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ABSTRACT Wastewater-based epidemiology (WBE) expanded rapidly in response to 
the COVID-19 pandemic. As the public health emergency has ended, researchers and 
practitioners are looking to shift the focus of existing wastewater surveillance pro
grams to other targets, including bacteria. Bacterial targets may pose some unique 
challenges for WBE applications. To explore the current state of the field, the National 
Science Foundation-funded Research Coordination Network (RCN) on Wastewater Based 
Epidemiology for SARS-CoV-2 and Emerging Public Health Threats held a workshop in 
April 2023 to discuss the challenges and needs for wastewater bacterial surveillance. 
The targets and methods used in existing programs were diverse, with twelve different 
targets and nine different methods listed. Discussions during the workshop highligh
ted the challenges in adapting existing programs and identified research gaps in four 
key areas: choosing new targets, relating bacterial wastewater data to human disease 
incidence and prevalence, developing methods, and normalizing results. To help with 
these challenges and research gaps, the authors identified steps the larger community 
can take to improve bacteria wastewater surveillance. This includes developing data 
reporting standards and method optimization and validation for bacterial programs. 
Additionally, more work is needed to understand shedding patterns for potential 
bacterial targets to better relate wastewater data to human infections. Wastewater 
surveillance for bacteria can help provide insight into the underlying prevalence in 
communities, but much work is needed to establish these methods.

IMPORTANCE Wastewater surveillance was a useful tool to elucidate the burden and 
spread of SARS-CoV-2 during the pandemic. Public health officials and researchers are 
interested in expanding these surveillance programs to include bacterial targets, but 
many questions remain. The NSF-funded Research Coordination Network for Wastewater 
Surveillance of SARS-CoV-2 and Emerging Public Health Threats held a workshop to 
identify barriers and research gaps to implementing bacterial wastewater surveillance 
programs.

KEYWORDS wastewater surveillance, bacteria, wastewater-based epidemiology

A fter SARS-CoV-2 was detected in fecal material and sewage early during the 
COVID-19 pandemic (1–3), wastewater surveillance of the virus was implemented 

around the world. As of April 2023, wastewater-based epidemiology (WBE) for SARS-
CoV-2 has been conducted globally at more than 4,000 sampling sites in over 70 
countries (4). Wastewater surveillance refers to the systematic testing of wastewater 
to collect health-related data, while WBE refers specifically to relating wastewater data 
back to the population (5). After seeing the utility of WBE during the pandemic, public 
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health labs and researchers are assessing other public health gaps that might be 
addressed using WBE. In July 2022, the United States Centers for Disease Control 
and Prevention (US CDC) announced the National Wastewater Surveillance System 
(NWSS) will include additional targets such as antimicrobial resistance (AMR) and 
etiologies of foodborne illness (6). To help with this growth, the National Academies 
of Sciences, Engineering, and Medicine (NASEM) formed a committee assessing the 
lessons learned with SARS-CoV-2 wastewater surveillance and envisioning the future of 
the field. Their initial report defined the criteria for selecting new wastewater surveillance 
targets: public health significance, analytical feasibility for wastewater surveillance, and 
usefulness of community-level wastewater data (7). They presented influenza, antimicro
bial resistance, and enterovirus D68 as case studies of pathogens that fit these criteria (7).

Although the NASEM report did not name targets directly, bacteria have routinely 
been discussed within the research community as potential targets (8–11). However, 
there is not nearly as much research focusing on bacteria. Abundant questions remain 
about the applicability of existing methods to bacteria and how wastewater data relate 
to the number of human infections. A systematic review recently identified 100 different 
manuscripts describing wastewater surveillance programs of 44 different infectious 
targets (10). Only two of the targets they identified were bacteria: Escherichia coli and 
Salmonella species (10). It is clear the research on bacterial wastewater surveillance 
and WBE is less abundant compared to viral targets. There are established standardized 
protocols to test surface water for bacterial markers of fecal contamination (12), of 
which not all are pathogens, the primary target of wastewater surveillance. However, 
these methods are primarily used to ensure compliance with the Clean Water Act and 
are not applicable to wastewater surveillance of pathogenic bacteria (13). Furthermore, 
wastewater is a very different matrix than surface water, with a more diverse micro
bial community (14) and more molecular inhibitors relative to surface water (15). This 
suggests method adjustments are likely needed to detect target pathogens.

Because there is little peer-reviewed and published research validating methods 
for bacterial WBE, many groups are using pre-analytical (i.e., sampling, matrix concen
tration, and nucleic-acid extraction) methods developed for SARS-CoV-2 surveillance. 
However, bacteria and viruses have fundamentally different morphology, and their fate 
and transport in a wastewater system are determined by different factors. According 
to a review by Chahal et al. (16), bacterial-particle associations are driven mainly by 
particle size, composition, and growth stage of the bacteria. Conversely, viral-particle 
associations are primarily driven by the surface charge of the particle and virion and 
viral morphology (16). This suggests that methods derived for viral surveillance are not 
universally applicable to bacterial targets. Additionally, it is not expected that human 
viral pathogens multiply in wastewater, but whether pathogenic bacteria multiply in 
wastewater or not is unclear.

In response to these concerns, the Wastewater Surveillance for SARS-CoV-2 and 
Emerging Public Health Threats Research Coordination Network (RCN) hosted a 
workshop in April 2023 in which all network members were invited to participate. 
The goals of the workshop were to discuss current bacterial surveillance in waste
water practices and facilitate knowledge sharing, identify challenges and barriers to 
implementing bacterial surveillance programs, and recognize paths to overcome those 
barriers. The products of those discussions are presented here to help guide future work 
for bacterial wastewater surveillance.

WORKSHOP STRUCTURE

The RCN was launched in August 2020 to advance research for SARS-CoV-2 wastewater 
surveillance. It evolved in 2022 to include emerging public health threats. In April 2023, 
the RCN organized a virtual workshop to discuss existing bacterial wastewater surveil
lance programs and challenges to implementing new programs. The workshop was open 
to anyone on the RCN email list and their colleagues but required registration, which 
included a pre-workshop survey. The workshop had participants at all stages of their 
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career, from graduate students to late career professionals. Participants also represented 
diverse fields and industries, with attendees from universities, water utilities, government 
agencies (including public health authorities), and private businesses. The first part of 
the workshop involved a panel with presentations about existing bacterial monitoring 
programs. Topics discussed included bacterial partitioning in wastewater compared to 
viral partitioning and surveillance for AMR and Salmonella enterica serovar Typhi (S. 
Typhi). Rather than providing specific guidance, panelists Kara B. De León, Rachel T. 
Noble, and Nicolette A. Zhou were asked to talk about their own research experiences 
with the goal of encouraging conversation among workshop participants.

