/21 
Surface 

Upstream 
n/a n/a      

Nevada 11/8/21 
Surface 

Downstream 
n/a n/a      

California 1/24/22 
Wastewater 

Influent 
n/a n/a 53.7 mg/L 69.3 °F 7.5 n/a 1640 

California 1/24/22 
Wastewater 

Effluent 

<o.o1 

mg/L 

0.02 

mg/L 
12.5 mg/L 74.3 °F 7.5 1.0 NTU 1260 

California 1/24/22 
Surface 

Upstream 
n/a n/a - 

H2O- 

60.1 F 

air- 73.5 

°F 

8.93 2.6 NTU 1760 

California 1/24/22 
Surface 

Downstream 
n/a n/a - 

H2O- 

67.3 F 

air-67.4 

°F 

8.22 8.22 NTU 1370 

Virginia 2/9/22 
Wastewater 

Influent 
n/a n/a - 14.148 6.98 55.8 0.848 

Virginia 2/9/22 
Wastewater 

Effluent 
n/a n/a - 15.03 7.14 16.54 0.695 

Virginia 2/9/22 
Surface 

Upstream 
n/a n/a - 5.7 7.88 -0.37 23.224 

Virginia 2/9/22 
Surface 

Downstream 
n/a n/a - 4.7 7.48 -2.1 26.857 
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Florida 3/10/22 
Wastewater 

Influent 
n/a n/a > 12 mg 23.8 8.02 n/a n/a 

Florida 3/10/22 
Wastewater 

Effluent 

3.23 

mg/L 
n/a -0.058 26.8 7.26 0.93 n/a 

Florida 3/10/22 
Surface 

Upstream 
n/a n/a - 24.1 7.87 4.42 521 

Florida 3/10/22 
Surface 

Downstream 
n/a n/a - 24.1 7.8 4.35 532 

 

 

Table SI-3: Characteristics of Selected Sampling Sites (EPA, 2022) 

State Utility 

Code 

WWTP 

Pop. 

Served 

Surface Water EPA Designated 

Uses1 

Impaired?1 

California D 250,000 
N/A; this site is regulated under 

The BEACH Act 
N/A2 

Florida A 81,589* 

Aquatic Life, Fish and Shellfish 

Consumption, Swimming & 

Boating 

Impaired 

Florida E 220,000 

Aquatic Life, Fish and Shellfish 

Consumption, Swimming & 

Boating 

Impaired 

Georgia B 606,263 
Drinking Water, Aquatic Life, 

Swimming & Boating 
Impaired 

Nevada F & G 86,000 

Aquatic Life, Fish and Shellfish 

Consumption, Swimming & 

Boating, Other 

1 site Unknown; 

2 sites Good  

Virginia C 197,608 
Aquatic Life, Fish and Shellfish 
Consumption, Swimming & 

Boating, Other  

Impaired 

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

- 2 Impairment designations are only given to waterways which are regulated under 

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

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

Target 1 2 3 4 
Melt 

Curve 

16S rRNA 
98C 2:00 98C 0:05 55 0:05 Repeat steps 

2-3, 39 times 
y 

sul1 
95C 15:00 95C 0:15 65C 0:30 Repeat steps 

2-3, 49 times 
y 

intI1 
95C 10:00 95C 0:30 60C 1:00 Repeat steps 

2-3, 44 times 
n 

crAssphage 
(056) 

95C 3:00 95C 0:10 60C 0:30 Repeat steps 
2-3, 39 times 

n 

 

 

 

Table SI-5: Simplified Treatment Train for all Plants Sampled 
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Figure SI-1: Abundance of Fecal indicators, 16S and crAssphage 

 

 

 

 
Figure SI-2: 16S-normalized version of Figure 1, with log10 concentration of gene 

copies in wastewater influent compared to effluent, with all samples binned from across 










































































