
Citation: Irfan M, Almotiri A, AlZeyadi ZA. Systematic Review on Monitoring Antibiotic-resistant Pathogens in Wastewater. J 
Pure Appl Microbiol. 2025;19(2):808-817. doi: 10.22207/JPAM.19.2.01

© The Author(s) 2025. Open Access. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License which 
permits unrestricted use, sharing, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons license, and indicate if changes were made. 

Irfan et al | Article 10201
J Pure Appl Microbiol. 2025;19(2):808-817. doi: 10.22207/JPAM.19.2.01
Received: 03 January 2025 | Accepted: 25 February 2025
Published Online: 28 March 2025

REVIEW ARTICLE OPEN ACCESS

  www.microbiologyjournal.org808Journal of Pure and Applied Microbiology

P-ISSN: 0973-7510; E-ISSN: 2581-690X

*Correspondence: mquraish@su.edu.sa

Systematic Review on Monitoring Antibiotic-resistant 
Pathogens in Wastewater

Mohammad Irfan*, Alhomidi Almotiri and Zeyad Abdullah AlZeyadi

Department of Clinical Laboratory Science, College of Applied Medical Sciences-Ad Dawadmi, Shaqra 
University, Shaqra - 11961, Saudi Arabia.

Abstract
The World Health Organization identifies antimicrobial-resistance (AMR) among the top ten global 
health threats, potentially causing 10 million deaths annually by 2050. New global infections have 
created the need to track disease outbreaks and antibiotic-resistance to develop effective public 
health solutions. This systematic review aims to update the knowledge on antibiotic-resistant bacterial 
pathogens through wastewater surveillance carried out at different levels and geographical locations. 
The study initially screened 4467 articles based on the search criteria set for the current study after 
eliminating duplicates, review articles, systematic reviews, and articles published in languages other 
than English. Finally, we identified 156 articles, of which 53 were relevant articles for the systematic 
review and contained wastewater surveillance along with a comparison with clinical strains. After a 
careful review of the articles, we found two levels that were very important for antibiotic-resistance, one 
being the level of wastewater surveillance and the other being the method of screening for antibiotic- 
resistance, such as culture-based methods or genomic screening approaches. From these studies, we 
found that 52% were conducted at the single-sewer level, followed by clinical settings and international 
studies. Most international studies used the genomic screening approach, while, as regional studies, 
national-level studies used culture-based approaches. Although advanced genomic approaches, such 
as next-generation sequencing, offer greater advantages in predicting antibiotic-resistance genes and 
AMR surveillance, they cannot overcome the limitations associated with AMR monitoring, such as 
contamination from animal sources. Overall, this study indicates that the Enterobacteriaceae family 
is a highly evolving antibiotic-resistant pathogen, followed by the Enterococcaceae family. The use of 
research with clinical comparisons in wastewater surveillance avoids false-positive predictions and 
simplifies the process and interpretation of data.
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INTRODUCTION

 Antimicrobial-resistance (AMR) is a broad 
term that refers to the resistance of all types of 
microorganisms, such as bacteria, viruses, fungi 
and parasites. In contrast, antibiotic-resistance is 
specifically related to bacteria. AMR and antibiotic- 
resistance are often used interchangeably but 
are not exactly the same. AMR in bacteria occurs 
when changes, such as DNA mutations during 
cell replication or gene transfer, make drugs less 
effective in treating infections. This has become 
a serious health issue worldwide in the 21st 
century.1 The recent overuse of antimicrobials has 
made AMR a growing problem. As a result, AMR 
is developing and spreading rapidly, making it a 
major cause of death worldwide, with the most 
significant effect observed in nations with few 
resources.2 Recent estimates suggest that by 2050, 
AMR could lead to 10 million deaths worldwide 
each year and cost approximately $1.2 trillion.1,2 
 Globally, 73.4% of deaths linked to 
bacterial AMR are caused by six pathogens: 
Staphylococcus aureus, Escherichia coli, Klebsiella 
pneumoniae, Streptococcus pneumoniae, 
Acinetobacter baumannii, and Pseudomonas 
aeruginosa. Combinations of pathogens and drugs 
have led to more than 50,000 deaths per year, 
emphasizing the urgent need to create policies 
that focus on these particularly deadly pairings. 
This could be achieved by strengthening infection 
prevention programs, making it easier for people 
to receive important second-line antibiotics when 
needed, and by promoting the development of 
vaccines and new antibiotics.
 Bacteria that are resistant to antibiotics 
present a health risk as serious as major illnesses 
such as HIV and malaria. This issue affects every 
region worldwide, with sub-Saharan Africa 
experiencing the highest levels of antibiotic 
resistance. To make smart policy decisions, 
especially regarding access to important 
antibiotics, infection prevention programs, and 
the development of new vaccines and antibiotics, 
it is crucial to understand the impact of AMR and 
the key pathogen-drug combinations that drive 
this problem.1

