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Preface

Antimicrobial resistance (AMR) has been evolving rapidly with new insights revealing
complex biochemical and genetic mechanisms behind the development of antimicro-
bial resistance. Our understanding of the transfer of antimicrobial resistance genes
and bacterial adaptation has been improved by advances in the fields of genomics and
molecular biology. Researchers are exploring novel targets, alternative therapies,

and resistance-modifying agents to overcome current limitations. These insights are
important in designing next-generation antimicrobials and implementing effective
global strategies.

The book, Antimicrobial Resistance — New Insights, explores the emerging trends,
mechanisms, and global impact of antimicrobial resistance in different pathogenic
microorganisms. The book provides a comprehensive overview of the latest scientific
advances to understand the development of microbial resistance and its transmission.
The book aims to help scientists, clinicians, and policymakers address this urgent
public health challenge.

The introductory chapter highlights antimicrobial resistance (AMR) as a critical global
health threat undermining medical and agricultural advances. The chapter emphasizes
an urgent need for deep molecular understanding for designing better treatments and
prevention of AMR. It also stresses global collaboration through initiatives like the
Global Action Plan to combat AMR. It also reminds us that balanced and strategic use
of antimicrobials (not the eradication) is the key to managing resistance sustainably.

Chapter 2 describes how nanotechnology offers innovative solutions to combat AMR,
which is a growing global health threat. It reviews how nanomaterials, including
silver, gold, and zinc nanoparticles, can disrupt biofilms, enhance drug delivery, and
overcome bacterial defences. It highlights the mechanisms by which nanomaterials act
against multidrug-resistant pathogens, including membrane disruption and reactive
oxygen species generation.

Chapter 3 describes how AMR, particularly through the production of beta-lactamase
enzymes by Gram-negative bacteria, poses a significant global health threat by under-
mining the effectiveness of widely used beta-lactam antibiotics, such as cephalosporins,
carbapenems, and penicillins. The spread of resistance is driven by antibiotic misuse,
genetic mutations, and the transfer of resistance genes via plasmids, leading to the
emergence of multidrug-resistant pathogens. The authors also highlight the mechanisms
of beta-lactamase action, the impact on infectious disease treatment, and the urgent
need for novel therapies and regulatory measures to address this growing challenge.

Chapter 4 discusses how the widespread use of antibiotics in food animals leads to the
development and spread of AMR, posing a serious threat to human health. Resistant
bacteria and antibiotic residues can enter the human population through the food
chain, direct contact, and environmental contamination. This resistance complicates



infection treatment, increases healthcare costs, and endangers food safety. It also
explores alternative antibiotics to mitigate these risks, such as beneficial bacteria,
bacteriocins, and bacteriophages.

Chapter 5 explores how AMR spreads through water environments, particularly rivers
and drinking water systems, due to hospitals, farms, and wastewater contamination.
Despite conventional water treatments, it highlights the persistence of antibiotic-
resistant bacteria and their genes, posing public health risks. The role of biofilms in
protecting and spreading resistant bacteria in water infrastructure is emphasized in the
chapter. The authors call for enhanced surveillance, policy action, and improved water
treatment to mitigate AMR transmission and support global health and sustainability
goals.

Chapter 6 describes that AMR is a critical global health threat exacerbated by the
improper management of wastewater from hospitals, agriculture, and households,
and it facilitates horizontal gene transfer among bacteria, promoting the spread of
resistance in the environment. Strengthening wastewater treatment, implementing
global monitoring, and integrating wastewater surveillance into public health strate-
gies are essential to mitigate the environmental dissemination of AMR and protect
human and ecosystem health.

Chapter 7 discusses genetic characteristics of AMR in E. coli from farm animals,
slaughterhouses, and associated environments, highlighting prevalent resistance genes
(e.g., blaCTX-M, mcr-1, tetA, tetB). It details how mobile genetic elements such as
IncF plasmids and class 1 integrons facilitate horizontal gene transfer of resistance.

It emphasizes that farm animals, particularly poultry and pigs, serve as reservoirs for
resistant E. coli strains, with environmental contamination playing a significant role

in antibiotic-resistant gene dissemination, posing serious public health risks.

Chapter 8 describes that Carbapenemase-producing Enterobacterales (CPE) are a
growing global health threat due to their resistance to last-resort antibiotics, making
infections difficult to treat and control. The chapter reviews the epidemiology, mecha-
nisms, risk factors, detection methods, and management strategies for CPE, empha-
sizing their rapid spread via mobile genetic elements. Effective detection, antibiotic
stewardship, and infection control are urgently needed to combat the rising morbidity
and mortality associated with these multidrug-resistant organisms.

Chapter 9 discusses that carbapenem resistance in Klebsiella pneumoniae is an escalat-
ing public health threat, primarily driven by the loss or alteration of outer membrane
porins and the production of f-lactamases like ESBLs and AmpC. These resistance
mechanisms, often fueled by antibiotic misuse, severely limit treatment options and
contribute to high mortality rates, especially in hospital settings. Understanding the
role of porin alterations is crucial for developing new strategies to combat multidrug-
resistant K. pneumoniae infections.

Chapter 10 delves into the emergence and prevalence of antibiotic resistance in
Enterococcus, a genus of bacteria with both probiotic and pathogenic strains. It
explores how antibiotic resistance limits the beneficial applications of Enterococcus,
particularly in probiotics. It also highlights the risks associated with antibiotic resis-
tance genes transferring from probiotics to pathogenic microbes.

XIvV



In summary, this book offers an in-depth exploration of the latest progress in
understanding antimicrobial resistance. The knowledge and insights presented here
will aid in crafting impactful strategies to tackle antimicrobial resistance, thereby
enhancing global health outcomes. This volume is intended as a valuable reference for
researchers, clinicians, and healthcare professionals eager to stay informed about the
rapid advancements in this dynamic field. We sincerely hope the information shared
will inspire the creation of effective interventions against antimicrobial resistance
worldwide.

We express our heartfelt thanks to all contributors whose dedication made this publi-
cation possible. We also appreciate the unwavering support of our families, colleagues,
and institutions, without which this endeavor could not have been realized. We hope
this book will spark new research avenues, promote collaboration, and ultimately lead
to innovative solutions to the escalating challenges of antimicrobial resistance.
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Chapter1

Introductory Chapter: Antimicrobial
Resistance — Historical Perspectives
and Future Directions

Ghulam Mustafa and Rawaba Arif

1. Antimicrobial resistance

Antimicrobial resistance (AMR) is one of the most urgent health threats of our
time. It jeopardizes the advances of modern medicine and requires a united global
response. Louis Pasteur likely predicted the concept of antimicrobial resistance
(AMR) with his famous quote in the late 1800s, “Messieurs, cest. les microbes qui
auront le dernier mot” (Gentlemen, it is the microbes who will have the last word.)”
Will the viruses have the last word? Office for Science and Society (Accessed: May 22,
2024). Antimicrobial resistance is the process in which microorganisms develop the
ability to survive and grow even under the influence of antimicrobial drugs or agents.
Figure 1 shows different classes of antimicrobial drugs including antibiotics, antivi-
rals, antifungals, and antiparasitic agents.

These agents have the ability to harness the pathogenic role of microorganisms.
But the ability of microorganisms to resist antimicrobial drugs reduces the effi-
ciency of treatment completely or partially by making infections difficult to tackle,

Antibiotic
Agents

Antiviral Antimicrobial Antifungal
Agents Agents Agents

Antiparasitic
Agents

Figure 1.
Antimicrobial drugs include antibiotics, antivivals, antifungals, and antiparasitic agents.
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enhancing the prevalence of the disease, and leading to severe illness, which increases
the mortality rate. Antimicrobial resistance has been recognized for a long time, and
it is becoming more apparent with the passage of time. Resistance rates for many
drugs are significantly variable in different regions [1].

Antimicrobial resistance has evolved as an inevitable danger to public health,
which is creating serious challenges for successful medical treatment. Despite many
efforts being made to combat this problem, the global graph of AMR shows no
decline. Key priorities in addressing antimicrobial resistance in human health include
preventing infections to reduce unnecessary antimicrobial use, ensuring universal
access to accurate diagnoses and appropriate treatments, and promoting strategic
information and innovation. This encompasses efforts such as AMR surveillance,
monitoring antimicrobial consumption, and advancing research and development for
new vaccines, diagnostics, and medicines.

2. History

Antimicrobial resistance exists far more than our estimate, which predate the
modern use of antibiotics. Antimicrobial resistance has been found in ancient DNA.
Microorganisms naturally produce antimicrobial agents and have the ability to
develop a defense mechanism against them [2]. The timeline or the history of antibi-
otic resistance along with antibiotic discovery has been shown in Figure 2.

2.1 Significant contributors to AMR

* Unnecessary and overuse of antimicrobial agents in health department, indus-
tries and in agriculture.

Aminoglycosides (cHmlpotE Monobacam

. Quinl = ;
Tetracycline Fnsidieo::d Carbapenems prop_:ghdcs
Antibiotic Bacitracin  Streptogramins | Mupirocin e
Discovery Ethambutol
Cycloserin
Lipiarmycins

Macrolide Diarylquinolines

Salvarsan | Penicillin | Sulfonamides =~ Folymyxins e,
| Nitofurans Phosphonate F!uoor:q;umol

1920 h{iﬁwiw ‘ 960 | 1080 ‘ si'wsv |
MRSA - i VRSE Colistin
Resistance ‘:M e Detected Resistance
VRE
Antibiotic
Res]s‘;u Sulfonamides Tetracycline Detected
. Resistance Resistance Linegolid
Salvarsan Penicillin Gentamicin Carba resistance
Resistance Resistance Resistance Ceplm!p o
Resistance
Figure 2.

History of antibiotic resistance along with the discovery of antibiotics.
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* Evolutionary pressure, bacterial mutation, and the spreading of resistance genes
to other species.

* AMR is causing serious financial problems, such as very high healthcare costs,
because more people need to stay in hospitals and go through costly medication.

The evolutionary pressure is one of the underlying factors that drives microbes to
develop resistance against antimicrobial drugs. This natural phenomenon is causing
a challenging situation for healthcare department. AMR not only affects the efficacy
of drug but also limits the treatment options for patients suffering from infectious
diseases or oncology. Biological organisms have the ability to evolve and create
diversity; such diversity can already exist or it can be developing under the pressure of
antagonists. In the agriculture sector, AMR developed with the excess use of herbi-
cides and pesticides [3]. Certain mechanisms have been discovered and are believed to
play arole in AMR. Genetic changes are commonly considered one of the key reasons
behind antimicrobial resistance (AMR) at the molecular level.

2.2 Different mechanisms of resistance

There are various mechanisms that may contribute to antimicrobial resistance
(AMR), enabling microbes to survive the effects of effective drugs. One such mecha-
nism involves “persister” cells, which change their phenotype to tolerate drugs and
may play a role in resistance development.

2.3 Inherent or acquired heterogeneity

Inherent or acquired diversity or variability within a population is also a problem
in multifactorial diseases such as viral infections and carcinomas. Such heterogene-
ity enables a certain load of population to survive the drug effect and enhance the
progression of disease. Site mutation is considered as underlying mechanism behind
antiviral resistance. But for fungal, bacterial, and parasitic infections, there are
other mechanisms that involve cellular pathways, which additionally challenge the
potential of drugs.

2.4 Fungal infections

Antimicrobial resistance poses a significant challenge in fungal infections due to
the limited availability of antifungal drug classes for treating invasive diseases and
the growing prevalence of multidrug-resistant fungal strains. The treatment of fungal
infections presents unique challenges due to their eukaryotic nature, as they share
many molecular mechanisms with the host. According to Lee et al. [4], pathogenic
Candida species can be treated with only three major drug classes, polyenes, azoles,
and echinocandins, all of which are increasingly affected by resistance. Mutations in
drug targets are a common resistance mechanism across all three antifungal classes.
In the case of azoles, resistance is further driven by efflux pump activity and target
overexpression. To counteract resistance, potential strategies include combination
therapies, targeting virulence factors, and advancing immunotherapies and vaccine
development.
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2.5 Antibiotic resistance

The rise of antibiotic resistance has reached alarming levels, while the devel-
opment of novel antibiotics remains limited, creating a significant challenge for
effective treatment. f-Lactam antibiotics, once a cornerstone of antibacterial
therapy due to their ability to disrupt bacterial cell wall synthesis, have become
increasingly ineffective due to widespread resistance mechanisms. Fisher and
Mobashery [5] provide insights into the molecular mechanisms of p-lactam resis-
tance in Staphylococcus aureus, a Gram-positive bacterium. f-Lactam antibiotics
function by targeting penicillin-binding proteins (PBPs), which are essential for
cell wall biosynthesis. Understanding these enzymes and resistance mechanisms
may pave the way for the development of novel antibiotics. Hobson et al. [6],
conceptualize antibiotic resistance through the “antibiotic resistome,” which
encompasses all genetic elements that contribute to resistance. Their study high-
lights two major antibiotic classes, aminoglycosides and tetracyclines, detailing
the molecular mechanisms that enable resistance to each. This systems-based
perspective provides insights into how efflux pumps, modifying enzymes, and
target modifications impact antibiotic efficacy. These resistance mechanisms not
only help bacteria evade antibiotics but also serve as natural defense strategies
in microbial competition. Wright and colleagues propose a resistance-guided
approach to antibiotic discovery, utilizing bacterial synthetic machinery to identify
new therapeutic options.

3. Mitigating the impact of resistance

Combating resistance requires a deep understanding of its molecular mechanisms,
identification of drawbacks in existing drugs, and the application of innovative,
integrated strategies to develop novel therapeutics that are less prone to resistance.
Lessons from one disease can inform drug design for others, as shared resistance
mechanisms call for a collaborative approach. By leveraging chemistry while account-
ing for evolutionary constraints, researchers can develop more durable drugs and
effective combination therapies to outpace resistance. [7], highlight plant-derived
natural products as a promising source of antibiotics with potentially lower suscepti-
bility to resistance. Through co-evolution in microbe-rich environments, plants have
developed metabolites with natural antibacterial properties, often targeting virulence
factors rather than directly killing bacteria, which may reduce selective pressure for
resistance.

4. Global action plan (GAP) against antimicrobial resistance

The global action plan (GAP) against Antimicrobial Resistance (AMR) was imple-
mented by many countries in 2015 during the World Health Assembly to effectively
treat the AMR at the global level. Those countries promised to adopt national action
plans using a One Health approach to effectively overcome AMR. Later on, govern-
ing departments including the Food and Agriculture Organization (FAO), the World
Organization for Animal Health (WOAH, formerly OIE), and the United Nations
Environment Program (UNEP), took the lead in the Global Action Plan (GAP)
against AMR (Figure 3).

4
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Figure 3.
The four organizations (FAO, UNEB, WHO, and WOAH) are together known as the quadripartite.

WHO hosted the quadripartite to raise a multi-stakeholder action against AMR.
This establishment was supported by Global Leaders Group and practically started its
working in November 2020. A multi-stakeholder partnership platform and various
technical working groups were also established in the same year. The United Nations
General Assembly resolution decided to hold a combined meeting with the quadri-
partite at a deeper level against AMR to be conducted in 2024. World AMR Awareness
Week (WAAW) is a global campaign held from 18 to 24 November to raise awareness
since 2015 [8].

5. Conclusion

To effectively tackle AMR, we need to have a deep insight at the molecular level,
such approaches can help clarify how microbes are able to overcome antimicrobial
drug pressure. By having concepts about constraints of evolution, we will be able
to design enzymes to function in robust inhibitor design, understanding of natural
defense systems implemented by fungi, bacteria, and plants to combat each other’s
pathogenic effects, and understanding the rules of our own factors in infectious and
genetic diseases. In the agriculture sector, the resistance can be tackled by changing
the crops and keeping the level of stressors low. In the medicine sector, incomplete
dosage and low potency drugs are the possible reasons behind resistance. On the
other hand, we cannot deny the fact that even with the most effective drugs, we
cannot completely eliminate resistance. As evolution is a continuous and unstoppable
process. To effectively slow down or control the process of evolution, especially in the
context of resistance, we need to use a variety of strategies, rather than relying on just
one. These approaches could include improving drug use practices, developing new
treatments, enhancing diagnostics, and implementing preventive measures. Also,
an understanding of chemical and biological species is needed at a deeper level. The
complete eradication of AMR is not a realistic approach, and it is not even a desirable
aim. The complete eradication means not using antimicrobial agents at all or reduc-
ing their usage. In this way, we will not be able to get the benefits from antimicrobial
agents. So, the main objective should be balanced and meaningful use of antimicro-
bial agents against infections, and also in agriculture.
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Abstract

Antimicrobial resistance has created an urgent need for innovative therapeutic
strategies beyond conventional antibiotics. Nanotechnology offers a groundbreaking
approach to addressing this challenge by providing versatile tools for targeted antimi-
crobial action. This chapter explores the application of nanomaterials in combating
multidrug-resistant pathogens. Emphasis is placed on their mechanisms of action,
such as biofilm disruption, precision drug delivery, and enhancement of antimicrobial
efficacy. This chapter also discusses recent advancements in nano-engineered systems
for pathogen targeting, as well as their role in overcoming resistance mechanisms. By
shedding light on the potential and limitations of nanotechnology in antimicrobial
therapy, this chapter aims to present nanotechnology as a transformative approach in
the ongoing battle against superbugs.