De León discussed modifying existing methods for viral nucleic acid extractions from 
wastewater to co-extract bacterial targets. Compatibility issues could arise with existing 
methods. For example, solid removal steps may also remove bacterial cells. In addition, 
there are losses in efficiency when isolating high and low molecular weight nucleic 
acids simultaneously. Targets for bacterial pathogen quantification are often located on 
the chromosome rather than on a plasmid, but many pathogenic and resistance genes 
are located on plasmids (17). Estimating cell numbers from gene copies relies on the 
assumption that there is one gene target per bacterial cell, but plasmid copy number 
per cell ranges by orders of magnitude depending on the plasmid (18). Therefore, gene 
targets on plasmids may not accurately estimate bacterial concentrations. Additionally, 
bacterial chromosomes are much larger than the genomes of viral targets. Methods that 
have been optimized for extracting small viral nucleic acids may not also efficiently 
extract larger bacterial chromosomal DNA. The loss of this bacterial target signal, 
whether by cell removal or inefficient nucleic acid extraction would lead to an underesti
mation of bacterial pathogen concentrations in the wastewater. Furthermore, concentra
tion of bacterial cells with centrifugation can also concentrate inhibitors. Additional steps 
may be required to remove inhibitors while retaining the bacterial fraction. While not 
impossible to co-concentrate and extract viral and bacterial nucleic acids, labs will be 
required to critically assess methods to control for these challenges.

Noble’s talk focused on wastewater surveillance for AMR and pathogenic bacteria. 
She started by discussing the utility of both quantitative PCR (qPCR) and digital PCR 
(dPCR) in wastewater surveillance. While dPCR has become the standard for COVID-19 
surveillance, qPCR can be easily multiplexed and is more adaptive to new targets such 
as AMR. Noble additionally discussed adapting methods to bacterial targets. Viral genes 
targeted with PCR methods are species specific, and detection of the gene confirms the 
presence of the virus. While antimicrobial resistance genes (ARGs) can move between 
species and proliferate in the environment in pathogenic and non-pathogenic bacteria 
in wastewater, biofilms, and soils, suggesting detection of the gene does not confirm 
the presence of a specific bacterial species. Additionally, when conducting surveillance 
for bacteria, it is crucial to confirm the presence of both the species and the pathogenic 
genes to better understand underlying infections. Because many human pathogens are 
viable but non-culturable (VBNC) (19), it is difficult to definitively link pathogenic genes 
to their host species because this is commonly carried out with culture.

Zhou focused on concentration methods, use cases, and challenges of environmen
tal surveillance of S. Typhi (20). Trap and grab sampling methods are used globally 
for S. Typhi, and the choice depends on the use case scenario (vaccine campaign 
location selection, vaccine campaign monitoring, low concentration detection/early 
outbreak detection, and disease surveillance). There are many challenges with culture- 
and molecular-based S. Typhi detection methods. For culture-based methods, there are 
competing organisms and some of the media used is inhibitory and hazardous, leading 
to safety and disposal concerns. For molecular methods, the widely used qPCR assay was 
developed using clinical samples and the targets are not fully specific to S. Typhi (21), 
making it challenging to confirm detection in wastewater using qPCR alone. Inclusion 
of multiple pan-Salmonella and S. Typhi targets facilitates detection in wastewater (22), 
and confirmation can be accomplished through sequencing. Finally, molecular detection 
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with environmental samples can be challenging due to low S. Typhi concentrations and 
the complex background matrix.

After the panel, participants were then put into breakout rooms. They were asked to 
discuss the targets, methods used, and goals of existing bacterial wastewater surveil
lance programs, and challenges or barriers they faced and what information is needed 
to overcome those barriers. After the breakout rooms, the groups reported a few of 
the main points of the smaller room’s discussion with the whole workshop. After the 
workshop, notes in the workshop Google document were compiled by the organizers to 
identify what work is being done and highlight areas where more information is needed 
to implement bacterial monitoring programs as identified by workshop participants 
(Google Inc., Mountain View, CA, USA). RStudio and its associated packages were used 
to collate data and develop the figures (2019 RStudio: Integrated Development for R. 
Version 1.2.5033 RStudio, Inc., Boston, MA, USA, URL http://www.rstudio.com/).

EXISTING BACTERIAL MONITORING PROGRAMS

Participants were asked to discuss their experience with existing or previous bacterial 
wastewater surveillance programs. Despite a general lack of standardized approaches 
for bacterial wastewater monitoring, the targets discussed were incredibly diverse, with 
16 different targets mentioned in breakout room discussions, highlighting increased 
interest (Table 1). Of note, it is unclear if discussions focused specifically on pro
grams using wastewater to understand human disease prevalence or programs that 
are attempting to characterize bacteria generally in the environment. While most of 
the targets discussed are fecal associated bacteria, other targets, such as Legionella, 
Klebsiella, and Pseudomonas genera, cause respiratory infections. Numerous people 
discussed surveillance programs for AMR, including twelve different resistance genes 
and four different resistant bacteria. Responses collected individually before the 
workshop further support the diversity of bacterial targets in monitoring programs 
(Fig. 1A). Twelve different targets were mentioned in responses collected before 
the workshop, indicating there is much diversity in interest for bacterial wastewa
ter monitoring. However, it is again unclear if targets were mentioned for the spe
cific purpose of using wastewater data to better understand disease prevalence and 
incidence, or for generally describing bacterial communities in the environment.

TABLE 1 Bacterial targets for wastewater surveillance discussed during breakout room sessionsc

Target Times mentioned

Antibacterial resistance genesa 4
Antimicrobial resistant organismsb 4
Salmonella spp. 4
Campylobacter spp. 3
Escherichia coli 3
Shiga toxin-producing E. coli 2
Vibrio spp. 2
Klebsiella spp. 1
Listeria spp. 1
Fecal indicator bacteria 1
Human fecal markers 1
Legionella spp. 1
Pseudomonas spp. 1
Bacterioides HF183 1
Dehalococcoides 1
Reductive dechlorination biomarkers 1
aGenes discussed: sul1, intl1, tetA, ermB, qnrS, VanA, blaTEM, blaCTX, blaCMY, mecA, mcr1, blaSHV.
bOrganisms discussed: Extended-spectrum beta-lactamase resistance, Carbapenem resistant Enterobacterales, 
Vancomycin resistant Enterobacterales, Methicillin resistant Staphylococcus aureus.
cNotes taken on the provided Google document during discussions were analyzed to pull bacterial target 
information from the conversations. Sixteen different targets were discussed, with only seven being mentioned 
multiple times.
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Breakout room discussions identified diverse methods in use to detect bacteria in 
wastewater (Table 2). Molecular techniques such as dPCR and qPCR were the most 
discussed in the breakout rooms. The most mentioned method in individual responses 
collected before the workshop was qPCR (Fig. 1B). Multiple different concentration 
methods were discussed, with various IDEXX and most-probable number (MPN) methods 
mentioned both in individual responses and in break out rooms (Table 2; Fig. 1B). There 
were nine different methods mentioned in responses collected before the workshop, 
suggesting methods being used by research groups are diverse. The diversity in methods 
suggested is likely a product of the highly diverse targets provided in Table 1, as 
some nonculturable organisms would only be detectable with molecular methods. As 
discussed in the panel discussion, concentration and extraction methods should be 
optimized for the target of interest.