 AMR surveillance is crucial for tracking 
trends, assessing the effectiveness of interventions, 

and creating evidence-based treatment guidelines, 
as outlined in the World Health Organization 
(WHO) global AMR action plan.3 Large networks, 
such as the European Antimicrobial-resistance 
Surveillance Network (EARS-Net) and Global 
Antimicrobial Resistance and Use Surveillance 
System (GLASS), have been established to meet 
this need.4 Keeping track of AMR is essential 
as it collects information on the locations and 
timing of resistance occurrences, identifies novel 
or uncommon resistance characteristics, and 
monitors developing patterns. This information 
is crucial for managing AMR infections. This 
helps in deciding what actions to take, assessing 
the success of past efforts, guiding treatment 
choices, reducing adverse effects, and developing 
new antibiotics. Surveillance data are valuable to 
healthcare providers, policymakers, and scientists.5 
Wastewater surveillance, that is, monitoring 
municipal sewage, is an approach used to monitor 
community AMR patterns at the sewer shed, 
hospital, national, and global population levels.1 
Wastewater surveillance can reveal information 
about bacteria and their resistance traits, helping 
to predict potential issues for entire communities 
before they become widespread.6-9 
 Municipal sewage can be a valuable 
resource for tracking antibiotic-resistant bacteria 
(ARB) because it contains a mixture of antibiotics 
and antibiotic-resistance genes (ARGs). It also 
includes bacterial matter from all ARB including 
pathogens found throughout the community. 
Even before the first symptoms appear, individuals 
can begin to shed pathogenic biomarkers in 
municipal sewage systems contributed by bodily 
excretions, such as nasal mucus, sputum, urine, 
and faces, even before the first symptoms appear, 
making early detection possible with wastewater 
surveillance.10,11 However, clinical surveillance can 
be quite slow, often taking several days because 
it involves many steps. These include exposure 
to pathogens, colonization, display of symptoms, 
sample collection, analysis, and then reporting of 
results.12,13 Therefore, by monitoring wastewater, 
outbreaks can be detected earlier than in clinical 
reports. This method is also beneficial because 
it faces fewer legal and ethical issues related 
to individual privacy, as it does not involve the 
direct sampling from people.14 Additionally, 
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wastewater surveillance can help track the 
presence of multidrug-resistant (MDR) pathogens 
in a community.11

 In this review, we present our literature 
survey on antibiotic resistance in effluents, 
treatment plants, and hospital sewage treatment 
plants, as well as a comparison with clinical 
isolates, to improve our understanding of how 
environmental pollution affects pathogen 
evolution, transmission, and development of 
resistant clinical variants.

METHODS

 For this systematic review, an electronic 
search strategy was carried out by conducting 
a comprehensive literature search for all 
pertinent peer-reviewed published studies using 
bibliographic databases such as MEDLINE (National 
Library of Medicine), EMBASE (Excerpta Medica 

dataBASE), PubMed, Google Scholar, Web of 
Science, and Scopus. The results were limited to 
the English language, with no restrictions on the 
year of publication or duplications. We manually 
reviewed the references of the selected articles 
to identify additional studies. We followed the 
Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines for 
searching and reporting the literature review.15

 The searches were designed to align 
with our review goals by using keywords related 
to publication titles. Our systematic review 
aimed to identify the literature on human clinical 
epidemiology and the monitoring of AMR in 
municipal and hospital wastewater. To narrow 
down the search results, we used several screening 
strategies. First, we looked at the titles, then read 
the abstracts carefully, and finally, we thoroughly 
examined the full articles. Studies that compared 
AMR in wastewater surveillance with clinical 