Keywords: antimicrobial nanomaterials, biofilm disruption, nano-engineered
therapeutics, drug delivery systems, multidrug resistance solutions

1. Introduction
1.1 Overview of antimicrobial resistance (AMR) and its global implications

Antimicrobial resistance (AMR) is a global concern due to increasing infection rates
and a lack of new antimicrobial medications. The “Silent Pandemic” is a result of exces-
sive or negligent use of antibiotics in clinical treatment, agriculture, animal health, and
the food chain. The Food and Agriculture Organization of the United Nations (FAO)
and the World Organization of Animal Health (OIE) are working together to minimize
AMR’s effects through the “One Health Approach.” The World Health Organization
(WHO) has established the Global Action Plan for Managing AMR (GAP-AMR)
and the Global Antimicrobial Resistance and Use Surveillance System (GLASS) to
address knowledge gaps. Antimicrobials have been effective in controlling and reduc-
ing infectious diseases, with human life expectancy increasing by 23 years since the
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first antibiotic was introduced in 1910 [1-8]. The rise in over-the-counter antibiotics
increases disease recurrence, leading to antibiotic depletion and potential incurable
illnesses. Antibiotics are essential for various procedures, but drug-resistant bacterial
infections are increasing globally, increasing the risk of fatal diseases. Current antibiot-
ics have short half-lives, causing a shortage. The EU experiences 33,000 AMR-related
deaths annually, with €1.5 billion in medical expenses. Carbapenem-resistant bacteria,
the “last-resort” antibiotics, are causing serious concern. The COVID-19 pandemic is
projected to accelerate the increasing rate of AMR globally. By 2050, 10 million deaths
worldwide are predicted to be attributable to AMR [9-14].

1.2 Limitations of conventional antibiotics in addressing multidrug-resistant
pathogens

A major public health concern is multidrug resistance (MDR) in bacterial infections,
necessitating creative approaches for effective management. Numerous strategies have
emerged, each with unique safety, effectiveness, commercial viability, and economic
impact issues. Here, we review several well-known tactics and their salient features [15].

The World Health Organization (WHO) has identified multidrug resistance
(MDR) as a major threat to global development, food security, and health [16]. It
affects everyone, regardless of age or nationality. Overpopulation, global migration,
and increased antibiotic use have made it a major global public health concern. The
WHO has identified antibiotic resistance as one of the top three public health issues
of the twenty-first century [17]. Worldwide, multidrug-resistant (MDR) bacte-
rial infections—resistant to three or more types of antibiotics—kill over 700,000
people annually. By 2050, this number could rise to 10 million deaths if unaddressed,
surpassing the current yearly death toll from cancer [14, 18, 19].

* Engyme production that venders the antibiotic inactive: The bacterium creates
certain enzymes that render the antibiotic physiologically inactive. This occurs,
for instance, when p-lactamases degrade p-lactam drugs. Because some bacteria
produce extended-spectrum p-lactamases (ESBLs), which have the same inacti-
vating activity, they are challenging to eradicate. Other enzymes that can reduce
the effectiveness of some antibiotics include phosphotransferase, acetyltransfer-
ase, and adenyl transferase [20-23].

* Modifications to the antibiotic target: For example, methylation of an adenine resi-
due in the peptidyl-transferase of r-RNA 23S, for instance, reduces the enzyme’s
affinity for the antibiotic without influencing protein synthesis, resulting in
erythromycin resistance. Penicillin-binding protein modification by MRSA is
another noteworthy example [24].

* Reduction in antibiotic uptake: Modifications to the surface casings of cells can
lessen an antibiotic’s ability to enter the cell. For instance, a mutation in a porin
gene or a change in the amount of porins could be the source of the resistance in
Gram-negative bacteria [25-27].

1.3 Role of innovative approaches like nanotechnology in overcoming AMR

Nanotechnology is rapidly developing novel drug delivery methods and treat-
ments for various diseases, offering pathogen-specific antimicrobial delivery.

10



Nanotechnology in the Fight against Antimicrobial Resistance: Designing the Next-Generation...
DOI: http://dx.doi.org/10.5772/intechopen.1009429

Nanoparticles, due to their nanoscale size and high surface area-to-volume ratio,

can efficiently encapsulate and release therapeutic molecules. However, the unique
microbiome environment of humans and animals, influenced by factors like food
and medications, presents challenges in targeted delivery and microbiome manipula-
tion under changing conditions. Nanomaterials, which have at least one dimension
smaller than 100 nm, are examined through electrical techniques or direct monitor-
ing [28]. Resistant bacteria, particularly multidrug-resistant (MDR) bacteria, pose a
significant threat due to the traditional use of small-molecule antibiotics. As effective
first-line antibiotics decrease and last-line drugs increase, preserving last-line drugs
may delay antibiotic resistance. Conjugating small-molecule antibiotic drugs onto
nanoparticles, like silver nanoparticles, can help overcome bacterial resistance by
combining the drug and nanoparticle [29].

2. Understanding nanotechnology in antimicrobial applications
2.1 Fundamentals of nanotechnology and its relevance in medicine

The targeting moiety, external force, and instinctive reaction all work together
to mediate the passive or active delivery of nanomaterials to their intended locations
[30]. Drug delivery to bacteria can be accomplished efficiently through passive target-
ing, which uses modified nanomaterials that diffuse into target tissues [31]. Indeed,
research on the antibacterial mechanism of nanomaterials has demonstrated that they
may interact through hydrophobic interactions, electrostatic attraction, and Vander
Waals forces with key components of bacterial cell membranes, such as proteins, lip-
ids, and polysaccharides [32, 33]. For instance, several forms of interactions (including
electrostatic attraction and interactions (hydrophobic)) between bacterial proteins
and NPs. Although bacteria have evolved many strategies to evade the negative effects
of antibiotics, it is challenging for bacterial cells to develop resistance to nanomateri-
als that could kill them in multiple ways at once. As a result of the development of
nanotechnology, a variety of nanomaterials, including nanotubes [34-36], nanofibers
[37, 38], and nanocomposites [39, 40], are now used in diagnosis and treatment of
bacterial infections.

2.2 Types of nanomaterials used in antimicrobial therapies
2.2.1 Metal nanoparticles (e.g., silvey, gold, and zinc oxide)

Copper (Cu), gold (Au), and silver (Ag) were supplied by Nano-Koloid (Warsaw,
Poland) as colloidal water suspensions. Zinc oxide (ZnO) nanopowder was also supplied
by SkySpring Nanomaterials (Houston, TX, USA). Farnesol (F) (3,711-trimethyl-2,6,10-
dodecatrien-1-ol, 95%) was supplied by Sigma-Aldrich, Hamburg, Germany. The
Vibra-Cell™ Ultrasonic Liquid Processor (Sonics & Materials, Newton, CT, USA) was
used to sonicate each nanomaterial and farnesol for 2 minutes at 500 W and 30 kHz
prior to their use in experiments. Nanocomposites were made by mixing F with Ag, Au,
and Cu, and they were left to self-organize for 15 minutes [41-45]. Both Gram-positive
and Gram-negative bacteria are susceptible to the antibacterial effects of silver, copper,
gold, zinc, titanium, and nickel nanoparticles. They can impair bacterial metabolism
by blocking the synthesis of ATP, enzymes, and genes, and they can harm bacterial cell
walls by inducing oxidative and nitrite stress [46].

11



Antimicrobial Resistance — New Insights

2.2.2 Silver nanoparticles

The remarkable antibacterial properties of silver nanoparticles (AgNPs) have been
reported by Sun et al. [47]. It inhibits the formation of biofilms [47]. Pseudomonas
aeruginosa, Staphylococcus aureus, Enterococcus planus, and Escherichia coli, for instance
[48]. Additional active ingredients, such as fungicides, can be delivered by AgNPs
since they can penetrate the biofilm matrix. It is also possible to use antibiotics such
as erythromycin, penicillin, or streptomycin with them. However, AgONPs, or
silver oxide nanoparticles, have antibacterial properties similar to those of AgNPs.
According to Nasiri et al., a common disadvantage of copper, zinc, and silver metal
oxide nanoparticles is their degradation when exposed to sunlight [49].

2.2.3 Gold nanoparticles

Gold nanoparticles (AuNPs) enter bacterial biofilms, disrupt bacterial metabo-
lism, and change the membranes of bacterial cells [50]. They stop the EPSs from
being produced. The biofilms of E. coli [51] and P, aeruginosa [50] are eliminated as a
result of this effect. P. putidis and Aeromonas hydrophila. These nanoparticles are too
expensive to be used as a primary antimicrobial agent during periods of high gold
prices [50].

2.2.4 Zinc nanoparticles

ZnONPs (zinc oxide nanoparticles) greatly inhibit the growth of both Gram-
positive and Gram-negative bacteria by releasing Zn* ions [49]. Through the release
of Zn*" ions and the production of reactive oxygen species (ROS), which are poison-
ous to bacteria, ZnONPs can stop the formation of biofilms.

2.2.5 Liposomes and polymeric nanocarriers

Despite their relatively easy preparation, liposomes have provided research-
ers with a wide range of application possibilities since they first came to the
attention of science. Once dispersed in an aqueous environment, they are made
of lipid molecules, mostly phospholipids, which act like building blocks that
self-assemble into a supramolecular structure arranged in spherical shapes. These
lipid molecules enclose part of the solvent in which they are dispersed by forming
double layers that close in on themselves, much like biological membranes do. To
keep water out of these molecules, their hydrophobic regions are paired [52-54].
Research on membrane fusion, the reconstitution of vital membrane proteins,
membrane compartmentalization, and, finally, protocells and the origins of life
are all motivated by their distinct structure and structural similarity to biological
membranes [55].

2.2.6 Polymeric nanoparticles
The most widely used and prevalent substance for drug delivery is biodegrad-
able polymers. Polymer nanoparticles (NPs) are favored over other nanosystems

due to their controllable surface properties, favorable release behavior, stability, and
capacity to safeguard encapsulated pharmaceuticals.
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2.2.7 Carbon-based nanomaterials (e.g., graphene oxide)

Carbon-based nanomaterials, such as fullerenes, graphene and its derivatives,
carbon nanotubes, nanodiamonds, and other nanosized carbon allotropes, have
become much more prevalent in recent years. The limitless potential for modifica-
tion and customization is linked to the small size of carbon nanomaterials, which
is comparable to the size of many basic biomolecules. Other characteristics of these
materials include their large specific surface area, high electrical and thermal conduc-
tivity, unique optical qualities, and superior mechanical properties, all of which have
opened up a wide range of applications.

3. Mechanisms of action of antimicrobial nanomaterials
The mechanism of action of antimicrobial nanomaterials is illustrated in Figure 1.
3.1 Disruption of bacterial membranes and biofilms

Antibiotics’ intracellular bactericidal effect is influenced by both their intracel-
lular distribution and intracellular concentration and activity. Pathogens may reside
in various host cell compartments. Salmonella takes advantage of the late endosomal
compartments, while L. monocytogenes multiplies in the cytoplasm [56, 57]. Antibiotics’
subcellular distribution varies, and distinct subcellular distributions of pathogens
and antibiotics may make antibiotics less effective at killing intracellular bacteria.
Oritavancin, for instance, is effective at killing intracellular S. aureus but ineffective
against intracellular L. monocytogenes. This is most likely because L. monocytogenes is
found in the cytoplasm, while oritavancin and S. aureus co-localize in the lysosome [58].

3.2 Generation of reactive oxygen species (ROS)

Reactive oxygen species (ROS) have demonstrated strong antimicrobial effects
against various Gram-positive and Gram-negative organisms, including pathogens that
produce biofilms and MDR isolates. When applied topically to internal tissue, mucosal
membranes, or skin colonized by biofilms and microbial inhabitants, ROS-based treat-
ments may offer a novel therapeutic approach. ROS, a well-known acronym in various
fields, includes radical and non-radical oxygen-containing atoms and molecules such
as superoxide anion (O, "), singlet oxygen (o,), peroxide (0,%), hydrogen peroxide
(H,0,), hydroxyl radicals (OH"), and hydroxyl anions (OH"). ROS can interact with
NO generated by cells from intracellular L-arginine through the actions of inducible
NOS, neuronal NOS, and epithelial NOS, resulting in the formation of ONOO™ and
NO’, while NO® combined with O, yields ONOO'. These molecules, known as reactive
nitrogen species (RNS), are being developed for clinical use in various contexts [59-61].

3.3 Overcoming efflux pump-mediated resistance
The proteins known as efflux pumps, which are found in the membranes of
bacterial cells, regulate the movement of harmful substances from the inside to the

outside of the cell. Nearly every bacterium has bacterial efflux pumps, which are
the most rapid and effective defense mechanism against stress. Efflux pumps make
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Figure 1.
Mechanism of action of antimicrobial nanomaterials.

microorganisms more resilient to antibiotics and other antimicrobial agents and
enhance their viability under harsh conditions [62]. Molecular microbiology has iden-
tified numerous bacterial efflux pumps, including Salmonella spp., Escherichia coli,
Campylobacter jejuni, Pseudomonas aeruginosa, Listeria monocytogenes, Acinetobacter
baumannii, Enterococcus spp., Klebsiella pneumoniae, Streptococcus pneumoniae, and
Listeria monocytogenes. The efflux pathway consists of six bacterial drug efflux pump
families: the ATP-binding cassette (ABC) family, the resistance-nodulation-cytosis
(RND) superfamily, the small multidrug resistance (SMR) family, the multidrug
and toxin extrusion (MATE) family, the major facilitator superfamily (MFS), and
the proteobacterial antimicrobial complex efflux (PACE) family. Antibiotic-resistant
bacterial phenotypes can arise from efflux pumps expelling various substrates, dyes,
detergents, waste metabolites, and toxins [63].

4. Applications of nanotechnology in combating resistant pathogens

4.1 Addressing Gram-positive and Gram-negative bacterial resistance

The vast majority of bacteria are considered harmful, and they are associated with
a higher global mortality and morbidity rate. Gram-negative bacteria are identified
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by their unique cell envelope structure [64, 65]. Conversely, a wide variety of Gram-
positive bacteria are widely recognized for causing some of the most harmful resistant
infections in the community and in healthcare settings [66]. Particularly concerning
among this group are the methicillin-resistant bacteria Streptococcus pneumonia,
which is resistant to multiple antibiotics, Enterococcus fecium, which is resistant to
vancomycin; and Staphylococcus aureus (MRSA) [24, 67].

4.2 Enhancing efficacy of existing antibiotics using nanocarriers

Various techniques, such as combining drugs or encapsulating them into nanopar-
ticles, can enhance the effectiveness of anti-biofilm agents. However, concerns
about in vivo effectiveness and cytotoxicity persist, especially when antimicrobials
or antibiotics are administered without a carrier. Lipid nanocarriers (LNCs) have
gained popularity as an alternative delivery system for various substances, including
proteins, peptides, and sensitive substances. Encapsulating antimicrobial agents in
LNCs offers numerous benefits, including decreased systemic toxicity, prevention of
inactivation, enhanced antimicrobial activity, pharmacokinetic profiles, high drug
loading, enhanced biodistribution, and targeted delivery. These nanocarrier formula-
tions also provide controlled and extended release of antimicrobials, helping combat
biofilms and improve antimicrobial activity. The biofilm-nanocarrier interaction
consists of three steps: moving throughout the biofilm, adhering to the biofilm EPS,
and diffusing through the EPS [68-72].

4.3 Targeting biofilm-associated infections

Biofilms are thought to be the cause of 80% of all microbial infections and more
than 65% of nosocomial infections. Biofilm-associated infections are most common in
patients with prosthetic devices who have indwelling medical devices, such as contact
lenses, central venous catheters and needleless connectors, endotracheal tubes, intra-
uterine devices, mechanical heart valves, pacemakers, and peritoneal dialysis catheters.

4.4 Development of broad-spectrum antimicrobial nanomaterials

The global spread of multidrug-resistant bacteria, fungi, viruses, and protozoa has
made traditional methods of treating infectious diseases more challenging. The devel-
opment of new antiviral, antibiotics, antifungal, and antiprotozoal agents is crucial to
address this issue. Research shows that broad-spectrum antimicrobial nanomaterials
(AgNPs) can eliminate various pathogenic organisms from various phyla and species
of bacteria, fungi, and viruses. AgNPs have multifunctional antibacterial properties,
including antifungal, antiviral, anti-parasitic, and anti-inflammatory properties.
They have been found to inhibit strains resistant to imipenem and other antibiot-
ics, making them potential broad-spectrum antibiotics. Additionally, AgNP-coated
condoms have antiviral, antibacterial, and antifungal properties, suggesting that all
multidrug-resistant pathogens from all clinical sources can be treated [73-83].

5. Advances in nano-engineered systems for pathogen targeting

Developments in pathogen-targeting nano-engineered systems have demon-
strated great promise for enhancing infectious disease detection, management, and
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prevention. These systems improve the effectiveness and specificity of antimicrobial
treatments by utilizing the special qualities of nanomaterials.

o Antibacterial nanoparticles: Nanoparticles are being used to deliver antibiotics
more effectively, offering benefits such as increased solubility, stability, and
targeted delivery to infection sites. This approach helps in overcoming drug
resistance and minimizing adverse effects [31, 84].

* Bacteria-targeting nanomaterials: These materials are utilized for both diagnosis
and treatment, improving pathogen detection and preventing biofilm formation
on medical implants. They also enhance wound repair by preventing bacterial
infections [85].

* Nanogymes for pathogen detection and control: Nanozymes, which mimic natural
enzymes, are used for rapid and sensitive pathogen detection and control. They
regulate reactive oxygen species and other mechanisms to hinder pathogen
growth and transmission [86].

* Immunomodulatory nanoparticles: Engineered nanoparticles can modulate the
immune system, enhancing targeted delivery of therapeutics and reducing
systemic side effects. These nanoparticles interact with immune cells to improve
therapeutic outcomes [87].

o Antimicrobial nanomaterials: These materials exhibit antimicrobial properties
through various mechanisms, such as disrupting cell membranes. They are
applied in healthcare, water treatment, and food packaging to prevent disease
spread [88].

5.1 Functionalized nanoparticles for specific pathogen recognition

Functionalized nanoparticles have emerged as a powerful tool for the specific rec-
ognition and detection of pathogens. These nanoparticles can be engineered to target
specific bacterial or viral markers, enabling rapid and sensitive detection, which is
crucial for public health and safety.

5.1.1 Mechanisms of action
5.1.1.1 Dual-recognition systems

Functionalized nanoparticles often employ dual-recognition systems to enhance
specificity and sensitivity. For instance, platforms using vancomycin-modified
nanoparticles and aptamer-functionalized tags have been developed to detect bacte-
ria such as Staphylococcus aureus and Escherichia coli. These systems use both specific
and broad-spectrum recognition elements to effectively capture and quantify
bacteria [89, 90].