FIG 1 Author responses collected before the workshop on (A) the types of bacterial targets and (B) the methods used in wastewater surveillance programs. 

Twelve different targets (A) and nine different methods (B) were discussed. This indicates there is substantial diversity in bacterial targets and methods being 

used in wastewater surveillance programs. Acronyms: (A) ARB – antimicrobial resistant bacteria; ARG, antimicrobial resistance gene; ESBL, extended spectrum 

beta lactamase (B) NGS, next-generation sequencing; LAMP, loop-mediated isothermal amplification.

TABLE 2 Methods used for wastewater surveillance discussed during breakout room sessionsa

Method Times mentioned Notes

dPCR 6
qPCR 4
Culture 3 Culturing to confirm molecular 

results mentioned twice
Metagenomics 3
Flocculation 2 Skimmed milk flocculation 

mentioned once
Filtration 2 Hollow fiber ultrafiltration 

mentioned once
Extraction 2 Solid/liquid phase, magnetic beads 

mentioned once each
Colilert 1
Amplicon Sequencing 1
Nanotrap Magnetic Beads 1
aInformation was pulled from notes taken on the document, with ten different methods being mentioned. Only 
three were mentioned once.
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The goals of existing surveillance programs were also discussed (Table 3). Source 
tracking, water monitoring, and disease and outbreak surveillance were most frequently 
mentioned. Microbial source tracking (MST) is one of the better described and stand
ardized water monitoring techniques. The ultimate goal of MST is to identify sources 
of fecal contamination to manage surface water quality (23). Molecular markers have 
historically been the most commonly used detection method for MST (23). The EPA has 
various standardized protocols to monitor water for fecal contamination (12). Under
standably, these were frequently identified as the goal of existing programs of workshop 
participants. Many of the goals discussed would not be considered WBE or wastewater 
surveillance for public health benefits but focus on the more traditional uses of bacterial 
monitoring for research and tracking fecal contamination.

CHALLENGES AND BARRIERS TO BACTERIAL WASTEWATER MONITORING

The participants were also asked to discuss specific challenges and barriers they have 
faced in implementing bacterial wastewater surveillance programs. The concerns fell 
into four main categories: (1) prioritizing new targets, (2) relating lab results to human 
infections, (3) choosing methods, and (4) normalizing results. There were also limited 
discussions about the ethics of bacterial wastewater surveillance, environmental factors 
that might affect wastewater surveillance, and how to interpret viable but non-culturable 
(VNBC) results.

Choosing new targets

There were discussions about how to choose bacterial targets to include in wastewater 
surveillance programs, with public health utility a critical focus. The discussions generally 
focused on both feasibility and priority. Organisms that have a high priority for public 
health disease surveillance may not be suitable for WBE (e.g., not detected in feces 
or urine) or take too long to receive actionable results due to methods limitations. 
It is crucial that specific communication and action plans be decided before imple
menting wastewater surveillance programs. Whether quantitative data are needed to 
assess disease trends or presence/absence data are needed to detect emergence into a 
community must be decided first. Designing wastewater surveillance programs moving 
forward will require extensive communication between researchers and public health 
practitioners so that wastewater surveillance can successfully complement traditional 
disease surveillance programs.

There are a few proposed methodologies for choosing new pathogens for wastewa
ter surveillance. The NASEM recently convened a committee that discussed this topic 
(7). They identified three things to consider for identifying candidate pathogens. First, 

TABLE 3 Goals of existing bacterial wastewater monitoring programsa

Goal Times mentioned

Disease/outbreak surveillance 5
Source Tracking 3
Water monitoring 2
Method validation/pilot tests 2
Horizontal gene transfer 1
Bioremediation 1
Trend Surveillance 1
Vaccine development 1
Informing public agencies 1
Wastewater-based epidemiology 1
Sewage treatment 1
Finding uses for bacterial targets 1
aParticipants discussed how bacterial monitoring programs are being used currently. Many of the goals do not 
fall under the definition of wastewater surveillance but focus more on environmental engineering/health aims or 
general research.
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what is the public health significance of the threat? Second, is it analytically feasible to 
conduct wastewater surveillance for this target? Third, will the data be useful to inform 
specific public health actions? An additional ranking system was recently published by 
Gentry et al. (24). This considers reportable diseases, transmissibility, local case rates for 
the Detroit-area, and analytical feasibility to produce a numeric score (24). Diseases with 
higher scores should have higher priority. However, this was developed specifically for 
the Detroit-area. Moving forward, increasing adoption of both the NASEM criteria and 
ranking systems like the one produced by Gentry et al. (24) will allow for improved 
resource allocation toward infectious disease targets of public health value. Research 
efforts to optimize sampling, concentration, and extraction methods should be focused 
on these targets to ensure successful implementation by public health professionals.

Relation between wastewater data and human infections

The authors believe some of the largest research gaps deal with relating bacterial 
wastewater data to human infections. While routine monitoring of SARS-CoV-2 has 
revealed well-established relationships between wastewater and clinical data for a 
number of monitoring programs (25–27), this relationship, if it exists, is not well studied 
for bacteria. More research is needed to establish the shedding patterns of potential 
bacterial targets. Additionally, it is frequently difficult to understand if detection is 
due to commensal or pathogenic strains. There is also limited research on bacterial 
dynamics in the wastewater environment and sewer network. Participants had questions 
about whether target bacteria multiplied in the sewer system or primarily decayed 
due to death or adsorption. Additionally, given that many human bacteria have similar 
environmental or animal strains, methods are often not specific enough to distinguish 
between these types. For example, some methods will give the user bacterial concen
tration as an MPN (28), but not necessarily where those bacteria came from originally 
or whether their genomes include toxin genes or other markers of pathogenicity. The 
possibility that assays may not distinguish between environmental and human bacteria 
necessitates the development of background thresholds for certain targets, but again 
this is not well established.