Figure 1. PRISMA flowchart of literature search strategy showing inclusion and exclusion criteria
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isolates were included. The exclusion criteria 
were as follows: duplicates, publications without 
ARB, literature related to AMR only in wastewater 
surveillance, and no comparison with clinical 
isolates. We excluded papers written in languages 
other than English. Studies on wastewater 
surveillance of AMR that lacked comparison 
with clinical data, letters/short communications, 
book chapters, mini-reviews, literature reviews, 
systematic reviews, and meta-analyses were 
excluded.
 First, we imported all the identified 
articles into Zotero, a reference management tool. 
We then used Zotero’s “merge duplicates” feature 
to combine duplicate articles from different search 
engines. Next, the titles of the remaining articles 
were reviewed to identify potential articles for 
further review. Subsequently, we manually read 
the abstracts to identify the studies relevant to the 
focus of our systematic review. This study reviewed 
the literature on wastewater surveillance for AMR, 
including findings from clinical research studies 
and reports. It also covers surveys conducted by 
government authorities at various levels such as 
individual or multiple sewer systems, hospitals 
in different geographical areas (including global, 
international, national, and regional scales), and 
data from single sewer systems and hospitals.

RESULTS

 Figure 1 illustrates the literature search 
process. We found 4,467 articles in the database 
search. After removing duplicates, 1,141 articles 
were retained for review. Of these, 985 were 
irrelevant and were excluded from the study. 
We then examined the full text of 156 studies to 
determine whether they met our review criteria, 
and 103 of them were ultimately excluded. 
We excluded articles that focused solely on 
surveillance without comparing the primary 
results with clinical evidence. Finally, 53 studies 
were included in the systematic analysis. Of these, 
52% were conducted at a single-sewer shed level, 
18% at a clinical setting, 17% at an international 
level (global), and 13% at a national or regional 
level (covering two or more cities or multiple 
sewer systems) (Figure 2A). The majority of the 
studies were conducted in Europe, comprising 35 
of the 53 studies. This was followed by Asia (ten 
studies), North America (four studies), Africa (two 
studies), and then Oceania and South America 
(one study each). Culture- and genomic-based 
approaches are used to detect AMR. Culture-based 
approaches were found to be the most commonly 
used for AMR screening (71.6%) (Figure 2B). In 
all the studies included in this systematic review, 

Figure 2. (A) Pie chart representing percentage of studies conducted at different levels: global studies (including 
intercontinental, international, multinational studies), multiple sewer shed/clinical studies (studies conducted at 
national, multiple hospital setups), studies from hospitals, and studies from single sewer shed. (B) Studies grouped 
based on the screening methods
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we found that 75% of the pathogens were gram-
negative, 43% were single-drug resistant, and 
33% were MDR strains (Figure 3A, 3B). However, 
the survey showed that resistance among Gram-
positive bacteria was only 13% for single-drug 
resistance and 12% for multidrug-resistance 
(Figure 3B). A general surveillance study indicated 
that Enterobacteriaceae and Enterococcaceae 
were the dominant families of AMR-associated 
pathogens (Figure 3C).
 Furthermore, we found that most of 
the studies included in this survey used culture-
based methods: single sewer shed level (n = 
25), hospital level (n = 9), national level (n = 6), 
and international level (n = 1). In studies that 
applied culture-based methods, 15 targeted 
Escherichia coli.8,9,11,16-27 Other studies targeted 
ESBL-producing bacteria,26,28-31 M. tuberculosis,32 
Acinetobacter baumannii,33 Staphylococcus 
aureus,34-36 Pseudomonas spp.,36-38 Salmonella 
spp.,10,39 cephalosporin-resistant Klebsiella 
pneumoniae,40 Clostridioides difficile (previously 
called Clostridium difficile),41 bacteria of the 
coliform group,42 and Campylobacter spp.43 We 
grouped the non-culture-based studies as genomic 
studies, which included studies using polymerase 
chain reaction (PCR)-based, metagenomic, and 
next-generation sequencing approaches. We 
found that two studies that focused on a single-
sewer system used PCR-based method,30,32 