5.1.1.2 Targeting pathogen recognition receptors

Nanoparticles can be functionalized to mimic pathogen-like properties, target-
ing specific receptors on immune cells. For example, mannose-functionalized
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nanoparticles target C-type lectin receptors on dendritic cells, enhancing immune
response activation [91].

5.1.2 Applications in pathogen detection
5.1.2.1 Surface-enhanced Raman scattering (SERS) and FRET platforms

SERS and FRET-based platforms have been developed for the sensitive detection
of pathogens. These platforms use functionalized nanoparticles to create strong signal
responses upon binding to target bacteria, allowing for rapid and specific detection in
complex samples [89, 90, 92].

5.1.2.2 Colorimetric and optomagnetic assays

Functionalized nanoparticles have been used in colorimetric and optomagnetic
assays for pathogen detection, providing rapid and sensitive detection capabilities in
food safety and clinical diagnostics [93, 94]. While current nanoparticle-based detec-
tion systems show high specificity and sensitivity, research aims to further improve
these attributes by developing more robust recognition elements and optimizing
functionalization techniques [95, 96]. There is significant interest in integrating these
systems into point-of-care diagnostics, allowing for real-time, on-site testing, particu-
larly valuable in resource-limited settings [93, 97].

5.2 Dual-action nanomaterials: Antimicrobial and immunomodulatory effects
5.2.1 Dual-action nanomaterials: Antimicvobial and immunomodulatory effects

The development of dual-action nanomaterials that possess both antimicrobial
and immunomodulatory properties represents a significant advancement in the
field of nano-engineered systems for pathogen targeting. In order to improve overall
therapeutic efficacy, these materials are made to both directly fight pathogens and
alter the host’s immune response.

5.2.2 Antimicrobial properties

The potential of nanomaterials to combat antibiotic resistance—a rising global
health concern—has been the subject of much research. These substances have a
variety of effects on bacteria, including rupturing cell membranes, interfering with
metabolic functions, and inhibiting the formation of biofilms—all of which are essen-
tial for bacterial resistance and survival [98-100]. For instance, carbon nanomaterials,
including carbon nanotubes and graphene, have shown considerable antimicrobial
activity due to their ability to attach to microbial cells and disrupt their integrity [99].
Additionally, metal and metal oxide nanoparticles have been reported to exhibit
microbicidal effects by releasing metal ions that damage bacterial cells [100].

5.2.3 Immunomodulatory effects

Some nanomaterials have antimicrobial properties and can alter the immune
system, strengthening the body’s defenses against infections. Antimicrobial pep-
tides (AMPs) like Nv-CATH, derived from frog skin, have demonstrated both
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antimicrobial and immunomodulatory activities. Nv-CATH protects against bacterial
infections, suppresses harmful inflammatory responses, and enhances immune cell
functions, such as phagocytosis and neutrophil activity [101]. This dual functional-
ity is crucial for developing treatments that target pathogens and support the host’s
immune system. The integration of antimicrobial and immunomodulatory functions
in nanomaterials opens new avenues for treating infections, especially those caused
by multidrug-resistant bacteria. These dual-action nanomaterials can be used in
various applications, including wound dressings, drug delivery systems, and coatings
for medical devices, to prevent and treat infections effectively [102, 103]. Further
advancements in the design and application of these materials are expected, poten-
tially leading to more effective strategies for combating infectious diseases [85, 104].

6. Challenges and limitations in nanotechnology-based antimicrobial
therapies

Cytotoxicity and biocompatibility are crucial in designing nanoparticles (NMs)
for biomedical applications. Cytotoxicity refers to NMs’ effects on cell viability and
functions, while biocompatibility involves assessing NMs iz vivo and in vitro, fol-
lowing standard toxicity protocols. Expanding NM use requires understanding the
connections between physicochemical characteristics and unique bio-effects. This
evaluation is complicated by various material types, biological systems, and analytical
measures [105, 106]. Understanding nanoparticle bio-interactions is challenging due
to the wide variety of NM types, diverse interactions with testable model systems,
lack of established procedures, and intricacy of in vivo testing [107-112].

Nanomaterials’ stability is crucial for their antimicrobial therapy applications due
to their unique properties. Polymeric nanoparticles are ideal for drug delivery due
to their stability and biocompatibility. However, stability can be compromised by
aggregation or degradation in biological fluids, reducing effectiveness and increasing
toxicity. Engineering nanomaterials with enhanced stability through surface modifi-
cations or encapsulation is essential for successful application. Scalability is another
challenge in developing nanomaterial-based antimicrobial therapies, as transitioning
from laboratory-scale synthesis to large-scale production requires precise control over
size, shape, and surface properties. Advances in nanotechnology have led to scalable
methods for producing nanomaterials [113-118].

7. Future directions and emerging trends

Nanotechnology is rapidly advancing antimicrobial therapy, with new materials
being more effective against microorganisms and more accurate in targeting bullets.
This technology can address resistance issues, biofilm eradication, and intracellular
infections. Nanotechnologies like nanosensors and nanotheranostics can identify
infections at an early stage and further broaden the scope of antimicrobial therapy by
collaborating with molecular biology and artificial intelligence [119].

7.1 Nanoenabled diagnostics for rapid identification of resistant pathogens

Antimicrobial resistance detection is crucial in combating infectious diseases,
but traditional methods like culturing are slow and require expert handling.
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Nanotechnology offers smart sensors that detect pathogens quickly and accurately
using nanomaterials. Advanced optical biosensors like surface plasmon resonance
sensors and fluorescence spectroscopy offer rapid, sensitive, and portable diagnostic
capabilities. Integrating with IoT enhances their utility for personalized monitoring
and environmental surveillance. Nanoplasmonic technology, like RAPIDx, addresses
the bottleneck of traditional diagnostic methods, enabling timely medical interven-
tions and effective management of antibiotic-resistant infections [120-123].

7.2 Smart nanomaterials with on-demand antimicrobial release

Antibacterial nanomaterials can be classified into two types: targeting and
stimuli-responsive. Stimuli-responsive nanomaterials are passively targeted by
responding to stimuli in the infectious microenvironment, such as pH, redox prod-
ucts, hypoxia, enzymes, and bacterial toxins. These stimuli alter the chemical and
physical characteristics of nanocomposites, allowing them to interact electrostati-
cally with bacteria and release the drug when hydrophobicity changes. Targeting
nanomaterials, loaded with targeting moieties like antibodies, aptamers, peptides,
and membranes, combine with specific binding sites on bacteria or cells. Scientists
have also used specific recognitions between immune cells, bacteriophages, and
microorganisms to create new targeting nanoplatforms. Targeting strategies have
lower off-target rates than stimuli-responsive nanomaterials because they can only
combine with specific targets [124-132].

7.3 Integration of artificial intelligence in designing nanotherapeutics

Artificial intelligence (AI) is being used to design nanotherapeutics for resistant
pathogens, a promising approach in combating antimicrobial resistance (AMR). Al’s
ability to analyze vast datasets and predict outcomes has accelerated the discovery of
new antibiotics and antimicrobial peptides, enabling researchers to identify potential
antibacterial agents and predict their efficacy. This is crucial in precision medi-
cine, where tailored treatments are developed based on individual patient profiles.
Al-driven design of nanomaterials can lead to more effective and personalized
therapeutic strategies, addressing heterogeneity in pathogen resistance and patient
responses. Al-powered diagnostic tools, like nanoenabled smart optical biosensors,
offer rapid, sensitive detection of AMR, facilitating real-time, on-site diagnostics.
However, issues like data quality, model interpretability, and real-world implementa-
tion remain. A multidisciplinary strategy integrating Al with other technologies is
needed to overcome these obstacles [133-136].

8. Conclusion

Nanotechnology offers innovative solutions to combat antimicrobial resistance by
providing versatile tools for targeted antimicrobial action. Nanomaterials can disrupt
bacterial membranes and biofilms, generate reactive oxygen species, and overcome
efflux pump-mediated resistance. Metal nanoparticles, liposomes, polymeric nano-
carriers, and carbon-based nanomaterials are being explored for their antimicrobial
properties. Functionalized nanoparticles enable specific pathogen recognition,
while dual-action nanomaterials exhibit both antimicrobial and immunomodula-
tory effects. Smart nanomaterials with on-demand antimicrobial release and the
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integration of artificial intelligence in designing nanotherapeutics are emerging
trends in this field. However, challenges such as cytotoxicity, biocompatibility, and
scalability need to be addressed for the successful translation of these nanotechnol-
ogy-based antimicrobial therapies.
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Chapter 3

The Problem of Antimicrobial
Resistance through the Production
of Beta-Lactamases

Fxafativima Umar and Chinenyenwa Precious Chukwuekwe

Abstract

Antimicrobial resistance is a multifaceted phenomenon influenced by a variety of
causes. It is seen as an evolution in action in bacteria, with numerous genetic mecha-
nisms developing as a result of selective pressure in conjunction with antibiotic usage
and misuse. The ability of the organism to cope with the resistance mechanism, the
initial colonization site, and the resistance it exhibits are all elements that contribute
to the development of resistance. Beta-lactamase synthesis is the most important
mechanism of resistance to beta-lactam antibiotics posed by Gram-negative bacteria.
The beta-lactam antibiotics are one of the most widely used antimicrobial agents with
a positive impact in treating bacterial infections globally. They exert their antibacte-
rial activity by inhibiting bacterial cell wall synthesis. These antibiotics include
penicillins, cephalosporins, monobactams, and carbapenems. Due to the widespread
use and misapplication of these antibiotics, resistance to them is forming and growing
exponentially, jeopardizing the ability to treat infectious diseases, which can lead to
severe illness, damage, and death. This review focuses on the problem posed by the
production of the beta-lactamase enzyme, novel therapies to combat antimicrobial
resistance due to beta-lactamase production, and factors to consider in regulating this
global threat.

Keywords: antimicrobial resistance, antibiotic resistance, beta-lactam, beta-lactamase,
antibiotic, bacteria

1. Introduction

Antimicrobial resistance is a major public health concern. Infectious disease
prevention and treatment are becoming more difficult as the infection rate rises [1].
The rise of resistance is influenced by, but not limited to, incorrect antimicrobial use
and frequent use without adherence to the principles governing their selection and
use. The widespread abuse of antimicrobials in and out of hospitals, patients with
medication failure, drug self-administration, and the introduction of antimicrobials
into animal diets could all be contributing factors [2]. Excessive use of antibiotics
in agriculture, according to Ejikeugwu and colleagues, allows bacteria to acquire
antibiotic-resistance genes through selection pressure, a mechanism that accounts for
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the rise and spread of drug-resistant bacteria in the population [3]. New mechanisms
of resistance are forming and growing exponentially, based on a study by the World
Health Organization (WHO), jeopardizing the ability to treat infectious diseases,
which can lead to severe illness, damage, and death [4]. Antimicrobial-resistant
bacteria are common, and they can spread through poor infection control, handling,
and sanitation. Bacteria have a variety of antibiotic resistance mechanisms, the most
common is the production of beta-lactamase enzymes by Gram-negative bacteria [5].

With the development of broad-spectrum antibiotics, microbes developed
resistance, which was discovered to be mostly attributable to the synthesis of beta-
lactamase enzymes. When these substrates were hydrolyzed at equal rates, the
enzymes were classified as “cephalosporinase,” “penicillinase,” or “broad spectrum”
[6]. As beta-lactam antibiotics are developed, with time, beta-lactamases are capable
of destroying them emerge [7]. The creation of these antibiotics, such as oxyimino
cephalosporins, cephamycins, temocillin, aztreonam, and carbapenems, resulted
from the spread of these enzymes in different types of microbes [8]. Because of their
ease of availability, wide range of activities, low cost, and safety, these antibiotics
were the most widely utilized in many health centers across the world, creating
selection pressure for resistance [6]. They constitute around half of all antibiotics
consumed worldwide. According to Bush et al. [9], the possibility of microorganisms
producing various beta-lactamases is increasing.

Penicillinase was the first beta-lactamase identified. It was isolated from
Escherichia coli by Abraham and Chain in 1940, even before penicillin entered clinical
use. It was observed that the enzyme quickly spread to other bacteria, rarely or not
previously producing it. The emergence of extended spectrum beta-lactamase (ESBL)
has been a major public health concern. They confer resistance to expanded spectrum
cephalosporins (e.g., TEM-3, TEM-4, and SHV-2), first detected in 1979 [10]. They
are derived from TEM-1, TEM-2, or SHV-1 by the substitution of amino acids around
the active site of the beta-lactamases as a result of mutations. The ESBLs confer
multidrug resistance as the plasmid responsible for their production also carries genes
encoding resistance to other antimicrobials. Carbapenems were the treatment of
choice for serious infections due to ESBL-producing microorganisms. Unfortunately,
carbapenem-producing isolates have been reported recently [11]. Carbapenemases
are a diverse group of beta-lactamases that are active against cephalosporins,
cephamycins, and carbapenems.

Multidrug resistance has been defined as a microorganism’ ability to develop
resistance to at least one in three or more antimicrobials for epidemiological purposes
[12]. Antibiotic resistance complicates the prevention and control of infection, which
is on the rise. According to Ifeanyichukwu et al. [1], several factors, such as health,
social, and environmental, have been linked to the spread of multidrug resistant
microorganisms, including the over-the-counter sale of drugs with reduced efficacy,
misdiagnosis, misuse of broad-spectrum antibiotics, antibiotics in livestock and
poultry feeds, and medication inconsistency.

2. Beta-lactam antibiotics

Beta-lactam antibiotics are the main class of antimicrobials known to inhibit
bacterial cell wall synthesis. Because of their broad spectrum of activity and excellent
health profile, these antibiotics have become the most extensively used antimicrobials
[13]. They all work in the same way and are made up of a core beta-lactam ring, giving
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the class its name. The ring is made up of a three-membered carbon ring and a one-
membered nitrogen ring. Penicillin, cephalosporins, monobactam, and carbapenems,
are beta-lactam antibiotics [14]. Beta-lactam antibiotics, along with cephamycin, make
up the cephems, a subclass of beta-lactam antibiotics. The most important property of
the molecule for bioactivity is the beta-lactam ring [15].

Penicillins are antibiotics having a 6-animopenicillanic acid ring (B-lactam + thia-
zolidine) nucleus with different ringside chains (mostly ending in -cillin). A 7-ami-
nocephalosporanic acid nucleus with a 3,6-dihydro-2-H-1,3-thiazane ring side-chain
is found in cephalosporins. They are divided into five classes or generations, although
this terminology is not routinely used. They include cefazolin, cephalexin, cefadroxil
(First-generation), cefuroxime, cefoxitin, cefotetan, cefaclor, cefprozil (Second
generation), cefotaxime, ceftriaxone, cefpodoxime, cefixime, cefdinir, cefditoren,
ceftibuten and ceftazidime (Third generation), cefozopran, cefpirome, and cefepime
(Fourth generation) and ceftaroline, ceftobiprole (Fifth generation). In carbapenems,
the structure is an unsaturated 5-membered ring, differing from the penem structure
by the presence of a carbon atom at position 1. The resistance to these chemicals is,
however, a severe issue, particularly among Gram-negative bacteria that generate
carbapenemases. Examples include Pseudomonas aeruginosa, Acinetobacter baumannii,
and Klebsiella pneumoniae. Some carbapenems include imipenem/cilastatin, merope-
nem, doripenem, and ertapenem. The beta-lactam ring in monobactam is not linked
to another ring and stands alone, aztreonam, for example [16].

These antibiotics are bactericidal in nature, acting on the growing cell, and syn-
thesizing cell wall. The action is time-dependent. On Gram-positive bacteria, a short
but measurable post-antibiotic effect (PAE) can be detected. When employed against
Gram-negative bacteria, they do not initiate PAE. Maximal cidal impact is obtained
when the drug concentration is five times the target organism’s minimum inhibitory
concentration (MIC), but increasing the concentrations above this threshold provides
no extra benefit (Figure 1) [15].

~—NH
o7

Figure 1.
Beta-lactam ring [17].