The final problem with relating wastewater data to human infections involves 
the widespread use of metagenomic sequencing to detect bacterial communities or 
pathogenic elements. It is often difficult to definitively link specific ARGs or pathogenic 
genes to bacterial taxa with shotgun sequencing. Targeted sequencing panels, such as 
the Respiratory Pathogen ID/AMR Enrichment Panel (Illumina, San Diego, CA, USA), have 
been used to look for specific ARGs and bacteria in wastewater (29), but they still cannot 
definitively link genes to host taxa. Long-read sequencing has been shown to better link 
ARGs to their hosts (30), but plasmid-borne ARGs are still difficult to link to their hosts 
with long-read sequencing. While single-cell sequencing protocols, such as epicPCR and 
Hi-C (31, 32), have successfully linked ARGs to their hosts, they are time consuming and 
resource intensive. Furthermore, the detection of a particular gene does not mean that 
gene is expressed by the bacteria. The gold standard for determining the expression 
of a resistance gene, for example, requires isolating and culturing individual colonies of 
bacteria in the presence of selective antibiotic media (33, 34). However, a vast majority 
of bacteria are not culturable (35), limiting the applicability of culturing for wastewater 
surveillance.

Choosing a method

Workshop participants identified an abundance of factors that must be considered 
when designing a sampling and analysis protocol for bacterial surveillance programs. 
There were discussions around whether concentration of the sampled matrix is needed 
to increase sensitivity for certain targets. Wastewater concentration is often necessary 
to detect rare targets. However, methods used to concentrate wastewater can also 
concentrate molecular method inhibitors (36). Tradeoffs between assaying large volumes 
of wastewater to search for rare targets and subsequent inhibition in detection assays 
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must be carefully evaluated. Additionally, the sensitivity of existing methods for bacterial 
wastewater surveillance is not well discussed in the literature. Understanding the limits 
of detection is crucial to choosing a method. Whether to prioritize highly sensitive 
methods or methods less affected by inhibitors will be dependent on the target and the 
surveillance program goal. The sampling location and frequency must be considered for 
each application as certain schemas are more appropriate than others. More discussion 
about specific use cases is needed to implement a sampling and wastewater concentra
tion plan.

There are additional questions about how and when to use culture-based methods, 
in addition to molecular detection, and whether enrichment is needed. Molecular results 
do not always agree with cultured results, particularly for fecal indicator bacteria (37, 
38). While the EPA protocols for measuring bacteria in surface waters or biosolids require 
culturing for specific bacteria with selective media (12, 39), these culture methods may 
not be sensitive enough to distinguish between pathogenic bacteria, and may also 
take weeks to receive results. Participants also discussed culturing bacteria to confirm 
molecular results, and vice versa, but there is little consensus on when these steps are 
needed. Additionally, because it is impossible to confirm molecular results with culture 
for VBNC bacteria, a negative culture result will lead to false negatives in the overall data.

To help with data interpretation, the participants discussed the need for a best 
practices document for discussing and reporting methods. There are a few existing 
resources for this information. The US CDC lists metadata required to interpret waste
water measurements on the NWSS website (40), and the Environmental Microbiology 
Minimum Information (EMMI) Guidelines include a checklist to ensure that necessary 
information are listed in the publication (41). However, neither of these resources was 
developed specifically for bacterial wastewater surveillance. Further assessment as to 
how these may apply for bacterial surveillance is necessary.

Result normalization and controls

Normalization targets are widely used to control for the amount of human fecal matter 
present in the wastewater. These include flow rate, viral targets such as PMMoV, 
crAssphage, and F + coliphage, and the bacterial target HF183 Bacteroides (42, 43). 
The US CDC also lists non-biological targets such as caffeine, creatinine, and ibuprofen 
as potential normalization controls (40). Except for HF183, these are either non-biolog
ical or viral targets. How well they function to normalize bacterial wastewater surveil
lance data is yet to be thoroughly assessed. Importantly, the choice of normalization 
target will likely change depending on the type of bacteria the researcher is looking 
for and the goal of normalization, as Gram-positive and Gram-negative bacteria have 
different surface chemistries and possibly partition differently in wastewater. Because 
enveloped and non-enveloped viruses may partition differently between the solid and 
liquid fraction in wastewater (44, 45), the same thorough assessment is needed to 
understand how bacteria partition differentially. This will affect the methods chosen as it 
will determine which fraction of wastewater to focus concentration efforts. There are also 
gaps in the types of organisms that should be used for recovery, process, and inhibition 
controls. The EMMI guidelines describe in detail when each of these controls should 
be used and provide a framework for distinguishing between controls used at different 
steps of the process (41). It also provides proposed definitions and vocabulary that 
should be carried forward with bacterial wastewater surveillance to reduce confusion.

A PATH FORWARD

The workshop participants identified a number of steps to help facilitate wastewater 
surveillance for bacterial targets. First, a document outlining data-reporting standards 
and necessary quality control steps must be developed. The RCN previously published 
a standardized data-reporting document (46). A similar document should be developed 
for bacterial wastewater surveillance. This will require method validation and optimiza
tion on seeded samples in laboratories to understand the metadata needed to interpret 
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results. Future discussions are also needed to identify and validate normalization markers 
and spike-in controls for bacterial monitoring.

Given the difficulty in linking ARGs with their host bacteria, more efficient and less 
resource intensive methods must be developed. While it is possible to detect ARGs 
and their host bacteria simultaneously with methods such as Hi-C and epicPCR (30–32), 
they are expensive and require substantial lab resources. Additionally, studies must 
be conducted to improve our understanding of understand the clinical relevance of 
molecular ARG detection. Long-read sequencing has the potential to determine whether 
ARGs are in clinically relevant bacteria but provides little information about whether they 
can be turned on or can move easily between organisms. Better phenotypic expression 
studies are needed to understand these characteristic relationships.

More research is also needed to describe shedding patterns for both symptomatic 
and asymptomatic infections to develop specific shedding models to better compare 
wastewater and clinical data. The authors call on our clinical colleagues to conduct 
studies assessing shedding for bacterial pathogens in their patients and reporting the 
results in a way that is congruent with wastewater surveillance activities. Data metrics 
such as gene copies or cells per gram of feces would allow for greater applicability 
to WBE. This is particularly important for antimicrobial resistant bacteria (ARB). While 
numerous studies have described ARB shedding in dairy cattle (47), comparatively less 
research has studied ARB shedding quantitatively in humans. Additionally, clinical fecal 
shedding studies are often carried out to help characterize symptoms and improve 
disease management, but these data are not always reported in a way that is useable 
for wastewater surveillance. Arts et al. (48) present quantitative shedding data for 
PMMoV and crAssphage on an individual level to aid in WBE applications. Systematic 
reviews of existing research to build shedding models will help the interpretation of 
bacteria wastewater surveillance results. Ultimately, wastewater surveillance requires the 
breaking down of traditional academic and clinical research silos to better understand 
disease spread.