whereas another study conducted at a hospital 
also used PCR analysis.44 Furthermore, two studies 
used metagenomic analysis.45,46 Three of the 
identified studies used whole genome sequencing 
(WGS), one of which used a combination of 
culturing and WGS.31,33,44 Most of these studies 
compared the results of effluent analyses with 
clinical isolates obtained from hospitals; however, 
a small number of these studies directly collected 
clinical isolates from human patients. Based on the 
included studies, we found that approximately half 
of the genome research (42.8%, 6/14 studies) that 
used metagenomic analysis and next-generation 
sequencing was carried out at the global level. 
Genomic analysis has provided more information 
on ARGs and their prevalence in various geographic 
locations.7,47,48 Reports and studies published 
using the World Bank’s Human Development 
Index (HDI) data47,49 and cases reported in the 
European Antimicrobial Resistance Surveillance 
Network (EARS-Net)7,8,49 indicate an association 
between ARB in hotspots and factors such as 
increased antibiotic use, inadequate sanitation, 
and lower socioeconomic status. However, studies 
carried out at the national level have indicated 
the prevalence of antibiotic-resistance18,41,50 in 
wastewater from areas with/without hospitals,9 
which is in agreement with government-reported 
data and secondary literature.26,35,51 Seven studies 
used metagenomic sequencing and WGS, whereas 

Figure 3. Systematic review addressing the drug-resistance survey across studies: (A) studies grouped based on 
the drug-resistant pathogens. (B) Studies grouped based on the distribution of single drug-resistant pathogen and 
multidrug-resistant pathogens. (C) Pie chart representing percentage of studies conducted at different levels: global 
studies (including intercontinental, international, multinational studies), multiple sewer shed/clinical studies (studies 
conducted at national and multiple hospital setups), studies from hospitals, and studies from single sewer shed
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four studies used culture-based methods to 
explore the potential connection between ARB 
in wastewater and clinical isolates. Although 
there have been various studies at the national 
and international levels demonstrating antibiotic 
resistance in wastewater effluents, we chose 
studies with clinical comparisons of ARB isolates 
from wastewater.

DISCUSSION

 Antibiotics are highly effective for treating 
bacterial infections in both humans and animals. 
However, the extensive use of antibiotics in medical 
treatment has led to elevated concentrations of 
these medications52 in the human microbiota and 
significant amounts end up in urban wastewater. 
This is because drugs are not fully broken down 
by the body or are discarded improperly.53 The 
presence of antibiotics in the environment has 
led to an increase in ARB and ARGs, which are 
now commonly found in wastewater.54 Routine 
surveillance of wastewater for the presence of 
resistant bacteria and genes is crucial to assess 
and anticipate the public health risks associated 
with drug-resistant infections. The rise in ARB 
and the widespread impact of drug-resistant 
infections constitute a significant health crisis.3 
Furthermore, it has been observed that the death 
rates from AMR are highest in certain low- and 
middle-income countries in sub-Saharan Africa and 
South Asia. Therefore, AMR is a significant global 
health issue and a serious problem for the world's 
poorest nations.1 Unfortunately, according to our 
literature survey, we found that lower-income 
countries adopt culture-based methods for AMR 
surveillance; thus, these studies lacked data on 
ARGs.
 The surveillance of wastewater for AMR 
focuses mainly on the following areas: (1) to 
evaluate the level of AMR in people and compare 
it by analyzing wastewater data, (2) to determine 
how AMR bacteria avoid treatment in wastewater, 
and (3) to understand how AMR might develop. 
Monitoring wastewater can be a valuable and 
affordable way to spot areas where resistant 
bacteria are common and track their presence 
in real-time.55 Currently, there is little global 
monitoring of ARB using wastewater analysis. 
Our review shows that, while there are various 

studies on wastewater surveillance, many do not 
have clinical evidence to support their results. 
AMR has been highlighted in the Global Action 
Plan on AMR, UN Interagency Coordination Group, 
One Health Global Leaders Group, and several 
others. Escherichia coli, Staphylococcus aureus, 
Pseudomonas aeruginosa, Klebsiella pneumoniae, 
Streptococcus pneumoniae, and Acinetobacter 
baumannii are recognized as key pathogens by the 
WHO and are the main contributors to the burden 
of AMR. Drug-resistance in these pathogens poses 
a significant global health risk. To effectively 
address this issue, increased monitoring, funding, 
research, and targeted actions from the global 
health community are needed.1,3