2.1 Mechanism of action: beta-lactam antibiotics

The bacterial cell wall is a necessary component of the cell. Outside the plasma
membrane, there is a relatively rigid layer. The cell wall is one of the most significant
structures in a prokaryotic cell since it serves to determine the shape of the bacteria,
protects the bacterial cell from osmotic lysis and poisonous chemicals, and aids in
pathogenicity [2]. As a result, bacterial cell wall production is a critical and vital
process. The peptidoglycan layer (20-80 nm in Gram-positive bacteria and 2-7 nm in
Gram-negative bacteria) is a key component of the bacterial cell wall and is made up
of two sugar derivatives: N-acetylglucosamine and N-acetylmuramic acid. A peptide
bond is formed in the transpeptidation procedure, which connects the peptidoglycan
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layer. Glycan cross-linking occurs in the peptidoglycan due to transglycosidase action
and the peptide chains extending from the polymer sugars and producing cross-links
[18]. This reaction is catalyzed by the enzyme transpeptidase. The penicillin binding
proteins (PBPs) are membrane transpeptidases, specifically D,D-transpeptidases.
PBPs are engaged in all stages of peptidoglycan production and are distinguished

by their affinity for penicillin. Inhibition of these enzymes causes errors in cell wall
construction, which can result in anomalies in cell shape. PBPs catalyze the processes
that result in the removal of D-alanine from the precursor of peptidoglycan and of
production of cross-linked peptidoglycan using lipid intermediates. Peptidoglycan
transpeptidase, D-alanine carboxypeptidase, and peptidoglycan endopeptidase are
examples of these enzymes. The enzyme consists of an N-terminal domain of a trans-
glycosylase that is penicillin-insensitive (involved in the creation of glycan strands that
are linear) and a C-terminal domain of a penicillin-sensitive transpeptidase (involved
in peptide subunit cross-linking). The active site is a serine that is found in all mem-
bers [19]. The beta-lactam agent principally targets the PBPs. The antibiotics work

by interfering with the peptidoglycan synthesis, which is the third stage of cell wall
formation (the final transpeptidation step catalyzed by a penicillin-binding protein).
PBP binds to the D-alanyl-D-alanine at the end of the muropeptide to link the peptido-
glycan during its formation. The beta-lactam ring is thought to resemble the D-alanyl
D-alanine component of the peptide chain, which is normally bound to PBP. When the
PBP interacts with the beta-lactam ring, it becomes unavailable for the creation of new
peptidoglycans. The amide bond of the beta-lactam ring is ruptured when coupled to
the PBP, forming a covalent bond with the catalytic serine residue in the PBP active
site, preventing PBP crosslinking of peptidoglycan and inactivating the enzyme.
Disruption of the peptidoglycan layer contributes to bacterial lysis (Figure 2) [18, 20].
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Figure 2.
Mechanism of action of beta-lactam antibiotics [17].
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2.2 Beta-lactamases

Beta-lactamases (EC 3.5.2.6, as issued by the International Union of Biochemistry’s
Nomenclature Committee) are enzymes produced by bacteria to combat p-lactam
antibiotics, with an ester and amide bond. Before it reaches the Penicillin Binding
Site (PBS), it hydrolyzes the beta-lactam ring at the C4 position, rendering the
antibiotic inactive. When it comes to hydrolyzing p-lactam antibiotics, the enzymes
have distinct specificities [21]. The enzyme is produced by bacteria to protect against
the lethal effects of beta-lactam antibiotics such as penicillins, cephalosporins, or
monobactams which disrupt cell wall synthesis in bacteria and accounts for the most
prevalent mechanism of resistance in Gram-negative bacteria [22]. Beta-lactamases
of clinical importance are usually produced by Gram-negative bacteria, encoded on
plasmids or chromosomes and transferred by transposons [21]. As demonstrated
in Pseudomonas aeruginosa, beta-lactamase synthesis can be chromosomally (con-
stitutive) or plasmid-mediated (inducible), although the majority of them are
plasmid-based. PBPs with similar sequence homology are thought to have developed
into chromosomal enzymes that most likely result from selective pressure from soil
microorganisms capable of generating beta-lactam [23]. In Gram-positive bacteria,
the enzymes are exoenzymes (placed on the outer membrane), but in Gram-negative
bacteria, they remain in the periplasmic region [24].

Beta-lactamases enzymatic activity was initially discovered in 1940, before peni-
cillin was used as a therapy. It was also reported that the therapeutic success of the
first beta-lactam, penicillin G (benzylpenicillin), in the 1950s resulted in the evolu-
tion of various resistance mechanisms. It was discovered in environmental isolates
[25, 26]. The discovery and development of similar compounds with stronger and
broader bactericidal action have been spurred by an increase in reports of resistance
occurrences [27]. Broad spectrum beta-lactamase was first discovered in E. coli in the
1960s and 1970s, but it quickly spread to other Enterobacteriaceae, while resistance
to oxyimino-lactam antibiotics was briefly documented in K. pnemoniae and Serratia
marcescens after the development of third-generation cephalosporins in 1982 [28].
The first discovered plasmid-mediated beta-lactamase in Gram-negative bacteria,
TEM-1, was discovered in the 1960s [23]. It was given the code TEM as a result of
being isolated from the blood culture of a Greek patient named “Temoniera.” It has
the ability to spread globally since it is mediated by plasmids and transposons, which
can be found in various Enterobacteriales. SHV-1 (for sulphydral variable type 1) is
another beta-lactamase often discovered in Klebsiella spp. and E. coli. Over time, new
kinds of p-lactamase have emerged as a result of the use of newer beta-lactam antibi-
otics [29]. Third generation cephalosporins, also known as oxy-imino, were approved
for therapy in the early 1980s as a result of the increased prevalence and spread of
beta-lactamase. Resistance to extended-spectrum cephalosporins developed quickly,
and the first case of SHV-2 enzymes capable of hydrolyzing these antibiotics was
discovered in Germany in 1983. The enzymes were given the name extended spec-
trum beta-lactamase because of their broad activity spectrum, particularly against
oxyimino cephalosporins [29].

Extended spectrum beta-lactamases (ESBLs), a form of beta-lactamases produced
by Gram-negative bacteria responsible for the majority of community- and health-
care-associated infections, are enzymes that breakdown third- and fourth generation
cephalosporins [30]. ESBLs are plasmid-mediated mutant f-lactamases that impart
resistance to all extended spectrum cephalosporins (ESCs) and aztreonam. They
are generated from previous broad-spectrum beta-lactamases [31] and are called
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extended spectrum because the enzymes have expanded spectrum of activity. ESBL
arises from a point mutation from genes that encode TEM and SHV p-lactamase,
causing it to generate these enzymes. The ability of CTX-M enzymes to hydrolyze
cefotaxime was later discovered. ESBLs are found on plasmids and can be transferred
horizontally to different bacterial genera [32, 33]. TEM, SHV, and CTX-M enzymes
are highly diversified [7]. ESBLs are of particular concern since they also demonstrate
multidrug resistance to antibiotics, such as aminoglycosides and fluoroquinolones,
limiting the therapeutic options linked to these strains [7, 34].

3. Mechanism of action of beta-lactamases
3.1 Serine-based mechanism of action

These classes of enzymes contain a serine active site. For conformational stability,
it has a longitudinal groove with an oxyanion pocket. The serine residues are near the
longitudinal groove and react irreversibly with the beta-lactam ring’s carbonyl carbon
(C4), rendering the antibiotic inactive. These enzymes have been classified into three
classes (A, C, and D) based on amino acid sequence alignments. They are evolution-
arily related to penicillin-binding proteins (PBPs) [27].

3.2 Metallo-based mechanism of action

MBLs have a very large substrate spectrum, capable of hydrolyzing all bicyclic-
lactam antibiotic classes (penicillins, cephalosporins, and carbapenems) [27]. The
metallo-based mechanism reacts with the carbonyl group of the amide bond of peni-
cillins and cephalosporins but not monobactams, using a divalent transition metal ion
(zinc) coupled to a histidine, cysteine, or both amino acids [24].

3.3 Clinical significance: beta-lactamase producing pathogens and infections

In polymicrobial infections, beta-lactamase-producing bacteria can be a significant
factor. By producing the beta-lactamase enzyme, they can have an indirect influence
in addition to a direct pathogenic role in the infection. By releasing free beta-lactamase
into their environments, they may not only survive penicillin therapy but also shield
other penicillin-susceptible bacteria from penicillins. Evidence of beta-lactamase-
producing pathogens, such as Staphylococcus aureus, H. influenzae, M. catarrhalis,
and anaerobic Gram-negative bacteria have been recovered from the oropharynx
of patients with upper respiratory tract infections, and this appears to be associated
with penicillin therapy [35]. The production of ESBLs by K. pneumoniae and E. col
has been greatly associated with complicated urinary tract infections (UTIs). The
“ESKAPE” pathogens, which consist of Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter species, Pseudomonas aeruginosa, and Enterobacter
species, are identified as serious emerging threats to public health in the twenty-first
century, owing to their ability to “escape” common antibacterial treatments.

3.4 Public health implications of beta-lactamase resistance

In his Nobel lecture in 1945 after the discovery of penicillin, Fleming warned
against the dangers of misusing penicillin: “It is not difficult to make microbes
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resistant to penicillin in the laboratory by exposing them to concentrations not suf-
ficient to kill them, and the same thing has occasionally happened in the body. The
time may come when penicillin can be bought by anyone in the shops. Then there is
the danger that the ignorant man may easily underdose himself, and by exposing his
microbes to non-lethal quantities of the drug, he makes them resistant.” Fleming’s
predictions came through before long. Although the discovery of antibiotics revolu-
tionized medicine and is a prerequisite for today’s highly technological healthcare,
the misuse and overuse of these antibiotics increase the emergence and spread of
antibiotic-resistant bacteria.

One of the top 10 dangers to global public health is antibiotic resistance (AMR),
which necessitates a quick response [36]. With potential effects comparable to those
of global warming and other social and environmental hazards, the spread of AMR
bacteria is regarded as a grave threat to public health. Individuals who contract
AMR nosocomial infections (mostly bloodstream infections) or get sick from con-
suming foods contaminated with resistant pathogens tend to recover more slowly
and are more likely to die from septicemic infections. Health care expenses are
higher in this scenario because of longer hospital stays and the use of more costly
medications [37]. The Centers for Disease Control and Prevention (CDC) report
that infections brought on by mechanisms resistant to antibiotics account for at
least 23,000 deaths in the United States annually [38]. It is estimated that antibiotic
resistance will likely cause over 300 million premature deaths by 2050, resulting in
a global economic loss of about $100 trillion [39]. About 70% of bacteria causing
nosocomial infections pose resistance to at least one antibiotic [40].

Food safety and security, as well as the Sustainable Development Goals (SDGs),
are all negatively impacted by antimicrobial resistance (AMR). Longer hospital
admissions, increased morbidity, and more costly treatment alternatives were
the results of antibiotic resistance through the production of extended-spectrum
beta-lactamases (ESBLs) during the antimicrobial resistance (AMR) era [41].
ESBL-producing Enterobacterales (ESBL-E) cannot hydrolyze cephamycin or
carbapenems, but they can impart resistance to penicillin, aztreonam, and first-,
second-, and third-generation cephalosporins. For a very long time, carbapenem
has been the medication of choice for treating infections caused by ESBL-E.
However, a number of reasons, particularly the recent discovery of bacteria that
produce carbapenemase, are changing this. As a result, it is crucial to develop
alternate strategies [42, 43].

4, Risk factors

Antibiotic resistance complicates the prevention and control of infection, which
is on the rise. According to Ifeanyichukwu et al. [1], several factors, such as health,
social, and environmental, have been linked to the spread of multidrug resistant
microorganisms, including the over-the-counter sale of drugs with reduced efficacy,
misdiagnosis, misuse of broad-spectrum antibiotics, antibiotics in livestock and poul-
try feeds, and medication inconsistency. Antibiotic resistance has lately been linked
to the use of triclosan and other germicides found in some soaps and deodorants.
Antibiotics have been observed to be given out in hospitals without particular proof of
infection or proper medical indication in about half of the cases. Beta-lactam antibiot-
ics are also prescribed to more than half of patients diagnosed with colds and upper
respiratory infections and 66% of patients diagnosed with bronchitis, despite the fact
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that 99% of these diseases are caused by viruses, according to a study [2]. Four clinical
scenarios were represented by patient actors in a study conducted in Vietnam to assess
the appropriateness of private pharmacies’ dispensing antibiotics: an adult seeking
treatment for a sibling suffering from a viral upper respiratory tract infection (URTI),
a child experiencing acute diarrhea, an adult making a direct antibiotic request, and
an adult presenting with an antibiotic prescription. The study’s findings showed that
92% of adults seeking treatment for URTI symptoms, 43% of children experienc-

ing acute diarrhea, and 84% of direct requests for antibiotics were given antibiotics
inappropriately. It was also discovered that the high proportion of antibiotics inap-
propriately supplied were broad spectrum cephalosporins and flouoroquinolones
[44]. Some patients demand antibiotics for respiratory tract infections, despite most
of these infections being viral and not requiring antibiotics. Antimicrobial resistance
is exacerbated by the misuse of beta-lactam drugs for viral infections [45].

5. Novel therapies to combat antimicrobial resistance due to
beta-lactamase production

Given the major concerns surrounding the rise in antibiotic resistance brought
on by the production of beta-lactamases, it is imperative that new techniques and
methodologies be identified, developed, validated, and advanced in order to effec-
tively counteract this grave threat. These tactics include: CRISPR (clustered regularly
interspaced short palindromic repeats), an innovative genome editing technology that
offers multiple applications to safeguard host defenses to overcome various resistance
challenges; drug combination therapy, which helps to enhance the longevity of the
antimicrobial agent by providing a synergistic effect; immunotherapy, a significant
way to improve host defenses and combat antimicrobial resistance; and bacteriophage
therapy [46]. Antibiotic adjuvants, potentiators or resistance breakers can also be
used to preserve the current antibiotics in use. The beta-lactam potentiators include;
beta-lactamase inhibitors, efflux pump inhibitors, and membrane permeabilizers. Of
these three, the beta-lactamase inhibitors are the most widely used and proven to be
more successful in clinical settings [47]. With an ability to penetrate the cell mem-
branes of bacteria and interfere with their molecular functions, nanoparticles have
proven to have antibacterial activities against drug-resistant pathogens [48]. Although
the nanoparticles have potentials, little has been to harness it. Thus, these potential
potentiators should be explored for therapeutic application against drug-resistant
pathogens. The global spread of multidrug and extensively resistant pathogens have
also triggered the emergence of novel beat-lactam combination agents, equipped with
innovative mechanisms broad spectrum of activity. They include: ceftolozone-tazo-
bactam, ceftazidime-avibactam, meropenem-vaborbactam, imipenem-relebactam,
cefiderocol, and sulbactam-durlobactam [49]. Owing to the fact that the war against
antimicrobial resistance is unending, with these novel therapies in use, more options
are still needed to combat the threat of antimicrobial resistance due to the production
of beta-lactamases.

6. Regulatory considerations

To limit the impact of antimicrobial resistance, in 2015, WHO created a Global
Action Plan on antimicrobial resistance with the goal of minimizing the occurrence
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and transmission of resistant diseases. Despite the fact that antimicrobial resistance
is acknowledged as a global threat necessitating immediate action, not much has
changed in the last 6 years with regard to raising public awareness of the issue, track-
ing antimicrobial consumption, putting infection prevention and control programs
into place, and optimizing the use of antimicrobials in the human sector [50].

The next wave of AMR issues will have many different solutions. Renewed expen-
ditures in alternative therapies, antibacterial drug discovery, and vaccine develop-
ment are also necessary, as is a continued commitment to fundamental infection
prevention and control methods. Optimizing the clinical application of the existing
therapy options is also urgently needed. Antimicrobial stewardship programs are
therefore essential for maintaining current progress and identifying the best thera-
peutic niche for each antibiotic [51].

As described by Ridge et al. [52], antimicrobial stewardship (AMS) is a systemic
strategy within an organization or healthcare system that aims to promote and
oversee the prudent use of antimicrobials in order to maintain their efficacy. AMS
is a collection of coordinated tactics aimed at enhancing patient care and outcomes
through optimal therapy; lowering antibiotic costs, and minimizing collateral damage
from drug resistance and infection by limiting antimicrobial use. By teaching health-
care professionals and raising public awareness, these tactics can be implemented
internationally to help control antimicrobial resistance (AMR) [53].

7. Conclusion

The fight against microorganisms seems unending. The rising threat of antimicro-
bial resistance through the production of beta-lactamase enzymes is increasing at an
alarming rate and is a great global public health concern [54]. Beta-lactam antibiotics
are the most commonly used antibiotics due to their ease of availability, low cost,
and wide therapeutic index. These antibiotics are often misused and overused, which
leads to an increase in resistance through selective pressure caused by the production
of beta-lactamase, an enzyme that breaks down the beta-lactam ring in the molecule.
This can be transferred from one organism to another through gene transfer. High
morbidity, prolonged hospital stays, high treatment costs, and mortality are often
encountered due to the effects of superbugs. There is a need to eradicate these super-
bugs. Antimicrobial stewardship can be used globally to help control AMR by increas-
ing awareness among healthcare workers and the public.
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Chapter 4

Food Animals and Antimicrobial
Drugs: Impact on Human Health

Edla Sujatha, Bhavyasri Gudelli and Guna Swetha Kuraganti

Abstract

The indiscriminate use of antibiotics in food animal production leads to
transmission of antibiotics to human through food chain. Infections caused by
multidrug-resistant bacteria are a major threat to human health due to increasing
in the frequency of failures in treatment. The resistant bacteria developed in food
animals can come through genetic changes, especially through horizontal transfer
of resistance mediating genetic elements. Food preservative methods that rely on
environmental factors to inhibit bacterial contamination may intensify the emergence
of antibiotic resistance among food-borne pathogens, resulting in an increase in
treatment costs, treatment failure, mortality and spread of drug-resistant bacteria
in the community. Food-producing animals serve as source reservoirs for antibiotic-
resistant genes. The leftover antibiotic residues can accumulate in soil and other
environmental surfaces consequently. The impacts of excessive usage of antibiotics
in food animals on food safety and the risk of spread of antibiotic resistance through
the food chain were discussed in this chapter. This chapter also discusses the in-depth
analysis of alternatives to antibiotics, such as the application of useful bacteria,
bacteriocins, bacteriophages and predatory bacteria.

Keywords: antimicrobials, drug resistance, food safety, bacteriocins, bacteriophages

1. Introduction

Antimicrobial are used in various sectors like human health, agriculture, aquaculture
and animal husbandry to treat microbial infections. Hygiene and grooming products
like soaps, shampoos, creams, lotions and toothpastes are added with preservatives and
antimicrobial compounds which have disinfection properties. These additives enter into
the ecosystem and come into contact with other microbial communities, leading to the
emergence of resistance development. Disinfectants have chemicals like chlorine, iodine
and alcohols, which have biocidal properties and persistent exposure to such chemicals
develops antibiotic resistance in microorganisms. The usage of fertilizers, pesticides,
insecticides and rodenticides in agriculture also impacts antimicrobial resistance [1, 2]
(Figure1).

Although antibiotics are the life saviors in medicine since their discovery, their exces-
sive usage or long-term exposure to antimicrobials has led to the development of resis-
tance in microorganisms, which is a considerable global threat to humans and animals.
Antibiotic resistance is extending into a broad spectrum of bacteria making the antibiotics
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Figure 1.
Utilization of antibiotics in various sectors.

less effective and less potential to treat the infections. Microorganisms obtain resistance
inherently or acquire it after its exposure to antibiotics. The development of resistance can
occur through direct transfer of genes via plasmids, conjugation, transformation, trans-
duction and bacteriophages or through gene mutations [3]. Antibiotic-resistant genes
spread very rapidly among different species of bacteria. The formation of biofilms and the
presence of heavy metals enhance the spread of resistance in bacterial species.