The authors also feel greater focus on the ethics of wastewater surveillance is needed. 
As wastewater surveillance transitions away from being used in an emergency setting, 
ethical best practices need to be built in at every step of the process. There have 
been prior discussions about some of the ethical considerations for infectious disease 
surveillance (49–51). Additionally, a guidance document for wastewater surveillance 
of illicit drugs was developed in 2016 by the European Monitoring Centre for Drugs 
and Drug Addiction (52). However, no such document exists for bacterial wastewa
ter surveillance. Public Health Canada developed an ethical guidance document for 
SARS-CoV-2 wastewater surveillance (53), but the applicability of this document to 
non-pandemic bacterial targets is unclear. The authors recommend scoping principles 
be established to ensure programs moving forward have guidance to inform their ethical 
practice for wastewater surveillance of targets beyond SARS-CoV-2.

Wastewater surveillance has the potential to give public health officials and clinicians 
greater insight into the true disease burden in their communities. However, much work 
remains to be done as wastewater surveillance expands beyond the COVID-19 pandemic. 
This document sheds light on areas for improvement and can help guide future research 
in this field.

ACKNOWLEDGMENTS

We thank the participants in our workshop for their contributions to the discussions who 
are not included as authors: Becca Cooper, David Berlin, Jingjing Wu, Kaylyn Patterson, 
Keith Cole, Leanne Elson, Pamela Mancini, Vincent Tu, Yuqing Mao, and Zuzana Bohrer.

AUTHOR AFFILIATIONS

1Department of Civil and Environmental Engineering and Earth Sciences, University of 
Notre Dame, Notre Dame, Indiana, USA

Minireview Applied and Environmental Microbiology

January 2024  Volume 90  Issue 1 10.1128/aem.01428-23 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
12

 F
eb

ru
ar

y 
20

24
 b

y 
10

4.
18

0.
12

.1
62

.

https://doi.org/10.1128/aem.01428-23


2School of Biological Sciences, University of Oklahoma, Norman, Oklahoma, USA
3Department of Earth, Marine, and Environmental Sciences, University of North Carolina 
at Chapel Hill, Institute of Marine Sciences, Morehead City, North Carolina, USA
4Department of Environmental and Occupational Health Sciences, University of 
Washington, Seattle, Washington, USA
5International Center for Forensic Sciences, Dubai Police, Dubai, UAE
6Israel Ministry of Health, Jerusalem, Israel
7Department of Civil and Environmental Engineering, Virginia Tech, Blacksburg, Virginia, 
USA
8Department of Fisheries and Wildlife, Michigan State University, East Lansing, Michigan, 
USA
9School of Chemical, Biological and Environmental Engineering, Oregon State University, 
Corvallis, Oregon, USA
10School of Public Health, San Diego State University, San Diego, California, USA
11Department of Civil and Environmental Engineering, University of California Berkeley, 
Berkeley, California, USA
12Department of Biostatistics and Epidemiology, University of Oklahoma Health Sciences 
Center, Oklahoma City, Oklahoma, USA
13Clean Water Services, Hillsboro, Oregon, USA
14Environmental Engineering Program, University of Colorado Boulder, Boulder, Colorado, 
USA
15School of Chemical, Biological and Environmental Engineering, Oregon State University, 
Corvallis, Oregon, USA
16Department of Physiology, Wayne State University School of Medicine, Detroit, 
Michigan, USA
17Ceres Nanosciences, Manassas, Virginia, USA
18Environmental and Occupational Health Sciences Division, University of Illinois Chicago 
School of Public Health, Chicago, Illinois, USA
19Civil and Environmental Engineering, Rice University, Houston, Texas, USA
20Department of Microbiology, Southern California Coastal Research Project, Costa Mesa, 
California, USA
21Earth and Planetary Science, Northwestern University, Evanston, Illinois, USA
22School of Civil Engineering and Environmental Science, University of Oklahoma, 
Norman, Oklahoma, USA
23Department of Civil and Environmental Engineering, Stanford University, Stanford, 
California, USA
24School of Sustainable Engineering and the Built Environment, Arizona State University, 
Tempe, Arizona, USA
25Department of Civil and Environmental Engineering, Duke University, Durham, North 
Carolina, USA
26Department of Civil and Environmental Engineering, Howard University, Washington, 
District of Columbia, USA

AUTHOR ORCIDs

Sarah E. Philo  http://orcid.org/0000-0002-9894-0425
Kara B. De León  http://orcid.org/0000-0002-2499-5650
Nicolette A. Zhou  http://orcid.org/0000-0002-3854-376X
Lauren B. Stadler  http://orcid.org/0000-0001-7469-1981
Joshua A. Steele  http://orcid.org/0000-0001-8023-8956
Kyle Bibby  http://orcid.org/0000-0003-3142-6090
Alexandria B. Boehm  http://orcid.org/0000-0002-8162-5090
Rolf U. Halden  http://orcid.org/0000-0001-5232-7361
Jeseth Delgado Vela  http://orcid.org/0000-0001-6171-4400

Minireview Applied and Environmental Microbiology

January 2024  Volume 90  Issue 1 10.1128/aem.01428-2310

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
12

 F
eb

ru
ar

y 
20

24
 b

y 
10

4.
18

0.
12

.1
62

.

https://doi.org/10.1128/aem.01428-23


FUNDING

Funder Grant(s) Author(s)

National Science Foundation (NSF) 2202361 Sarah E. Philo

Kyle Bibby

Alexandria B. Boehm

Rolf U. Halden

Jeseth Delgado Vela

REFERENCES

1. Wang W, Xu Y, Gao R, Lu R, Han K, Wu G, Tan W. 2020. Detection of SARS-
CoV-2 in different types of clinical specimens. JAMA 323:1843–1844. 
https://doi.org/10.1001/jama.2020.3786

2. Medema G, Heijnen L, Elsinga G, Italiaander R, Brouwer A. 2020. Presence 
of SARS-Coronavirus-2 RNA in sewage and correlation with reported 
COVID-19 prevalence in the early stage of the epidemic in the 
Netherlands. Environ Sci Technol Lett 7:511–516. https://doi.org/10.
1021/acs.estlett.0c00357

3. Ahmed W, Angel N, Edson J, Bibby K, Bivins A, O’Brien JW, Choi PM, 
Kitajima M, Simpson SL, Li J, Tscharke B, Verhagen R, Smith WJM, Zaugg 
J, Dierens L, Hugenholtz P, Thomas KV, Mueller JF. 2020. First confirmed 
detection of SARS-CoV-2 in untreated wastewater in Australia: a proof of 
concept for the wastewater surveillance of COVID-19 in the community. 
Sci Total Environ 728:138764. https://doi.org/10.1016/j.scitotenv.2020.
138764

4. Naughton CC, Roman FA, Alvarado AGF, Tariqi AQ, Deeming MA, Bibby K, 
Bivins A, Rose JB, Medema G, Ahmed W, Katsivelis P, Allan V, Sinclair R, 
Zhang Y, Kinyua MN. 2021. Show us the data: global COVID-19 
wastewater monitoring efforts, equity, and gaps. medRxiv. https://doi.
org/10.1101/2021.03.14.21253564

5. Larsen DA, Green H, Collins MB, Kmush BL. 2021. Wastewater monitor
ing, surveillance and epidemiology: a review of terminology for a 
common understanding. FEMS Microbes 2:xtab011. https://doi.org/10.
1093/femsmc/xtab011

6. Centers for Disease Control and Prevention. 2022. Wastewater 
surveillance: a new frontier for public health. Available from: https://
www.cdc.gov/amd/whats-new/wastewater-surveillance.html. Accessed 
17 Oct 2022.