 In the current surveillance study, we 
identified the aforementioned infections and 
their levels of drug-resistance. This gives us a 
clear understanding of how common antibiotic 
-resistance is and how these strains are developing 
into multidrug-resistant forms in the areas 
we studied. However, the data and methods 
required to predict the origin of these infections 
are currently lacking. The final example is A. 
baumannii. In this study, we detected an MDR 
isolate of A. baumanni, although there is no 
evidence to support the source (whether it is 
human or animal).
 Antibiotics such as carbapenems, 
cephalosporins, penicillins, and fluoroquinolones, 
which are typically the first choice for treating 
serious infections, are responsible for over 70% 
of deaths linked to antibiotic-resistance.56 We 
identified the highest number of studies related to 
resistance against β-lactam antibiotics, particularly 
within the Enterobacteriaceae family. We believe 
that this resistance was most likely caused by 
extensive use of these antibiotics. Our speculation 
agrees with the findings and conclusions of studies 
made by Zanotto et al.57

 In 2017, the WHO released a list 
highlighting the need for novel and effective 
antibiotics. This list aims to guide research and 
development efforts, focusing on MDR infections 
that are particularly problematic in hospital 
environments. There are five key strategies 
for facing the issue of bacterial resistance. (1) 
Infection prevention and control of infections are 
essential to prevent infections and fight AMR. This 
includes hospital programs to prevent infections 
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and community initiatives focused on enhancing 
water quality, sanitation, and hygiene practices. 
These community programs are especially crucial 
in low- and middle-income countries, where 
access to clean water and sanitation is limited 
and AMR is a significant issue. (2) Vaccinations 
are crucial for stopping infections and reducing 
reliance on antibiotics. Vaccination programs 
are a key strategy to prevent diseases such as S. 
pneumoniae; developing vaccines for pathogens 
that currently lack one is also essential.58,59 (3) 
Reducing consumption of antibiotics that are 
not needed to treat diseases might be the key 
to reducing risks. (4) Reducing or termination of 
antibiotic use when not needed, especially for 
viral infections for which they are not effective. 
It is important to use antibiotics only when 
necessary to treat diseases.52 (5) Considering the 
importance of bacterial resistance to antibiotics 
worldwide, it is crucial to invest in developing 
new antibiotics and ensure that second-line 
antibiotics are available in regions where they 
are not widely accessible.60 ARB wastewater 
surveillance is performed primarily using culture-
based methods, metagenomics-based approaches, 
and quantitative real-time PCR (qPCR).61 Based on 
our literature survey in the present study, 71% of 
the surveyed studies used culture-based screening 
methods to identify AMR. Culture-based methods 
are affordable and effective in identifying specific 
types of bacteria. Molecular methods, including 
qPCR and high-throughput qPCR (HT-qPCR), 
can be used alongside culture-based methods 
to enhance their effectiveness. These methods 
mainly focus on monitoring ARGs as evidence of 
ARB61. A metagenomics-based approach offers 
a broader coverage of ARGs and is better suited 
for screening without a specific target. However, 
this method and other methods have limitations: 
they cannot set clinical thresholds and cannot 
distinguish between live and dead cells.62,63 The 
best approaches for detecting AMR are through 
phenotypic susceptibility tests and genotypic 
(q)PCRs. However, these techniques require a 
significant amount of time and are not flexible 
in the continuous search for new mutations or 
genes. WGS is a fast and effective method for 
analyzing and identifying AMR genes.62 Genomic 
methods offer more detailed and adaptable results 
but are associated with a significantly higher 

cost. Furthermore, the sensitivity of AMR gene 
detection depends on the depth of sequencing 
and the accurate association of specific markers of 
the AMR gene with the strains.4 One of the main 
challenges in monitoring ARB in wastewater is the 
presentation of accurate quantitative data because 
the concentration of the target bacteria can vary 
widely in different samples. Furthermore, bacteria 
can develop and grow in their environment, adding 
another layer of complexity to the analysis. Using 
wastewater to track ARB can be challenging when 
attempting to estimate the prevalence of a disease 
in a population accurately, especially in studies 
focusing on gene-based antibiotic resistance. The 
presence of ARB in wastewater does not pinpoint 
the exact source of contamination. In addition, 
pathogens in wastewater can originate from both 
animals and humans.64,65

CONCLUSION

 This review demonstrates that bacterial 
AMR is a major global health concern. This 
study sheds light on the identification of AMR 
at different levels and in different geographic 
regions. This study also provides information on 
the predominant bacterial families associated with 
drug evolution and resistance. It also warrants 
more multicenter studies across the country to 
profile AMR in pathogens and develop mitigation 
strategies to reduce the burden of bacterial AMR.
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