In recent years, application of antimicrobials in food and animal production has
become a routine all over the world. The practice of using antimicrobials was benefit-
ing economically to producers. They became essential in food animal production. The
antibiotic usage in food animals has decreased the cost of food animal production,
rearing of animals in small and confined areas and increased profit [4]. In animal
husbandry, the utilization of antimicrobials is of three different types: therapeutically
(to treat illness and infections), prophylactically (to prevent the occurrence of dis-
eases) and as growth promoters (to enhance the production and growth rate) [5, 6].

Antimicrobial resistance in farm animals is a significant concern in most of the
countries. Methicillin-resistant Staphylococcus aureus (MRSA), Multidrug-resistant
E. coli, Salmonella species, Campylobacter spp. and Klebsiella are the most common
pathogens in farm animals. E. coli and Klebsiella are found in meat and livestock,
causing urinary tract infections and bloodstream infections in humans. These micro-
organisms can spread from animals to humans easily.

2. Prophylactic and therapeutic use of antimicrobials in farm animals

The discovery of the antibiotic Penicillin in 1928 paved the way for a new era
of medicine. Since then, antibiotics have been used extensively to treat diseases in
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humans and animals. Later, antibiotics have been administered to food animals for
nutrition and to increase the production of meat. The administration of antibiotics
increased the growth of the animals, inhibited the pathogenic bacteria and improved
the growth [7].

Antibiotics are usually prescribed as medicines for humans, animals, apicul-
ture, aquaculture and food animals, both therapeutically and prophylactically.
Indiscriminate use of these antimicrobials and the resultant antimicrobial resistance
and antibiotic-resistant genes is a major problem globally for humans and animals asso-
ciated with the food chain [8]. To compensate with poor hygiene and production in ani-
mal farms, antibiotics are administered prophylactically to increase profits by reducing
the mortality risks and increasing the total mass yield. Antibiotics have been used for
non-therapeutic purposes like feed enhancers and growth promoters worldwide. About
75-80% of poultry animals are given antibiotic medication for a short period of time
or a lifetime to ensure good health and increase production. Tetracyclines, quinolones,
lincosamides, aminoglycosides, 8-lactams, polypeptides, macrolides, amphenicols and
sulphonamides are the most commonly used antimicrobials.

The excessive usage of antimicrobials has resulted in antimicrobial resistance
(AMR) in bacteria, which are pathogenic to human and animal bacteria. There are
many factors that result in the AMR like misuse and overuse of antibiotics, direct
contact with farm animals, transmission through food chain, lack of awareness and
other environmental factors. Excessive usage of antimicrobials played a major role in
developing antimicrobial resistance. The dependency on antimicrobials for human
and farm-animal health has emerged in drug-resistance microorganisms. This emer-
gence resulted in the treatment becoming less effective. Some other factors respon-
sible for drug resistance are self-medication, dispensing of antimicrobials without any
prescription, overdosage or overprescription of antimicrobials [9].

Sometimes, the overuse or continuous usage of antimicrobials eliminates the
beneficial microorganisms (the normal flora, which benefits the host immune system
by preventing infections) along with the disease-causing microorganisms. As a result,
the drug-resistance microorganisms survive, multiply and transfer to other microbes
and hosts by altering the DNA with resistant traits in it [10].

The improper use of antibiotics, including broad-spectrum antibiotics, kills the
beneficial and harmful bacteria from the body and leads to the emergence of AMR.
This practice of creating an antimicrobial environment creates the favorable growth
of resistant bacteria and using second-line antibiotics to treat acute infections, which
can be treated with first-line antibiotics, also results in AMR in microorganisms [11].
The antimicrobial resistance leads to hypersensitivity reactions, cancers, bacterial
resistance, toxicity and teratogenicity.

3. Development of resistance on antimicrobials and its transmission to
human

Antimicrobial resistance develops when bacteria acquire tolerance to the effects
of antimicrobials designed to inhibit their growth and kill them. In food animals, the
overuse and misuse of antibiotics accelerated the emergence and spread of resistant
bacteria, which can be transmitted to humans in various pathways [12].

About 70-75% of antimicrobials cannot be absorbed by animals and are excreted
through urine and feces. The excreted antimicrobials contaminate the environment
with antibiotic-resistant bacteria and antibiotic-resistant genes.
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Animal farms are the major reservoir for antibiotic-resistant bacteria and anti-
biotic-resistant genes, which is the most concerned issue of food safety and animal
health globally. The antibiotic-resistant genes are transferred to humans through
direct contact with the farm animals, consumption of animal food products and
exposure to animal wastes or wastewater from animal farms [13].

Bioaerosols from swine farms are the common reservoir for zoonotic patho-
gens and antibiotic-resistant genes, which cause respiratory infections in humans.
Bacteroidetes, firmicutes, spirochaetes and proteobacteria are the microbial com-
munities present in swine farms that mainly contribute to the transfer of antibiotic
resistant genes (ARGs). Staphylococcus, Pseudomonas, E. avium and Acinetobacter are
the contaminants present in bioaerosols of swine farms. These ARBs and ARGs from
swine farms transfer to humans by direct contact or through food chain [14].

Another reservoir for antibiotic-resistant bacteria and antibiotic-resistant genes is
aquaculture farms. Usually, antibiotics are widely used in aquaculture farms to prevent
infections in fish and prawns. The antibiotic-resistant bacteria and ARG residues are
present in the intestines of fish and shrimp transfers to humans when consumed. Some
of the ARGs for tetracycline, erythromycin, sulphadiazine and quinolone are found in
shrimp. Vibrio and Aeromonas are the common bacterial pathogens in shrimp [15].

Manure from animal farms contains antibiotic residues and numerous antibiotic-
resistant genes. The utilization of manure in crop fields as fertilizer alters the micro-
bial population with antibiotic-resistant bacteria and antibiotic-resistant genes in the
soil. The crops grown in the antibiotic-contaminated soils also have their residues in
the crop products, which are further transferred to humans through consumption.

Antibiotic-resistant bacteria and ARGs abundance in animal farm wastewater
has become a public health issue in recent times. Ampicillin-resistant bacteria are
commonly found in animal farm wastewater. Other ARBs include streptomycin,
kanamycin, chlortetracycline and oxytetracycline. This causes severe damage to
micro-ecological imbalance and contaminates the resistant bacteria in the surround-
ing environment and people working in animal farms.

There is a huge chance for infection with antibiotic-resistant bacteria through
direct contact with farm animals and animal wastes. Animal wastes and slaughter-
houses cause occupational risk to their workers severely. Exposure to animal manure,
wastewater and bioaerosols is the main reason for the transmission of antibiotic-
resistant bacteria and antibiotic-resistant genes from farm animals to humans.

Bioaerosols pollute the environment with antibiotic-resistant bacteria (ARB) and
ARGs, which cause higher risks to human and animal health. They can be transmitted
easily from animals and animal farms into the environment through the air. High tem-
peratures and wind speed increase the spread of antibiotic-resistant genes through
bioaerosols. These bioaerosols, when inhaled by humans or animals, cause respiratory
tract infections and other health issues like asthma or allergies.

Bacteria develop resistant mechanisms in order to combat the antibiotic contami-
nation like enzymatic degradation, Efflux pumps, alteration of antibiotic binding
sites, biofilms formation.

4. Impacts associated with application of antibiotic compounds in
food-animal production

Antibiotic residues contaminate the food, which leads to the emergence of antibi-
otic-resistant pathogenic strains. This resistance to antibiotics causes a threat to global
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food safety and public health concerns [16]. Discovery of ARB in plant and animal
foods has worsened the scenario of food safety. ARBs and ARGs are frequently found
in milk, meat, eggs and also in fruits and vegetables. Due to the higher rate of ARB
emergence, the efficiency of medications is reducing in the past few years.

The World Health Organization (WHO) regulates the guidelines and standards
to ensure global food safety and public health. The WHO collaborates with the Food
and Agriculture Organization (FAO) and forms the Codex Alimentarius Commission,
which sets the standards for International Food Safety and also optimizes the maxi-
mum residue levels (MRLs) of antibiotics in animal-derived foods. WHO affirms that
animal-derived foods like milk, meat and eggs must be tested for antibiotic residues to
ensure they do not exceed the MRLs. The limits may vary from one country or region
to another, and they have their own regulatory authorities while WHO regulates the
general standards and guidelines.

4.1 Antimicrobial resistance in bacteria

The overuse and misuse of antimicrobials in animals lead to the development
of antimicrobial resistance. Antibiotic-resistant bacteria transmit from animals to
humans through direct contact, environmental contamination or consumption of
animal products. ARB can cause a threat to human health, as the infections caused
by resistant pathogenic strains are harder to treat and require more expensive,
potent and toxic medication [17] (Figure 2). The antibiotic usage in food animals
causes cross-resistance, where bacteria become resistant to a class of antibiotics
which are used in human medication, making the treatment options limited in both
animals and humans [18].
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Impacts of antibiotics associated with farm animals.
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4.2 Antibiotic residues in animal food products

The antibiotics that are used in food animals are not metabolized completely by
them and remain as residues in milk, meat, eggs and other animal-derived products.
These antibiotic residues remain even after their decomposition period (time required
from the last antibiotic dosage to the milk collection or slaughtering). Consumption
of antibiotic-contaminated food causes allergic reactions or other adverse illness in
humans. Antibiotic residues in food deteriorate human health, causing various health
issues, which are explained in Table 1. Antibiotic-resistant genes are transferred to
humans by consuming animal-derived foods contaminated with antibiotic residues
(Figure 3). The antibiotic residues of animal-derived foods vary from one farm ani-
mal to another. Few farm animals have these residues for a limited period, which does
not show up in animal-derived foods, whereas the other farm animals have antibiotic
residues in their products, which transfer them through the food chain. Figures 4-6
show the residues of different antibiotics in swine, cattle and chicken, respectively.

To ensure food safety from antibiotics, regulatory authorities set a maximum
residue level for antibiotics in animal products [19].

4.3 Disruption of microbial ecosystem

The use of antibiotics in food animals disrupts the gut microbiome in humans and
animals. This results in secondary infections and changes in the nutritional quality
of food, as the beneficial bacteria in the gut play an important role in digestion and
synthesizing nutrients.

Usage of antibiotics in food animals impacts negatively on non-target microorgan-
isms, including the beneficial bacteria that alter the microbial community in agricul-
ture and natural environment. Antibiotics create a selective environment favoring the
growth of resistant bacteria over the susceptible ones. This leads to the domination
of resistant bacteria, potentially disrupting other bacterial species that play crucial
ecological roles [20].

Antibiotic resistance enhances the production of biofilms, which are harder to
eradicate and cause chronic infections and environmental contamination.

Antibiotics entering water systems through runoff or wastewater promotes the
growth of resistant bacteria, disrupting the aquatic microbiome. This impacts the
decomposition of organic matter and nutrient cycling [21].

Antibiotic residues Effects on human health

Penicillin Hypersensitivity reactions, difficulty in swallowing and talking, gastrointestinal
infections, urticaria, dyspnea

Tetracycline Bacterial resistance against the coliforms in intestine
Chloramphenicol Bone marrow depression, neuritis, encephalopathy, toxicity
Sulphonamides Hypersensitivity reactions (mainly skin rashes)
Quinolones Visual disturbances, gastrointestinal disturbances, headache, insomnia, rashes,
pruritus
Table 1.

Antibiotic residues and their effects on human health.
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Resistance mechanisms and prevention strategies of AMR.
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Figure 4.
Antibiotic residues in swine.
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Figure 5.
Antibiotic residues in cattle.
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Figure 6.
Antibiotic residues in chicken.

4.4 Antibiotic contamination in the environment

The manure of antibiotic-treated animals has antibiotic residues. The manure is
often used as fertilizer for agricultural crops. This pollutes the agricultural soil and
water with antibiotic residues and antibiotic-resistant bacteria and spreads rapidly
into the environment.

The antibiotic-resistant bacteria from the animal farm runoff and enter into
another ecosystem which impacts the wildlife and natural environment [22].

4.5 Public health and antibiotic sensitivity

The antibiotic residues in the animal-derived food cause allergy or hypersensi-
tivity reactions to severe illness for certain antibiotics. Higher infection rates and
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AMR implications of AMR Direct and indirect impacts

Food safety implications Consumption of antibiotic-polluted food and malnutrition

Higher rate of morbidity and mortality

Health and welfare of food animals Failure of treatments

Threat to animal health

Increased morbidity and mortality

Increase in hunger and food cost

Endangered human health

Public health safety * Food-borne illness
e Alter in gut microbiome
Environmental threat * Environmental and water pollution

Change in microbial community of environment

Decreased sustainable consumption and production

Risk to human and animal health

Climate implications High rate of GHG emission

Depletion of natural resources

Change in climate

Socioeconomic implications Increased rate of poverty

Threat to public well-being and national economy

Increase in hunger

Table 2.
Direct and indivect impacts of AMR [23].

multidrug-resistant strains are reported in the individuals infected with resistant
bacteria with higher levels of antibiotics. Antibiotic resistance can result in higher
medical costs and increased mortality rate. Table 2 explains the impacts of antibiotic
resistance on public health and environment S. aureus emerged as drug-resistant
bacteria due to the overuse of antibiotics.

5. Recommendations for the use of alternatives to antibiotics in food
animal production

To minimize the antibiotic pollution risk to attain public food safety, there
are few effective alternative methods for reducing use of antibiotics in animal
farms. Ferric oxide nanoparticles, biochar composting, photocatalysis, Moving
Bed Biofilm Reactor System (MBBR), Bimetallic nitrogen-doped porous carbon,
Microalgae pretreatment, AnMBR and UBES system, EGSB reactor, herbal
plant extracts are a few methods to reduce antimicrobial resistant bacteria and
Antimicrobial resistant genes (Table 3) [8].

Vaccines are administered to the animals to increase their active immunity and
to prevent from diseases. Vaccination has reduced the development of antimicrobial
resistance and minimizes the transmission of disease. Phage therapy has been in
practice in many countries to combat with antimicrobial resistance in bacteria. It
utilizes bacteriophages to target specifically and eliminate the resistant bacteria.
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Methods Samples Characteristics

Pretreatment of microalgae Saline antibiotic « Efficient in removing antibiotic residues
wastewater

Moving bed biofilm reactor Antibiotic wastewater ¢ Efficient to treat poor biodegradable

system (MBBR) wastewater

Composting of biochar Compost * Avoid environmental pollution

Prevents the emission of green house gas

Bimetallic nitrogen-doped with Antibiotic wastewater Wastewater treatment

porous carbon [19]

Production of renewable energy

Photocatalysis Antibiotic wastewater Ability to recycle

Efficient stability

Table 3.
Different methods to prevent antimicrobial vesistance [24, 25].

Immunotherapy is another effective alternative to antibiotics, which enhances the
natural immune defense mechanisms.

Antimicrobial peptides have the potential to eliminate a broad spectrum of micro-
organisms. They interact effectively with the protein and nucleic acids of bacteria,
disrupt their membranes and alter the metabolic reactions. There are few second-
ary metabolites derived from microorganisms exhibiting antimicrobial properties
that can be an alternative to antibiotics. Recent advances in molecular biology have
improved the stability and purity of these bioactive compounds [26].

Herbal plant extracts are a sustainable natural alternative to antibiotics. Saponins
show antimicrobial activity in Escherichia coli, S. aureus and Salmonella, among oth-
ers. A group of polyphenols called tannins (plant extracts) are effective antimicrobi-
als against Shigella, Methicillin-Resistant Staphylococcus aureus (MRSA), E. coli and
other bacteria. Garlic oils and neem oils are other effective antimicrobials for treating
bacterial infections. Garlic oil is effective against S. aureus, E. coli, Enterococcus faeca-
lis, Klebsiella pneumonia and Pseudomonas aeruginosa. These ecofriendly and natural
plant extracts enhance the gut health and digestion in the food animals without
altering their natural gut microbiota [27, 28].

Another alternative approach for antibiotics is using prebiotics and probiotics.
They enhance the growth of gut microbial community. Prebiotics and probiotics
provide food and nutrition for gut microorganisms and promote health benefits to
the animals. They balance the healthy gut microbiome, eliminate harmful bacteria
and arrest the development of antimicrobial resistance. Probiotics improve immunity
and reduce the infections and reliability of antibiotics, while prebiotics enhance the
growth of beneficial microbiomes and prevent antimicrobial resistance [29].

6. Steps to prevent antimicrobial resistance and antimicrobial-resistant
genes

6.1 Biological treatment

The livestock undergoes composting or anaerobic digestion where it is separated into
solids and liquid wastes. The solid waste is used as manure and the liquid waste goes
into a bioreactor for secondary treatment in a constructed wetland and is then released
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into water bodies. Constructed wetlands have different types of waste removal mecha-
nisms like physical and chemical adsorption, filtration and biodegradation, which
makes the process more effective. Recent studies have shown that anaerobic digestion
is effective in eliminating antibiotic-resistant genes in livestock waste when operated
in optimum conditions. To minimize the antimicrobial residues and resistance genes
in agriculture soil, enhance the manure treatment with adsorbents (wheat straw and
biochar), stabilize with lime or use additives to reduce the heavy metal availability [25].
To reduce in-farm proliferation of antimicrobial-resistant genes, replace antibiot-
ics with antimicrobial peptides, prebiotics, probiotics and plant extracts and improve
farm management by adjusting animal diets, optimizing livestock waste collection,
creating stock containment areas in the farm and mitigating direct contact from
human to animals [30, 31].

6.2 Good hygienic practices

To mitigate the evolution and spread of new antimicrobial resistance strains, following
good hygienic practices is necessary. Waste management, washing hands and maintain-
ing personal hygiene, clean water supply, controlling disease-carrying vectors, disease
surveillance and control are the measures are taken in order to eradicate the ARGs [32].

6.3 Food safety

Food safety is very much linked with the spread of antimicrobial resistance,
since it is the common mode of transmission of ARBs from farm animals to humans.
Cultivating food crops in the soil free from resistant genes and resistant bacteria,
avoiding the use of untreated manure and regulating maximum residue levels in
plant-derived food products and animal-derived food products ensures food safety
for human consumption [33].