7. National Academies of Sciences Engineering Medicine. 2023. Wastewa
ter-based disease surveillance for public health action. The National 
Academies Press, Washington, DC.

8. Liguori K, Keenum I, Davis BC, Calarco J, Milligan E, Harwood VJ, Pruden 
A. 2022. Antimicrobial resistance monitoring of water environments: a 
framework for standardized methods and quality control. Environ Sci 
Technol 56:9149–9160. https://doi.org/10.1021/acs.est.1c08918

9. Matrajt G, Lillis L, Meschke JS. 2020. Review of methods suitable for 
environmental surveillance of Salmonella Typhi and Paratyphi. Clin 
Infect Dis 71:S79–S83. https://doi.org/10.1093/cid/ciaa487

10. Kilaru P, Hill D, Anderson K, Collins MB, Green H, Kmush BL, Larsen DA. 
2023. Wastewater surveillance for infectious disease: a systematic 
review. Am J Epidemiol 192:305–322. https://doi.org/10.1093/aje/
kwac175

11. Pruden A, Vikesland PJ, Davis BC, de Roda Husman AM. 2021. Seizing the 
moment: now is the time for integrated global surveillance of 
antimicrobial resistance in wastewater environments. Curr Opin 
Microbiol 64:91–99. https://doi.org/10.1016/j.mib.2021.09.013

12. U.S. Environmental Protection Agency. 2022. Aproved CWA microbiolog
ical test methods. Available from: https://www.epa.gov/cwa-methods/
approved-cwa-microbiological-test-methods. Accessed 8 May 2022.

13. U. S. Environmental Protection Agency. 2023. Clean water act (CWA) 
compliance monitoring. Available from: https://www.epa.gov/
compliance/clean-water-act-cwa-compliance-monitoring. Accessed 8 
May 2023.

14. Dueholm MKD, Nierychlo M, Andersen KS, Rudkjøbing V, Knutsson S, 
Arriaga S, Bakke R, Boon N, Bux F, Christensson M, et al. 2022. MiDAS 4: a 
global catalogue of full-length 16S rRNA gene sequences and taxonomy 

for studies of bacterial communities in wastewater treatment plants. Nat 
Commun 13:1908. https://doi.org/10.1038/s41467-022-31423-z

15. Gibson KE, Schwab KJ, Spencer SK, Borchardt MA. 2012. Measuring and 
mitigating inhibition during quantitative real time PCR analysis of viral 
nucleic acid extracts from large-volume environmental water samples. 
Water Res. 46:4281–4291. https://doi.org/10.1016/j.watres.2012.04.030

16. Chahal C, van den Akker B, Young F, Franco C, Blackbeard J, Monis P. 
2016. Pathogen and particle associations in wastewater: significance and 
implications for treatment and disinfection processes. Adv Appl 
Microbiol 97:63–119. https://doi.org/10.1016/bs.aambs.2016.08.001

17. Bennett PM. 2008. Plasmid encoded antibiotic resistance: acquisition 
and transfer of antibiotic resistance genes in bacteria. Br J Pharmacol 
153 Suppl 1:S347–57. https://doi.org/10.1038/sj.bjp.0707607

18. Anindyajati Artarini AA, Riani C, Retnoningrum DS. 2016. Plasmid copy 
number determination by quantitative polymerase chain reaction. Sci 
Pharm 84:89–101. https://doi.org/10.3797/scipharm.ISP.2015.02

19. Fakruddin M, Mannan KSB, Andrews S. 2013. Viable but nonculturable 
bacteria: food safety and public health perspective. ISRN Microbiol 
2013:703813. https://doi.org/10.1155/2013/703813

20. Zhou NA, Ong AQW, Fagnant-Sperati CS, Harrison JC, Kossik AL, Beck NK, 
Shirai JH, Burnor E, Swanstrom R, Demeke B, Patel S, Meschke JS, 
Typhoid Environmental Surveillance Working Group. 2022. Evaluation of 
sampling and concentration methods for Salmonella enterica serovar 
typhi detection from wastewater. medRxiv. https://doi.org/10.1101/
2022.06.07.22275929

21. Nga TVT, Karkey A, Dongol S, Thuy HN, Dunstan S, Holt K, Tu LTP, 
Campbell JI, Chau TT, Chau NVV, Arjyal A, Koirala S, Basnyat B, Dolecek C, 
Farrar J, Baker S. 2010. The sensitivity of real-time PCR amplification 
targeting invasive Salmonellaserovars in biological specimens. BMC 
Infect Dis 10:125. https://doi.org/10.1186/1471-2334-10-125

22. Nair S, Patel V, Hickey T, Maguire C, Greig DR, Lee W, Godbole G, Grant K, 
Chattaway MA. 2019. Real-time PCR assay for differentiation of typhoidal 
and nontyphoidal Salmonella. J Clin Microbiol 57:e00167-19. https://doi.
org/10.1128/JCM.00167-19

23. Gourmelon M, Blanch AR, Reischer GH. 2021. Editorial: microbial source 
tracking. Front Microbiol 12:795564. https://doi.org/10.3389/fmicb.2021.
795564

24. Gentry Z, Zhao L, Faust RA, David RE, Norton J, Xagoraraki I. 2023. 
Wastewater surveillance beyond COVID-19: a ranking system for 
communicable disease testing in the tri-county Detroit area, Michigan, 
USA. Front Public Health 11:1178515. https://doi.org/10.3389/fpubh.
2023.1178515

25. Peccia J, Zulli A, Brackney DE, Grubaugh ND, Kaplan EH, Casanovas-
Massana A, Ko AI, Malik AA, Wang D, Wang M, Warren JL, Weinberger 
DM, Arnold W, Omer SB. 2020. Measurement of SARS-CoV-2 RNA in 
wastewater tracks community infection dynamics. Nat Biotechnol 
38:1164–1167. https://doi.org/10.1038/s41587-020-0684-z