Transmission of ARBs and ARGs through food can be controlled by hygienic
processing methods and proper storage conditions in food industries. Banning or
restricting the use of certain antibiotics, which can leave a high fraction of its residues in
animal and plant-derived foods can be effective in controlling the AMR and ARGs [34].

6.4 Government policies

Regulating the food and drug safety measures by ministry and government
authorities can control the antimicrobial resistance. A careful monitoring of ARBs
and ARG trends in humans and animals is needed. Prevention of dispensing of
OTC antibiotics and overprescriptions, implementing enforced policies and safety
regulations, expanding healthcare system in infectious disease control management
to address the current problem [35, 36]. Training the veterinarians and farmers on
antibiotic usage. Improving hygienic conditions and vaccination programs reduce
the dependency on antibiotics. Conducting surveillance of microbial diversity and
resistance patterns in different ecosystems [37-39].

7. Conclusion

Strategies aimed at minimizing or reducing the emergence, dissemination and
deposition of antimicrobial resistance in humans and farm animals have become top

57



Antimicrobial Resistance — New Insights

priority at global scale. It is inevitable that antimicrobials have been in use for prophy-
lactic and therapeutic purposes in both human and veterinary medicines for many
years. This usage must address the adverse ecological and health consequences. It is
essential to reduce the application of antibiotics. The increase in the incidence of anti-
microbial-resistant bacterial pathogens and antimicrobial mediated genes has serious
implications for the treatment and prevention of infectious diseases in humans and
animals. As we cannot rely on only therapeutic approaches for infection control, it

is important to reduce the use of antimicrobials in animal farms and other environ-
ments. Hygienic measures in the animal farm environment need to be monitored and
improved to prevent the spread of resistant bacteria. In recent years, there has been a
dire need to develop alternative approaches for the usage of antibiotics such as herbal
plant extracts, bacteriophages, vaccinations and antimicrobial peptides.
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Abstract

The water environment plays a prominent role in the spread of antimicrobial
resistance (AMR). Water discharges from hospitals and animal farms are hotspots
harbouring antibiotic-resistant bacteria (ARB) and antibiotic-resistant genes (ARGs).
From this discharge, ARB can be further transmitted via water bodies, including river
used for drinking, hygiene, and recreational activities, posing risks to the community.
Although AMR surveillance primarily focuses on clinical and agricultural settings,
monitoring drinking water system has been neglected. Studies worldwide have shown
the presence of ARB in drinking water supplies. However, AMR has not yet been
recognised as parameter for drinking water quality. Research on AMR in drinking
water systems is still lacking in many countries, highlighting the urgent need for
public health action and the importance of guiding policymakers towards achiev-
ing Sustainable Development Goals (SDGs), particularly SDG 6: “Clean water &
Sanitation” and SDG 3: “Good health and wellbeing”. Therefore, it is crucial to address
this gap by providing more evidence AMR in the drinking water systems, worldwide.
Here, we discussed challenges and implications of AMR, emphasising the occurrence
of ARB, ARGs and antibiotics residues in drinking water system, as well as recom-
mendations for policy and management to reduce the risks.

Keywords: antimicrobial resistance (AMR), river pollution, drinking water systems
(DWS), AMR transmission, antibiotics, ARB, ARGs

1. Introduction

Antimicrobial resistance (AMR) occurs when microorganisms naturally develop
the ability to resist antimicrobial treatments designed to inhibit their growth or kill
them, becoming less sensitive, and acquiring resistance. Bacteria, which are the most
extensively studied organisms regarding AMR in both clinical and environmental set-
tings, can exchanged the resistance genes (ARGs) between species within a microbial
population [1-3]. Furthermore, infected human and animals can act as reservoirs,
spreading these resistant microorganisms into the environment through various
routes.
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Studies conducted in various countries have indicated that aquatic systems, includ-
ing drinking water sources [4-6], wastewater effluent [7-9], and hospital wastewater
discharges [10-13], function as reservoirs for antimicrobial-resistant microorganisms
[14, 15]. The nutrient-rich wastewater aggregates microorganisms from the environ-
ment, as well as from human and animal sources originating in domestic, industrial,
agricultural, and medical activities, thereby promoting the transmission of ARGs
between species [7, 16, 17]. Although wastewater treatment plant can reduce pathogens
concentrations, ARB and their corresponding resistant genes have still been detected in
the effluents and biosolids [18, 19], and effluent-receiving river [7, 9, 20]. These rivers,
which may eventually serve as sources of drinking water, may also harbour resistant
bacteria from aquaculture farming activities and soil, acting as reservoirs and pathways
for the spread of resistance. This transmission poses potential risks not only to human
health, but also to wildlife, and the broader ecosystem, contributing to the persistence
and spread of resistance across various environmental compartments.

AMR is a transboundary issue, with global spread can occur by cross-border
rivers or lakes, and international trade such as in food and agriculture. Global travel-
lers may carry the resistance in their bodies and introduce the resistant bacteria
across continents causing the emergence of newly resistant strains. The presence of
ARB and ARGs in rivers and drinking water systems (DWS) has become a growing
environmental and public health concern. Data on AMR are crucial for developing
standardised methods of detection or surveillance, considering disparities in water
treatment standards, and the costs associated with managing an advance water treat-
ment system in lower-income countries.

The World Health Organisation has called for coordinated global actions to minimise
the emergence and spread of AMR, which includes providing technical assistance to
countries for the development of national health action plans and urging more research
and development efforts on AMR [21]. Such initiatives aim to enhance understanding
and implementation of effective strategies to combat AMR on a global scale. Despite
these efforts, the monitoring of ARB and ARGs in DWS including river water source,
drinking water treatment, and distribution tap, remains insufficient or lacking in many
regions. This gap in surveillance is concerning, given the potential public health implica-
tions. Furthermore, the United Nations’ 2030 Agenda for Sustainable Development
emphasises “Goal 6: Clean water and sanitation” as one of its 17 sustainable develop-
ment goals, aiming to stimulate coordinated actions from 2016 to 2030 in areas of
critical importance, including the management of water resources and sanitation.

This chapter addresses the challenges and implications of AMR, focusing on the
occurrence of ARB and ARGs in drinking water system, as well as efforts to address this
issue. By understanding how AMR occurs in the water system, this knowledge informs
evidence-based policies aimed at managing the potential transmission of resistant
bacteria from drinking water systems to humans, including identifying research gaps,
technological solutions, regulatory measures, and public health interventions [22].

2. Antimicrobial resistance in rivers and drinking water sources

2.1 Challenges and implications of antimicrobial resistance in aquatic
environments and drinking water system

The presence of ARB and ARGs in aquatic environments is a direct consequence
of various anthropogenic activities, which introduces these resistant microorganisms
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into the water supply [23-25]. These activities include the discharge of untreated or
inadequately treated municipal wastewater [26-28] derived from hospitals [11, 29],
pharmaceutical manufacturing [30, 31], livestock farming [27, 32], and agricultural
runoff [33, 34], all of which significantly contribute to the contamination of water
sources. These sources of ARB and ARGs make their ways into rivers, lakes, and

other bodies of water, where they persist and often proliferate, complicating efforts
to eliminate them through conventional water treatment processes. This poses
significant challenges and implications for public health, and effectiveness of medical
treatments (Figure 1).

Many standard water treatment methods, such as chlorination, filtration, and even
advanced treatments such as ultraviolet disinfection, have some limitation to fully
remove microbial contaminants [35]. As a result, even treated drinking water could still
contain residual ARB or ARGs, thereby presenting an ongoing risk to public health.

A typical public water supply system consists of several stages, starting with
the intake from a water source, such as a river or dam, followed by a series of treat-
ment steps. The stages include coagulation, flocculation, sedimentation, filtration,
and disinfection (Figure 2). While these processes aim to remove pathogens and
contaminants, they may not be fully effective to remove the resilient nature of ARB
and ARGs, which can survive and remain active even after treatment. Understanding
the occurrence, mechanisms, and implications of AMR in rivers and drinking water
systems is crucial for developing targeted strategies that aim to reduce the risks of
waterborne-resistant infections caused by resistant microorganism.

2.2 Sources, mechanisms, and impact of AMR in rivers and drinking water
sources

2.2.1 Sources of AMR contamination in water systems

Natural water sources, such as dams and rivers, play a crucial role as environmen-
tal pathways for the transmission of AMR to human. As primary source of freshwater,

Environmental Environmental Regulatory &
(0 Pollution ((M Exposure (DG Surveillance
ARB and ARGs persist and -
spread in water system, ARB and ARGs from wastewater Monitoring of AMR in water
forming microbial community in effluent and agricultural runoff systems is challenging due to
the form of biafilms which act may enter the water bodies and different resistance profiles
as a reservoir of AMR affects ecosystem against different antibiotics

| ‘ |
IMPLICATIONS OF ANTIMICROBIAL
RESISTANCE (AMR) IN WATER

. ) ‘ Transboundary
(01 Public Health Risks (03 Impact on Water (05 Impact on Infection (07 Transmission
- Treatment and Disease
Increased risk of Infection that - Control
are difficult to treat Standard treatment of e AMR can spread via water
transmission of ARB into the wastewater or drinking water Pathogens causing waterborne bodies that are shared with the
water used for drinking water may not effectively remove diseases such as cholera, neighbouring countries, which
supplies and recreational AMR contaminants, which typhoid, and diarhoea may may have different standards
activities requires more advance develop resistance making it and water treatment system
technologies

harder to treat and manage

Figure 1.
Some key significant challenges and implications of AMR in water systems.
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Figure 2.
General layout of a public drinking water system.

they serve various purposes, such as providing drinking water supply, supporting
recreational activities, and agricultural use [36, 37]. These water bodies can facilitate
the spread of AMR to the community through direct or indirect exposure.

The presence of AMR in these water bodies can occur through several mecha-
nisms, driven by both anthropogenic and natural factors. Understanding these
pathways is essential for mitigating the spread of resistant microorganisms and ensur-
ing safe and clean water for communities. AMR microorganisms in river and drinking
water sources typically originate from a range of sources (Figure 3).

COMMUNITY HOSPITALS PHARMACEUTICAL SLAUGHTERHOUSES
MANUFACTURING FACILITIES

AGRICULTURAL
ACTIVITIES

— J

SOIL/ LEACHEATE

AQUACULTURE

\ —

DRINKING WATER RIVER SEA
TREATMENT

Figure 3.
Transmission of ARBs and ARGs from anthropogenic sources to environmental veservoir and into drinking water
source.
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The use of antibiotics in livestock farming frequently contributes to the contami-
nation of surrounding water sources. Antibiotics, often administered to prevent
disease in animals, can make their way into nearby rivers through runoff, leaching, or
direct discharge into water bodies that serve as drinking water source. These antibiot-
ics can promote the development of AMR in bacteria, which may then spread through
further to the ecosystems. The presence of excessive antibiotics in the water source
not only affects local ecosystems, but also presents significant health risks to the com-
munity, as the resistant bacteria and genes may end up in drinking water, potentially
leading to infections that are difficult to treat in both animals and humans [38-40].

Discharges from hospitals and pharmaceutical production may contain ARBs and
ARG, and traces of residual antibiotics. The presence of antibiotics residues in water
system can provide selective pressure that can cause non-resistant bacteria to adapt
and evolve, and promote the development and multiplications of ARB [41, 42]. The
spread can also lead to the emergence of ARB through horizontal gene transfer (HGT)
into another environmental settings and population [43].

One of the most direct ways in that ARB spreads from animals or human into the
environment is through the shedding of ARB in faeces. Without proper sanitation
practices, these bacteria may reach natural water source. In many countries, where
access to proper hygiene and sanitation is limited, contaminated water sources can
put the entire communities at risk of infections [44, 45]. Therefore, by reducing
environmental factors that promote the spread of resistant bacteria such as improv-
ing sanitation and hygiene practices, these can help to limit the spread into water
sources [46].

Although wastewater treatment plants effectively reduce microbial loads, they
are not specifically designed to fully eliminate all resistant bacteria or the genes
responsible for resistance [47]. As a result, the effluent discharged containing resis-
tant bacteria and genes from these facilities can re-enter human population through
drinking water sources. Therefore, the development of an effective drinking water
treatment system is crucial to control the spread of AMR in water supplies for used
for public consumption.

2.2.2 The role of biofilms in AMR transmission in water system

Once introduced into river systems, AMR can be transported over long distances
and enter drinking water sources. The main mechanisms that facilitate this transmis-
sion include direct contamination from human or animal excreta, and other sources
include antibiotics residues, plasmid-mediated gene transfer, and biofilm formation.

Resistant bacteria and genes can be carried by water flow, sediment, and debris
which allows resistant microorganisms to spread rapidly through river systems. The
water systems can act as reservoirs, and the organisms living in the area can serve as
vectors for AMR transmission or zoonotic diseases, which can spread through direct
contact, faeces, or food chain. Furthermore, movement of human and animals from
this polluted area causing a spill over and further spread the resistant strains [48-50].

Through horizontal gene transfer (HGT), bacteria can exchange genetic material
both within species and across species or genera, including resistance genes, causing
the non-resistant bacteria to acquire resistance. This transfer process can occur in
water systems where diverse microbial communities interact, facilitating the spread
of AMR in living organisms (Figure 4).

Bacteria have the ability to form biofilms on surfaces such as rocks, sediments,
or water infrastructure. These biofilms serve as a reservoir to provide a protected
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Figure 4.
Transmission of ARBs and ARGs from anthropogenic sources to envivonmental reservoir and into drinking water
source, enhanced by HGT.

environment for the microbial community against environmental stressors such as
disinfectants treatment in drinking water systems. The removal of biofilms is diffi-
cult, thus complicating the removal of ARB and ARGs in the water treatment systems.
Compared to free-living bacteria (planktonic), biofilms exhibit higher antimicrobial
tolerance, which require higher concentration of disinfectant and longer contact time
to achieve the same level of bacterial inactivation. Detachment of bacteria or shed-
ding of biofilm fragments into drinking water may increase the bacterial number and
deteriorate bacteriological water quality. Mechanisms of antibiotic resistance in bio-
films can be driven by including the production of extracellular polymeric substances
(EPS) that act as a protective barrier, increased efflux activity, enzymatic degradation
of antibiotics, decrease antibiotics uptake, and HGT within the biofilm (Figure 5).

Biofilms are generated in all types of water, being a critical issue in water manage-
ment, including in drinking water distribution systems and hospital water system. In
such way, resistant pathogenic bacteria commonly found in water environment such
as Escherichia coli, Campylobacter spp., Legionella spp., and Pseudomonas aeruginosa
can continue to proliferate and exchange their genetic material [51]. Studies on
biofilm in drinking water system have shown increased proportion of the bacteria
resistant to antibiotics. In a study by Tsvetanova et al., an increased proportion of
heterotrophic bacteria resistant to ciprofloxacin, chloramphenicol, and streptomycin
was detected in the biofilms compared to those found in the drinking water [52].
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Biofilm formation and mechanism of AMR in drinking water systems. The production of extracellular polymeric
substances (EPS) that act as a protective barrier (I), increased efflux activity (I1), enzymatic degradation of
antibiotics (I1I), decrease antibiotic uptake (IV), and HGT within the biofilm.

In an Iranian hospital, Staphylococcus spp. was found the most prevalent in water
distribution system, with more than quarter of samples possessed mecA gene,
followed by other bacteria such as E. coli, Acinetobacter baumannii, and Pseudomonas
aeruginosa [53].

2.3 Occurrence of ARB and ARGs in DWS

Numerous studies have been conducted worldwide to investigate the occurrence
of ARB and ARGs in rivers and DWS. These studies have highlighted the widespread
presence of ARB in aquatic environments and have contributed to a better under-
standing of the environmental pathways through which resistance spreads. The
studies also emphasised the significant public health risks posed by the contamination
of drinking water sources with resistant microorganisms.

In this section, we summarised some key studies that have reported the occurrence
and distribution of ARB and ARGs in water environment, particularly river and DWS
in different countries (Table 1).

The data highlighted the urgent need for improved water treatment technologies,
better management of wastewater and agricultural runoff, and enhanced surveillance
to combat the spread of AMR in aquatic environments. By understanding the sources,
mechanisms, and impacts of AMR in water systems, we can develop more effective
strategies to protect both human health and environmental ecosystems.

2.4 Antibiotics residues in rivers and drinking water systems

The presence of antibiotics in rivers and DWS could be originated from human
medicine, agricultural, and animal usage. These residual antibiotics can further
promote the development and spread of ARB and ARGs. Several studies have investi-
gated the occurrence and distribution of antibiotics in aquatic environments, includ-
ing rivers and DWS (Table 2).
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Country Sample types Main findings References

Nigeria River A total of 32 bacterial species were isolated, 81.8% were [5]

multidrug-resistant.

Spain River water and blaTEM and sull were the most prevalent and abundant [54]

sediments ARGs in both water samples and sediment samples.

United Drinking water All ARGs tested (cat, cmr, blaTEM, blaSHYV, Sull, Sulll, [55]

States treatment and tetW, and tetO) were detected in all water samples,

distribution except for the tetO and tetW genes, which were
systems detected only in source water.

Brazil River water and Multi-drug resistance profile of 59.37%, with higher [56]

sediment prevalence to lincosamide and beta-lactam classes with
the most prevalent ARGs in the water and sediment
samples were 100% (Sulll and ermC) and 93.75%
(Sull, qnrB and aac(‘6)-ib).
China River water and Sulfonamide ARGs were the most abundant genes, [57]
sediment while aminoglycoside ARGs were the least abundant.
Sulll, tetGO1, tetG02, tetMO01, and tetMO02 were the
most dominant ARGs
Genes 16S rRNA, intl-1, sull, sul2, tetA, strA, and [58]
strB were detected in 100% of the water and sediment
samples
Table 1.
Examples of studies on the occurvence and distribution of ARB and ARGs in river and DWS from different
countries.

Country/sites Sample types Main findings References

China Tap water and Ten antibiotics were detected in drinking-water [59]

well water samples, consisted of macrolides, sulfonamides,
phenicols, and fluoroquinolones.

River Twenty antibiotics detected with sulfacetamide [60]
and norfloxacin were found dominant.