26. Wu F, Xiao A, Zhang J, Moniz K, Endo N, Armas F, Bonneau R, Brown MA, 
Bushman M, Chai PR, et al. 2022. SARS-CoV-2 RNA concentrations in 
wastewater foreshadow dynamics and clinical presentation of new 
COVID-19 cases. Sci Total Environ 805:150121. https://doi.org/10.1016/j.
scitotenv.2021.150121

27. Ahmed W, Tscharke B, Bertsch PM, Bibby K, Bivins A, Choi P, Clarke L, 
Dwyer J, Edson J, Nguyen TMH, O’Brien JW, Simpson SL, Sherman P, 
Thomas KV, Verhagen R, Zaugg J, Mueller JF. 2021. SARS-CoV-2 RNA 
monitoring in wastewater as a potential early warning system for 
COVID-19 transmission in the community: a temporal case study. Sci 

Minireview Applied and Environmental Microbiology

January 2024  Volume 90  Issue 1 10.1128/aem.01428-2311

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
12

 F
eb

ru
ar

y 
20

24
 b

y 
10

4.
18

0.
12

.1
62

.

https://doi.org/10.1001/jama.2020.3786
https://doi.org/10.1021/acs.estlett.0c00357
https://doi.org/10.1016/j.scitotenv.2020.138764
https://doi.org/10.1101/2021.03.14.21253564
https://doi.org/10.1093/femsmc/xtab011
https://www.cdc.gov/amd/whats-new/wastewater-surveillance.html
https://doi.org/10.1021/acs.est.1c08918
https://doi.org/10.1093/cid/ciaa487
https://doi.org/10.1093/aje/kwac175
https://doi.org/10.1016/j.mib.2021.09.013
https://www.epa.gov/cwa-methods/approved-cwa-microbiological-test-methods
https://www.epa.gov/compliance/clean-water-act-cwa-compliance-monitoring
https://doi.org/10.1038/s41467-022-31423-z
https://doi.org/10.1016/j.watres.2012.04.030
https://doi.org/10.1016/bs.aambs.2016.08.001
https://doi.org/10.1038/sj.bjp.0707607
https://doi.org/10.3797/scipharm.ISP.2015.02
https://doi.org/10.1155/2013/703813
https://doi.org/10.1101/2022.06.07.22275929
https://doi.org/10.1186/1471-2334-10-125
https://doi.org/10.1128/JCM.00167-19
https://doi.org/10.3389/fmicb.2021.795564
https://doi.org/10.3389/fpubh.2023.1178515
https://doi.org/10.1038/s41587-020-0684-z
https://doi.org/10.1016/j.scitotenv.2021.150121
https://doi.org/10.1128/aem.01428-23


Total Environ 761:144216. https://doi.org/10.1016/j.scitotenv.2020.
144216

28. National Environmental Methods Index. n.d. IDEXX: colilert: coliform/E. 
coli enzyme substrate test; ONPG-MUG test. Available from: https://
www.nemi.gov/methods/method_summary/5584

29. Harrington A, Vo V, Papp K, Tillett RL, Chang C-L, Baker H, Shen S, Amei 
A, Lockett C, Gerrity D, Oh EC. 2022. Urban monitoring of antimicrobial 
resistance during a COVID-19 surge through wastewater surveillance. Sci 
Total Environ 853:158577. https://doi.org/10.1016/j.scitotenv.2022.
158577

30. Lou EG, Fu Y, Wang Q, Treangen TJ, Stadler LB. 2023. Sensitivity and 
consistency of long- and short-read metagenomics and epicPCR for the 
detection of antibiotic resistance genes and their bacterial hosts in 
wastewater. medRxiv. https://doi.org/10.1101/2023.08.08.23293828

31. Spencer SJ, Tamminen MV, Preheim SP, Guo MT, Briggs AW, Brito IL, A 
Weitz D, Pitkänen LK, Vigneault F, Virta MPj, Alm EJ. 2016. Massively 
parallel sequencing of single cells by epicPCR links functional genes with 
phylogenetic markers. ISME J 10:427–436. https://doi.org/10.1038/ismej.
2015.124

32. Burton JN, Liachko I, Dunham MJ, Shendure J. 2014. Species-level 
deconvolution of metagenome assemblies with Hi-C-based contact 
probability maps. G3 (Bethesda) 4:1339–1346. https://doi.org/10.1534/
g3.114.011825

33. Bauer AW, Kirby WM, Sherris JC, Turck M. 1966. Antibiotic susceptibility 
testing by a standardized single disk method. Am J Clin Pathol 45:493–
496. https://doi.org/10.1093/ajcp/45.4_ts.493

34. Khan ZA, Siddiqui MF, Park S. 2019. Current and emerging methods of 
antibiotic susceptibility testing. Diagnostics (Basel) 9:49. https://doi.org/
10.3390/diagnostics9020049

35. Bodor A, Bounedjoum N, Vincze GE, Erdeiné Kis Á, Laczi K, Bende G, 
Szilágyi Á, Kovács T, Perei K, Rákhely G. 2020. Challenges of unculturable 
bacteria: environmental perspectives. Rev Environ Sci Biotechnol 19:1–
22. https://doi.org/10.1007/s11157-020-09522-4

36. Shieh YSC, Wait D, Tai L, Sobsey MD. 1995. Methods to remove inhibitors 
in sewage and other fecal wastes for enterovirus detection by the 
polymerase chain reaction. J Virol Methods 54:51–66. https://doi.org/10.
1016/0166-0934(95)00025-p

37. Dorevitch S, Shrestha A, DeFlorio-Barker S, Breitenbach C, Heimler I. 
2017. Monitoring urban beaches with qPCR vs. culture measures of fecal 
indicator bacteria: implications for public notification. Environ Health 
16:45. https://doi.org/10.1186/s12940-017-0256-y

38. Converse RR, Griffith JF, Noble RT, Haugland RA, Schiff KC, Weisberg SB. 
2012. Correlation between quantitative PCR and culture-based methods 
for measuring Enterococcus spp. over various temporal scales at three 
California marine beaches. Appl Environ Microbiol 78:1237–1242. https:/
/doi.org/10.1128/AEM.07136-11

39. U.S. Environmental Protection Agency. 2000. Improved enumeration 
methods for the recreational water quality indicators Enterococci and 
Escherichia coli. Technology OoSa, Washington, DC.

40. Centers for Disease Control and Prevention. 2023. Wastewater 
surveillance data reporting and analytics. Available from: https://www.
cdc.gov/healthywater/surveillance/wastewater-surveillance/data-
reporting-analytics.html. Accessed 13 Jun 2023.

41. Borchardt MA, Boehm AB, Salit M, Spencer SK, Wigginton KR, Noble RT. 
2021. The environmental microbiology minimum information (EMMI) 

guidelines: QPCR and dPCR quality and reporting for environmental 
microbiology. Environ Sci Technol 55:10210–10223. https://doi.org/10.
1021/acs.est.1c01767

42. Rainey AL, Liang S, Bisesi JH, Sabo-Attwood T, Maurelli AT. 2023. A 
multistate assessment of population normalization factors for 
wastewater-based epidemiology of COVID-19. PLoS One 18:e0284370. 
https://doi.org/10.1371/journal.pone.0284370

43. Mazumder P, Dash S, Honda R, Sonne C, Kumar M. 2022. Sewage 
surveillance for SARS-CoV-2: molecular detection, quantification, and 
normalization factors. Curr Opin Environ Sci Health 28:100363. https://
doi.org/10.1016/j.coesh.2022.100363

44. Ye YY, Ellenberg RM, Graham KE, Wigginton KR. 2016. Survivability, 
partitioning, and recovery of enveloped viruses in untreated municipal 
wastewater. Environ Sci Technol 50:5077–5085. https://doi.org/10.1021/
acs.est.6b00876

45. Yin Z, Voice TC, Tarabara VV, Xagoraraki I. 2018. Sorption of human 
adenovirus to wastewater solids. J Environ Eng 144:06018008. https://
doi.org/10.1061/(ASCE)EE.1943-7870.0001463

46. McClary-Gutierrez JS, Aanderud ZT, Al-Faliti M, Duvallet C, Gonzalez R, 
Guzman J, Holm RH, Jahne MA, Kantor RS, Katsivelis P, et al. 2021. 
Standardizing data reporting in the research community to enhance the 
utility of open data for SARS-CoV-2 wastewater surveillance. Environ Sci: 
Water Res & Technol 9:1545–1551. https://doi.org/10.1039/d1ew00235j

47. Springer HR, Denagamage TN, Fenton GD, Haley BJ, Van Kessel JAS, 
Hovingh EP. 2019. Antimicrobial resistance in fecal Escherichia coli and 
Salmonella enterica from dairy calves: a systematic review. Foodborne 
Pathog Dis 16:23–34. https://doi.org/10.1089/fpd.2018.2529

48. Arts PJ, Kelly JD, Midgley CM, Anglin K, Lu S, Abedi GR, Andino R, Bakker 
KM, Banman B, Boehm AB, Briggs-Hagen M, Brouwer AF, Davidson MC, 
Eisenberg MC, Garcia-Knight M, Knight S, Peluso MJ, Pineda-Ramirez J, 
Diaz Sanchez R, Saydah S, Tassetto M, Martin JN, Wigginton KR, Pekosz A. 
2023. Longitudinal and quantitative fecal shedding dynamics of SARS-
CoV-2, pepper mild mottle virus, and crAssphage. mSphere 8:e0013223. 
https://doi.org/10.1128/msphere.00132-23

49. Coffman MM, Guest JS, Wolfe MK, Naughton CC, Boehm AB, Vela JD, 
Carrera JS. 2021. Preventing scientific and ethical misuse of wastewater 
surveillance data. Environ Sci Technol 55:11473–11475. https://doi.org/
10.1021/acs.est.1c04325

50. Gable L, Ram N, Ram JL. 2020. Legal and ethical implications of 
wastewater monitoring of SARS-CoV-2 for COVID-19 surveillance. J Law 
Biosci 7:lsaa039. https://doi.org/10.1093/jlb/lsaa039

51. Mello MM, Meschke JS, Palmer GH. 2023. Mainstreaming wastewater 
surveillance for infectious disease. N Engl J Med 388:1441–1444. https://
doi.org/10.1056/NEJMp2301042

52. Prichard J, Hall W, Zuccato E, de Voogt P, Voulvoulis N, Kummerer K, 
Kasprzyk-Hordern B, Barbato A, Parabiaghi A, Hernandez F, van Wel J, 
Thomas KV, Fent K, Mardal M, Castiglioni S. 2015. Ethical research 
guidelines for wastewater-based epidemiology and related fields. 
EMCDDA

53. Hrudey SE, Silva DS, Shelley J, Pons W, Isaac-Renton J, Chik AH-S, Conant 
B. 2021. Ethics guidance for environmental scientists engaged in 
surveillance of wastewater for SARS-CoV-2. Environ Sci Technol 55:8484–
8491. https://doi.org/10.1021/acs.est.1c00308

Minireview Applied and Environmental Microbiology

January 2024  Volume 90  Issue 1 10.1128/aem.01428-2312

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
12

 F
eb

ru
ar

y 
20

24
 b

y 
10

4.
18

0.
12

.1
62

.

https://doi.org/10.1016/j.scitotenv.2020.144216
https://www.nemi.gov/methods/method_summary/5584
https://doi.org/10.1016/j.scitotenv.2022.158577
https://doi.org/10.1101/2023.08.08.23293828
https://doi.org/10.1038/ismej.2015.124
https://doi.org/10.1534/g3.114.011825
https://doi.org/10.1093/ajcp/45.4_ts.493
https://doi.org/10.3390/diagnostics9020049
https://doi.org/10.1007/s11157-020-09522-4
https://doi.org/10.1016/0166-0934(95)00025-p
https://doi.org/10.1186/s12940-017-0256-y
https://doi.org/10.1128/AEM.07136-11
https://www.cdc.gov/healthywater/surveillance/wastewater-surveillance/data-reporting-analytics.html
https://doi.org/10.1021/acs.est.1c01767
https://doi.org/10.1371/journal.pone.0284370
https://doi.org/10.1016/j.coesh.2022.100363
https://doi.org/10.1021/acs.est.6b00876
https://doi.org/10.1061/(ASCE)EE.1943-7870.0001463
https://doi.org/10.1039/d1ew00235j
https://doi.org/10.1089/fpd.2018.2529
https://doi.org/10.1128/msphere.00132-23
https://doi.org/10.1021/acs.est.1c04325
https://doi.org/10.1093/jlb/lsaa039
https://doi.org/10.1056/NEJMp2301042
https://doi.org/10.1021/acs.est.1c00308
https://doi.org/10.1128/aem.01428-23

	Wastewater surveillance for bacterial targets: current challenges and future goals
	WORKSHOP STRUCTURE
	EXISTING BACTERIAL MONITORING PROGRAMS
	CHALLENGES AND BARRIERS TO BACTERIAL WASTEWATER MONITORING
	Choosing new targets
	Relation between wastewater data and human infections
	Choosing a method
	Result normalization and controls

	A PATH FORWARD