Drinking water Twenty-three antibiotics were detected with [61]
fluoroquinolones and macrolides being the most
common.

River Yamuna, River Ofloxacin (145.3794 ng/mL), followed by [62]

India amoxicillin (3.033 ng/mL) and erythromycin
(2171 ng/mL).

Tibet River Forty-four antibiotics were detected [63]
including SMX, sulfaguanidine, SDZ,
anhydroerythromycin, azithromycin, CTM,
penicillin G monensin, clindamycin, and
lincomycin.

Iraq Potable water Different antibiotics, including fluoroquinolones [64]

from drinking and B-lactams, were detected in the raw and
water treatment finished water.

Malaysia River Ciprofloxacin was detected in all the samples, [65]
with the highest concentration in the rivers.

Table 2.

Examples of studies on the presence of antibiotic residues in viver and DWS across different countries.
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3. Recommendations and conclusions

AMR is a public health challenge that requires the concerted efforts of multiple
agencies. The data on AMR provide evidence and key measures to benefit and assist
the AMR management in every country to reduce the risk of antibiotic resistance
transmission to the public. Rationally, if the resistance can be managed at the local
level, it could help prevent the transboundary and global antibiotic resistance crisis
from growing even bigger.

Studies on the occurrence of ARB and genes in rivers and DWS have revealed a
concerning prevalence of resistance in both developed and developing regions. The
more contaminated river might be due to the anthropogenic activities nearby the raw
water source. These studies underscore the significant risks that ARB and ARGs pose
to public health, particularly when they are transmitted through drinking water. This
also indicates the importance of maintaining and improving an effective antibiotics
management or water treatment to reduce the risks of exposure to the healthy com-
munity. This data can guide policymakers to integrate AMR in the drinking water
surveillance, to reduce or eliminate the contaminants from entering our river into
the DWS.

Studies on the occurrence of antibiotics in rivers and DWS underscore the
widespread contamination of aquatic environments with pharmaceutical residues.
Antibiotics from human, animal, and agricultural sources enter rivers and lakes
through wastewater discharge, agricultural runoff, and improper disposal, posing
potential risks to ecosystems and public health. While current wastewater treatment
technologies may reduce the concentration of antibiotics in effluent, they are not fully
effective in eliminating all pharmaceutical residues, highlighting the need for more
advanced and comprehensive water treatment methods. Further research is needed to
understand the long-term ecological and health effects of low-level chronic antibiotic
exposure in aquatic environments to human and the overall ecosystem, as well as the
development of effective regulations to mitigate the spread of antibiotic contamina-
tion in water systems.
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Flushed and Forgotten:
Antimicrobial Resistance from
Wastewater Perspective
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Abstract

Antimicrobial resistance (AMR) is a major global health threat, reducing the
effectiveness of antibacterial treatments. Understanding its spread across different
environments is crucial for improving surveillance and guiding policies. Wastewater
is an often overlooked but significant contributor to the AMR crisis. It collects bacte-
ria from human, industrial, and agricultural sources, making it both a potential miti-
gator through treatment and a pathway for antimicrobial-resistant bacteria (ARB)
and antimicrobial-resistant genes (ARGs) if not properly managed. The improper
handling of wastewater leads to the environmental dissemination of AMR, exacer-
bating its spread. In many low- and middle-income countries (LMICs), wastewater
treatment facilities are either non-existent or incapable of effectively removing ARB,
ARGs, and antibiotic residues. The role of wastewater in the development and dis-
semination of AMR has been significantly underestimated in both scientific research
and policy discussions because AMR research has primarily concentrated on clinical
settings and agricultural practices. A major challenge in addressing AMR in waste-
water systems is the lack of global monitoring and policy frameworks, which limits
coordinated efforts. Additionally, wastewater surveillance remains an underutilized
tool for tracking AMR trends, missing a critical opportunity for early intervention.
Raising awareness about the role of wastewater in AMR is essential for safeguarding
global health. Strengthening wastewater treatment practices, implementing stan-
dardized monitoring systems, and integrating wastewater-based AMR surveillance
into public health strategies can help mitigate the crisis.

Keywords: antimicrobial resistance, antibiotics, wastewater, bacteria,
horizontal gene transfer, environment, global policy

1. Introduction

Nearly a century ago, in the year 1928, the Penicillium was observed on a contami-
nated petri dish by Alexander Fleming [1]. It was later purified by Norman Heatley,
Howard Florey, Ernst Chain, and colleagues at Oxford, in the development of penicil-
lin as a drug [2]. The development of antibiotics has been a key milestone in medicine.
The use of antibiotics following patient diagnosis enabled the commencement of a
treatment-focused approach to patient care to kill the bacteria that caused the illness.
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Besides focusing on treating infectious diseases, antibiotics made modern medical
procedures such as organ transplant, cancer treatment, and open-heart surgery
possible to perform. This breakthrough significantly contributed to the reduction of
hospitalization time and ensured the survival of more lives. However, bacteria may
develop resistance and survive exposure to the antimicrobial that is designed to kill
them and to stop their growth, thereby causing the ineffective of the antimicrobial. It
has become a problem in recent years because misuse of antimicrobials has accelerated
the growth and spread of resistance, but there are no novel drugs to combat these new
superbugs. AMR is a critical global health challenge that poses a threat to the effective
treatment of infectious diseases and challenges decades of medical advancement. The
review on AMR reported by Jim O’Neill predicted that based on the increasing pattern
without urgent action in tackling the drug-resistant infection globally, there will be 10
million deaths attributable to AMR in the year 2050 [3]. AMR has resulted in patients
staying in the hospital for extended periods of time to treat common illnesses and
surgery procedures, which raises medical costs [4]. It is widely acknowledged and
understood that overuse and misuse of antibiotics can lead to the phenomenon of
resistance. AMR has been linked to increasing morbidity, mortality, and economic
burden worldwide. According to the World Health Organization (WHO), AMR is
responsible for an estimated 1.27 million deaths annually, with the highest burden
observed in LMICs where access to quality healthcare and sanitation is limited [5].

Antibiotics have certainly been a blessing to civilization; they not only have medic-
inal uses, but they are also used in various applications, including animal husbandry
and animal production as preventive measures and feeding in many low-income and
developing countries for decades [6]. The consequences of AMR extend far beyond
healthcare settings, posing risks to food security, agriculture, water sources, and envi-
ronmental sustainability [7-9]. The environment, particularly wastewater systems,
has emerged as a significant reservoir and conduit for the dissemination of antimicro-
bial-resistant bacteria (ARB) and antimicrobial-resistant genes (ARGs). Untreated
or inadequately treated wastewater from hospitals, pharmaceutical industries, and
agricultural runoff facilitates the proliferation of AMR, creating a feedback loop that
amplifies the spread of resistance globally [10-12].

Wastewater is increasingly recognized as a significant but often overlooked contribu-
tor to the global AMR crisis. Wastewater receives bacteria from various human, industrial,
and agricultural activities. These bacteria, including both harmless and pathogenic
types, often carry antimicrobial ARGs, making wastewater a critical reservoir and mix-
ing ground for resistance. It plays a dual role: on the one hand, as a potential mitigator
through treatment processes; on the other hand, if not properly managed, it can serve as
apool and pathway for ARB and ARGs [13]. While significant attention has been paid to
the misuse of antimicrobials in human health and agriculture, wastewater’ role as a key
contributor to the development and spread of AMR has been relatively underexplored
by researchers until recent years. Wastewater acts as a critical interface where resistant
microorganisms, antimicrobial residues, and environmental factors converge, thus
creating hotspots for resistance evolution. In this context, the roles and limitations of the
wastewater in the AMR crisis will be discussed in this chapter, Figure 1.

2. The roles of wastewater to the ecosystems

Wastewater has emerged in many new developments in urban and suburban areas.
Effluents from various anthropogenic activities, such as agricultural activities, animal
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Figure 1.
Role of wastewater in the AMR crisis in the environment.

farming, the pharmaceutical industry, domestic sewage, and hospital effluents, con-
tribute to environmental pollution and the dissemination of antimicrobial resistance.
Effluents from these sectors often contain a mixture of organic and inorganic matter,
as well as heavy metals, which can significantly impact the environment [14]. Organic
matter typically includes biodegradable substances like plant or animal waste, while
inorganic matter may include non-biodegradable compounds such as salts and
minerals. Heavy metals like mercury, lead, cadmium, and arsenic are particularly
concerning due to their toxicity, persistence in the environment, and potential to
bioaccumulate in living organisms.

These effluents also carry a variety of microorganisms, including bacteria, some of
which can play a dual role in environmental impact. While certain bacteria contribute
to bioremediation by breaking down organic matter or immobilizing heavy metals,
others may harbor ARGs, posing a significant public health threat. Effluent discharge
can act as a reservoir and vehicle for the spread of ARB into natural ecosystems,
exacerbating the global challenge of AMR [15]. The persistence and proliferation of
AMR in effluent-affected environments highlight the need for stringent monitoring,
advanced treatment technologies, and sustainable management practices to mitigate
ecological and health risks.

2.1 A route for antimicrobial-resistant genes and antimicrobial-resistant bacteria

Wastewater serves as a critical reservoir and mixing ground for ARB and antimi-
crobial residues, collecting contaminants from diverse sources. Hospitals contribute
significantly through effluents containing high concentrations of resistant pathogens
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due to the use of antibiotics in treating infections. Similarly, households release
residual antibiotics into wastewater systems, often as a result of improper disposal or
excretion of medications [16]. Agriculture also plays a role, with runoff from farms
introducing antibiotic residues and resistant bacteria into the system. These diverse
inputs converge in wastewater treatment plants (WWTPs), creating an environ-
ment where bacteria from different origins interact. This environment facilitates the
exchange of resistance genes through horizontal gene transfer (HGT), a key mecha-
nism driving the spread of antimicrobial resistance.

Unfortunately, standard wastewater treatment processes are often inadequate in
completely removing ARGs and ARB. Despite improvements in technology, many
treatment plants fail to fully neutralize these contaminants, leading to their release
into natural water bodies or recycled water used for irrigation or industrial purposes.
This incomplete elimination not only perpetuates the environmental dissemination of
resistance but also creates a feedback loop where resistant bacteria re-enter the human
and animal populations through water reuse [17].

Due to a lack of adequate treatment infrastructure, wastewater including ARGs,
ARBs, and antibiotic residues has been released directly into rivers, lakes, or agri-
cultural land. This unregulated release amplifies the spread of antimicrobial resis-
tance and underscores the need for global investment in wastewater management.
Moreover, the presence of co-selective agents such as heavy metals, biocides, and
disinfectants in wastewater can further enhance the persistence and evolution of resis-
tance. These agents create selective pressure, allowing resistant bacteria to thrive and
increasing the likelihood of resistance spreading within microbial communities [18].

2.2 Wastewater as horizontal gene transfer (HGT) hotspot

Wastewater treatment plants (WWTPs) and untreated sewage act as critical
hotspots for HGT, facilitating the exchange and proliferation of AMR genes among
microorganisms. This process is driven by the remarkable genome plasticity of
bacteria, enabled by mechanisms such as conjugation, transformation, and transduc-
tion, which allow microbes to adapt, evolve, and survive in antibiotic-contaminated
environments, Figure 2 [19].

In wastewater systems, several factors amplify the development and spread of
AMR. The high bacterial density in these environments brings diverse microbial
communities into close contact, enhancing genetic exchange, including the transfer
of plasmids carrying resistance genes. Selective pressures from contaminants such as
antibiotic residues, heavy metals, and disinfectants further accelerate this process by
promoting the survival and proliferation of resistant strains [20].

Biofilms, common in wastewater systems, provide a protective matrix for bacteria,
fostering HGT and shielding microbes from harsh conditions, while also trapping
contaminants that create microenvironments with elevated selective pressure [21].
Additionally, the dynamic environmental stressors in WWTPs, such as fluctuating
pH, temperature, and oxygen levels, can activate mobile genetic elements like inte-
grons and transposons, further enhancing HGT [22]. Opportunistic pathogens such
as Pseudomonas aeruginosa, Escherichia coli, and Acinetobacter bauwmannii, often pres-
ent in wastewater, are particularly adept at acquiring and spreading resistance genes.

Unfortunately, standard wastewater treatment processes frequently fail to com-
pletely eliminate ARB and ARGs, allowing their release into natural water bodies [18].
This incomplete treatment perpetuates AMR dissemination and creates a dangerous
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Figure 2.
Hovizontal gene transfer (HGT) is the process by which genetic information is transferved between organisms.
The three main mechanisms of HGT in bacteria are transduction, transformation, and conjugation.

feedback loop where resistant bacteria re-enter human and animal populations,
exacerbating the global AMR crisis.

2.3 Wastewater leading to environmental dissemination of resistance

The environmental dissemination of AMR is a critical consequence of wastewater
management practices. Treated and untreated wastewater often acts as a vector for the
release of ARB and ARGs into natural ecosystems. These microorganisms and genetic
elements can persist in the environment, where they interact with native microbial com-
munities and spread to humans, animals, and plants through multiple pathways.

From the wastewater treatment plant outlet, the treated or untreated wastewater
is released into the natural ecosystems [23]. One of the primary ways wastewaters
contribute to AMR dissemination is through its discharge into natural water bodies,
including rivers, lakes, and oceans. While WWTPs aim to remove contaminants,
standard processes are often insufficient to eliminate ARB and ARGs completely.

As aresult, these resistant microorganisms are introduced into aquatic ecosystems,
where they can survive and proliferate. Wildlife, such as fish and birds, that rely on
these water sources can become carriers of resistant bacteria, further extending the
spread of AMR. Additionally, when untreated or partially treated wastewater is used
for irrigation, it directly contaminates agricultural soil, where resistance genes can
persist and propagate in the soil microbiota. Over time, these ARGs can integrate into
microbial populations in the environment, creating long-term reservoirs of resistance
that are challenging to control [24].

The wastewater that enters the ecosystems has become the exposure pathway for
humans. The release of ARB and ARGs into the environment poses significant risks to
human health through various exposure pathways. Direct exposure can occur during
recreational activities such as swimming or fishing in contaminated water bodies.
Similarly, individuals working in agriculture may come into contact with resistant
bacteria while using reclaimed wastewater for irrigation or handling soil amended
with wastewater-derived biosolids [25].

Indirect exposure also poses a major concern. Crops irrigated with reclaimed
wastewater may absorb resistant bacteria or ARGs, introducing them into the food
chain. This contamination is particularly problematic for raw or minimally processed
foods, such as fruits and vegetables, which may be consumed without sufficient cook-
ing to neutralize the resistant bacteria [26]. Groundwater contamination is another
critical pathway. Resistant bacteria and ARGs can leach from wastewater discharge
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sites or agricultural fields irrigated with reclaimed water, infiltrating groundwater sys-
tems that serve as drinking water sources for many communities. This indirect route
exposes populations to AMR through a resource that is essential for daily life [27].

The broader implications of the dissemination of AMR through wastewater high-
light the interconnectedness of human, animal, and environmental health in line with
the “One Health” perspective. Addressing these pathways requires a multidisciplinary
approach that includes strengthening wastewater treatment processes, regulating the
use of reclaimed water for agriculture, and improving surveillance of resistant bacte-
ria and genes in the environment. Without intervention, the environmental spread of
AMR will continue to pose significant risks to ecosystems, food security, and public
health on a global scale.

2.4 Reuse of wastewater: A double-edged sword

In water-scarce regions, the reuse of treated wastewater is becoming a critical
solution to address water shortages. Treated wastewater is commonly repurposed for
agricultural irrigation and in some cases, even as a source of drinking water. While
this practice alleviates water scarcity and supports sustainable water management,
it also introduces significant public health concerns due to the incomplete removal
of ARGs, ARB, and antibiotic residues during wastewater treatment. These con-
taminants can persist in reclaimed water, increasing human exposure to resistance
pathways [28].

The reuse of treated wastewater for agricultural irrigation represents a significant
pathway for human exposure to ARGs and ARB. Crops irrigated with reclaimed water
can become contaminated with resistant bacteria, particularly on their surfaces or in
the soil where they grow. These resistant microorganisms can subsequently be trans-
ferred to humans through the consumption of raw or undercooked produce. In some
cases, ARGs can persist in soil microbiota, creating a long-term reservoir of resistance
genes that can further propagate through the food chain [27].

In regions where treated wastewater is used for drinking water, the risks are even
more direct. Despite treatment, trace levels of ARGs, ARB, and antibiotic residues
may remain, posing a potential threat to public health. Chronic exposure to these
contaminants through drinking water, even at low concentrations, can exert selection
pressure on human microbiota, promoting the emergence and persistence of resistant
strains [29].

The practice of balancing sustainability and safety from the reuse of treated
wastewater is undeniably crucial for addressing water scarcity, especially in arid
regions where freshwater resources are limited [30, 31]. However, the current gaps in
treatment processes necessitate urgent attention to minimize the risks associated with
AMR. To strike a balance between sustainability and safety, it is essential to invest
in advanced and cost-effective wastewater treatment technologies that specifically
target ARGs and antibiotic residues. Additionally, robust monitoring systems should
be implemented to assess the quality of reclaimed water and its potential impact on
human and environmental health.

Public awareness campaigns and policy interventions are also needed to promote
safe practices in wastewater reuse. By addressing the challenges associated with AMR
in reclaimed water, water-scarce regions can continue to benefit from wastewater
reuse while safeguarding public health and the environment [32].

Due to the limitations of current treatment technologies, conventional wastewater
treatment processes primarily focus on the removal of organic pollutants, pathogens,
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and suspended solids to meet safety and regulatory standards. However, these
systems often fail to effectively eliminate ARGs, ARB, and antibiotic residues. ARGs,
which are encoded on mobile genetic elements such as plasmids and transposons, are
particularly challenging to remove because they can persist in bacterial DNA even
after treatment [33]. Similarly, ARBs often survive the disinfection process, while
low concentrations of antibiotics remain in treated water due to their stability and
resistance to degradation.

Advanced treatment technologies, such as membrane filtration, advanced oxida-
tion processes, and ozonation, have shown promise in targeting ARGs and antibiotic
residues [34]. However, these methods are often prohibitively expensive for wide-
spread implementation, especially in LMICs. Consequently, treated wastewater that
retains these contaminants is frequently reused in agriculture or aquifer recharge,
inadvertently contributing to the dissemination of AMR [31].

2.5 Pool of antibiotic residues and co-selective agents

Antibiotic residues and co-selective agents play a significant role in the persistence
and proliferation of AMR in wastewater environments. These agents, often present in
wastewater from diverse sources, create selective pressures that promote the survival
and spread of ARB and ARGs. Their influence extends beyond the direct effects
of antibiotics, encompassing other contaminants like heavy metals, biocides, and
disinfectants that contribute to the evolution of resistance [35].

Wastewater systems frequently contain sub-inhibitory concentrations of antibiot-
ics, which, although insufficient to kill bacteria outright, are capable of selecting for
resistant strains. These residual antibiotics originate from various sources, including
hospitals, pharmaceutical manufacturing facilities, agricultural runoff, and even
household waste [14]. Antibiotics excreted by humans and animals often enter waste-
water systems unchanged and maintain their biologically active properties. Even in
the absence of direct therapeutic use, the presence of these residual antibiotics exerts
selection pressure on microbial populations. Sub-inhibitory concentrations encour-
age bacterial survival mechanisms, such as efflux pump activation or mutations that
confer resistance [36]. Over time, this environment fosters the persistence of resistant
bacteria, increasing the prevalence of ARGs within the wastewater microbiome.

In addition to antibiotics, other co-selective agents in wastewater environments
contribute to the proliferation of AMR. These agents, including heavy metals, bio-
cides, and disinfectants, create additional selective pressures that indirectly promote
resistance [35]. Heavy metals, such as mercury, copper, and zinc, frequently enter
wastewater systems through industrial discharges, mining activities, and agricultural
runoff. Importantly, resistance to heavy metals is often genetically linked to ARGs
on the same mobile genetic elements, such as plasmids or integrons. This genetic
co-localization allows the selective pressure exerted by heavy metals to co-select
for antibiotic resistance, even in environments where antibiotic concentrations are
minimal or absent [37].

Biocides and disinfectants used in wastewater treatment plants, such as chlorine,
quaternary ammonium compounds, and hydrogen peroxide, can also contribute
to the selection of resistant strains [38]. These agents, while intended to eliminate
harmful pathogens, create a selective environment for bacteria that possess intrinsic
or acquired resistance mechanisms [39]. For instance, bacteria that can withstand
oxidative stress caused by disinfectants are more likely to survive and propagate
[40]. Moreover, exposure to biocides can induce cross-resistance, where resistance
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to biocides also enhances resistance to antibiotics and further complicates the efforts
to control AMR in wastewater systems. Traditional wastewater treatment processes
are often inadequate in addressing these contaminants, underscoring the importance
of advanced treatment technologies such as adsorption, advanced oxidation, and
membrane filtration to target residual antibiotics and heavy metals effectively [41].
Additionally, stricter regulations on industrial and agricultural discharges,
coupled with improved waste management practices, can help reduce the influx of
co-selective agents into wastewater systems [42]. Monitoring and quantifying the
levels of antibiotics, heavy metals, and other co-selective agents in wastewater are
also essential for understanding their role in AMR dynamics and developing tar-
geted interventions. By addressing the combined impact of antibiotic residues and
co-selective agents, it is possible to reduce the selective pressures that drive AMR in
wastewater systems and minimize the risks to public health and the environment.

2.6 Wastewater causing the amplification of resistance in low- and middle-income
countries (LMICs)

The issue of AMR is particularly pronounced in LMICs, where numerous factors
converge to amplify resistance and accelerate its spread. Limited access to advanced
wastewater treatment technologies, inadequate healthcare infrastructure, and
unregulated antibiotic use have created an environment where wastewater acts as a
significant driver of AMR [43]. This burden disproportionately affects vulnerable
populations, posing severe risks to public health and the environment.

In many LMICs, wastewater treatment facilities are either non-existent or inca-
pable of effectively removing ARB, ARGs, and antibiotic residues [43]. Untreated or
inadequately treated wastewater is often discharged directly into rivers, lakes, and
other natural water bodies, which then become reservoirs for AMR. This untreated
discharge not only spreads resistance but also contaminates drinking water supplies,
irrigation systems, and aquatic ecosystems, creating feedback loops of resistance
amplification [44]. For example, in some urban areas of LMICs, sewer systems
directly release untreated sewage into the environment, creating hotspots for HGT
among microorganisms. This scenario is particularly problematic in densely popu-
lated regions where microbial densities in wastewater are high, increasing the likeli-
hood of gene exchange and the proliferation of resistance traits [45].

The widespread misuse and overuse of antibiotics in LMICs significantly contrib-
ute to AMR amplification. Antibiotics are frequently used not only to treat human
infections but also as prophylactic agents in livestock and aquaculture, as growth
promoters in animal feed, and as disease preventatives in crops. In many cases, these
practices are carried out without proper veterinary or medical oversight, leading to
the unchecked use of sub-therapeutic doses of antibiotics, which are known to be
selected for resistant bacterial strains [46].

In addition, inadequate pharmaceutical waste management exacerbates the prob-
lem. Many pharmaceutical manufacturing plants in LMICs discharge untreated or
partially treated wastewater containing high concentrations of antibiotics and other
pharmaceutical residues [47]. These effluents create localized hotspots of extreme
selective pressure, promoting the emergence and spread of highly resistant bacterial
strains.

Poor sanitation and hygiene practices in LMICs further compound the problem
by facilitating the spread of resistant bacteria. Open defecation, improper waste
disposal, and inadequate access to clean water create conditions where human and
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animal waste mix freely with the environment, enhancing the dissemination of AMR
[48]. Additionally, limited access to healthcare infrastructure means infections are
often treated inappropriately, with patients receiving suboptimal antibiotic regimens
or counterfeit medications. These systemic challenges are exacerbated by a lack

of public awareness regarding AMR. In many LMICs, antibiotics are sold over the
counter without a prescription, leading to self-medication and improper use [49].
Combined with limited government oversight and enforcement of antibiotic use
regulations, these practices accelerate the development and spread of AMR in both
human and environmental settings.

The agricultural sector in LMICs is another major contributor to the amplifica-
tion of AMR. Runoff from farms that use antibiotics for livestock or crop protection
carries residues and resistant bacteria into nearby water bodies [50]. This agricultural
runoff mixes with human and industrial waste in wastewater systems, creating
environments rich in selective pressures and co-selective agents, such as heavy metals
and biocides, which further enhance resistance evolution. Additionally, irrigation
systems in water-scarce regions often rely on untreated or partially treated wastewa-
ter, inadvertently introducing ARGs and ARB into the soil and crops. Consumption
of these contaminated crops provides another pathway for resistance to enter human
and animal populations, creating a cyclical pattern of resistance dissemination.

Effectively addressing AMR in LMICs requires a comprehensive and multi-faceted
approach that targets the root causes and unique challenges faced by these regions. One
of the key strategies is improving wastewater treatment infrastructure, which is often
inadequate or non-existent in LMICs. Investments in affordable and efficient technolo-
gies, such as constructed wetlands, decentralized treatment systems, and advanced
filtration methods, are critical. These solutions should be tailored to the specific
environmental, economic, and technical contexts of LMICs to ensure sustainability
and effectiveness in curbing the spread of antimicrobial-resistant bacteria and genes.

Another essential component is regulating antibiotic use across human health,
veterinary, and agricultural sectors. Strict enforcement of prescription policies and
the reduction of over-the-counter antibiotic sales can minimize misuse and overuse,
which are major drivers of resistance. In parallel, public awareness campaigns are vital
to educate communities about the risks of inappropriate antibiotic use and promote
responsible practices. This dual approach of regulation and education can help shift
behaviors and reduce the development of resistance.

Improving sanitation and hygiene is equally important in limiting the spread of
AMR. Access to clean water and proper sanitation facilities, coupled with hygiene
education, can significantly reduce the transmission of resistant bacteria within com-
munities. Strengthening these basic public health measures not only addresses AMR
but also improves overall health outcomes, particularly in regions where infectious
diseases are prevalent.

Finally, encouraging global collaboration is imperative to support AMR mitiga-
tion efforts in LMICs. International funding and technical assistance are needed to
build capacity, enhance infrastructure, and implement effective surveillance systems.
Global policies and agreements, such as the WHO’s Global Action Plan on AMR,
should emphasize the unique challenges faced by LMICs, ensuring that these regions
are prioritized in global AMR initiatives. By fostering cooperation and resource-
sharing, the international community can help bridge the gap between LMICs and
high-income countries in the fight against AMR. Through these integrated strategies,
LMICs can make significant strides in combating AMR, reducing its impact on public
health, and contributing to global efforts to address this growing crisis.
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3. Challenges in tackling AMR from wastewater system
3.1 Lack of global monitoring and policy frameworks

One of the most significant barriers to addressing AMR in wastewater systems
is the lack of robust global monitoring and policy frameworks. Despite growing
evidence that wastewater plays a pivotal role in the emergence, persistence, and
dissemination of ARB and ARGs, regulatory efforts have lagged behind scientific
understanding. This regulatory gap weakens the potential to mitigate AMR effectively
and leaves a critical pathway for resistance largely unaddressed [51].

The insufficient regulation of wastewater-related AMR has been a major limi-
tation for the monitoring to be done. Globally, there are few binding policies or
guidelines that specifically mandate the monitoring and management of ARGs, ARB,
or residual antibiotics in wastewater [52]. While some countries have introduced
regulations to control antibiotic use in clinical and agricultural settings, wastewater
has largely been overlooked as a significant contributor to AMR dissemination [53].
For example, while many nations enforce standards for removing organic pollutants
and pathogens in treated wastewater, these standards rarely account for ARGs, ARB,
or co-selective agents like heavy metals and biocides. This lack of regulation is further
complicated by disparities in resources and infrastructure across countries [54]. High-
income countries may have the capacity to invest in advanced wastewater treatment
technologies and monitoring systems, but LMICs often struggle to meet even basic
wastewater treatment standards. Without clear international guidelines or incentives,
the global effort to tackle AMR remains fragmented and ineffective.

Research on AMR has historically focused on clinical and agricultural settings, as
these are well-known sources of antibiotic use and resistance. This is known knowl-
edge gaps in wastewater research that need to be filled by scientists. Hospitals and
farms are recognized hotspots for AMR, and significant resources have been allocated
to understanding and mitigating resistance in these contexts. However, wastewater
systems, which act as convergence points for clinical, agricultural, and municipal
waste, have not received comparable attention.

The lack of global monitoring and policy frameworks for wastewater-related AMR
has far-reaching consequences. Without standardized monitoring, it is difficult to assess
the scale of the problem or measure the effectiveness of interventions. This absence of
data also hampers international collaboration, as countries lack a common baseline for
comparison or coordinated action. Moreover, the failure to recognize wastewater as a
key player in AMR dissemination allows resistant bacteria and genes to persist in treated
water, re-enter natural ecosystems, and spread through food and water supplies. This
unregulated dissemination poses a direct threat to human and animal health, particularly
in vulnerable communities that rely on untreated or inadequately treated water sources.

Moving toward global action to combat the AMR crisis in the context of waste-
water requires a comprehensive, coordinated, multi-sectoral approach that bridges
regulatory and knowledge gaps. Governments, international organizations, and
research institutions must collaborate to develop policies that integrate wastewater
monitoring into broader AMR management strategies. These policies should establish
clear standards for the presence of ARGs, ARB, and antibiotic residues in treated
wastewater. They should also include enforceable guidelines for the effective removal
of these contaminants through appropriate treatment processes. Standardization of
these regulations across countries is essential to ensure consistency and enable global
comparisons of wastewater-related AMR data.
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In tandem, increased funding and resources are critical for advancing research
on AMR dynamics in wastewater systems. Research should explore the interactions
between resistant bacteria, antimicrobial residues, and co-selective agents such as heavy
metals and disinfectants, which may accelerate resistance development. Studies must
also focus on identifying hotspots for HGT in wastewater environments, a key mecha-
nism by which resistance spreads between bacterial populations. Furthermore, evaluat-
ing the efficacy of advanced treatment technologies, such as membrane bioreactors,
advanced oxidation processes, and biochar filters in diverse settings, will help establish
best practices for wastewater management tailored to local needs and capacities.

Equally important are public awareness campaigns and capacity-building initia-
tives aimed at empowering local governments, public health officials, and communi-
ties. These efforts are especially critical in LMICs, where infrastructure and expertise
for managing wastewater-related AMR are often limited. Educational programs
can help communities understand the risks of AMR and the role of wastewater in
its spread, fostering support for policy changes and infrastructure investments.
Capacity-building initiatives should include training programs for wastewater treat-
ment operators and public health professionals, as well as the provision of tools and
resources to implement and monitor AMR mitigation strategies effectively [55].

A major barrier to progress is the lack of international and national regulations
specifically targeting AMR in wastewater. While the role of wastewater as a reservoir and
dissemination pathway for AMR is well-documented, policies mandating the monitoring
of ARGs, ARB, or antibiotic residues in wastewater remain scarce. Similarly, knowledge
gaps persist, as research has predominantly focused on clinical and agricultural sources
of AMR, often neglecting wastewater’s critical role in the AMR crisis [56]. Expanding
the scope of research to include wastewater as a key ecological reservoir and conduit for
resistance is crucial to understanding and addressing the full scale of the problem. By
bridging regulatory and knowledge gaps and fostering international collaboration, the
global community can make significant strides in mitigating wastewater-related AMR.
Such efforts will safeguard both environmental and public health, ensuring a more sus-
tainable approach to combating one of the most pressing health challenges of our time.

3.2 Missed surveillance opportunity

Wastewater-based epidemiology (WBE) has emerged as a promising tool for
monitoring public health trends, including the spread of infectious diseases such
as COVID-19. By analyzing sewage samples, researchers can track the prevalence
of pathogens and assess public health risks on a community-wide scale. Despite its
demonstrated success in infectious disease surveillance, the application of WBE for
tracking AMR remains significantly underutilized [57]. Considering the potential of
wastewater for AMR monitoring is another opportunity to be explored. Wastewater
contains a wealth of information about the ARB and ARGs present within a popula-
tion [58]. It provides a non-invasive, cost-effective means of monitoring resistance
trends at the community level, offering insights into emerging resistance hotspots, the
prevalence of specific ARGs, and the effectiveness of public health interventions [59].

Unlike traditional clinical surveillance methods that rely on patient samples from
healthcare facilities, wastewater sampling captures data from entire communities,
including individuals who do not seek medical care. This broad coverage makes
wastewater an invaluable resource for identifying resistance patterns that might
otherwise go unnoticed [60]. Furthermore, WBE can be used to detect resistance in
pathogens of environmental and agricultural origin, providing a more comprehensive
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understanding of AMR dynamics across sectors. Despite its potential as a powerful
tool for AMR monitoring, the adoption of WBE faces several significant challenges
that limit its widespread application. These challenges span technical, infrastructural,
and policy-related domains, each requiring targeted interventions to unlock the full
potential of WBE in addressing the AMR crisis.

One of the primary challenges is the lack of standardized protocols for detecting and
quantifying ARGs and ARB in wastewater. Current methodologies vary widely across
studies and regions, leading to inconsistencies in the data collected. This lack of standard-
ization not only hinders the comparability of results but also affects the reliability and
reproducibility of findings. Establishing globally recognized guidelines and protocols
for sample collection, analysis, and reporting is essential to overcome this barrier and
facilitate collaboration among researchers, public health agencies, and policymakers.

Another major hurdle is the complexity of wastewater samples. Wastewater is a
highly heterogeneous matrix, containing a mixture of human, animal, and environ-
mental microbiota, along with various chemical contaminants such as antibiotics,
heavy metals, and other pollutants. Isolating and identifying specific ARGs or ARBs
within this complex environment require advanced analytical tools, such as next-gen-
eration sequencing and quantitative Polymerase Chain Reaction (qPCR), along with
highly trained personnel [61, 62]. The technical expertise and sophisticated equip-
ment needed for these processes can be a significant barrier, particularly in regions
with limited resources. The challenge of limited infrastructure is particularly acute in
LMICs. Many of these regions lack the laboratory facilities, equipment, and trained
personnel required to implement and sustain wastewater surveillance programs
[62]. Even where infrastructure exists, it may not be equipped to handle the specific
demands of AMR monitoring. Addressing this gap requires substantial investments in
capacity-building, including the provision of funding, the development of accessible
technologies, and the establishment of training programs to build local expertise.

In addition to technical and infrastructural challenges, policy and regulatory
gaps have also hindered the integration of WBE into public health surveillance
systems. Few policies mandate the use of wastewater monitoring for AMR, and the
absence of clear regulatory frameworks means that its implementation is often left to
isolated research initiatives rather than being incorporated into coordinated public
health strategies. Without strong policy support, including funding mechanisms
and enforcement strategies, the potential of WBE to inform AMR mitigation efforts
remains largely untapped.

Overcoming these challenges requires a coordinated and multidisciplinary
approach. Collaboration between governments, academic institutions, public health
organizations, and the private sector is essential to develop standardized methods,
improve infrastructure, and establish robust policies for wastewater-based AMR
monitoring. By addressing these barriers, WBE can become an invaluable tool in the
global fight against antimicrobial resistance.

Benefits of integrating WBE into AMR surveillance frameworks have the potential
to transform how resistance is monitored and managed. One significant advantage of
WBE is its ability to enable early detection of emerging threats. By analyzing waste-
water, it is possible to identify new resistance genes or strains in a community before
they become widespread, allowing for timely and proactive interventions to contain
their spread. This early warning capability is critical in mitigating the risks associated
with rapidly evolving AMR.

Another major benefit is the cost-effectiveness of WBE as a public health tool.
Collecting and analyzing wastewater samples is far less resource-intensive compared
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to traditional methods that rely on individual clinical or agricultural samples. This
makes WBE an efficient option for large-scale surveillance, particularly in resource-
limited settings where extensive individual testing may be impractical or cost-pro-
hibitive [57]. Additionally, WBE supports real-time monitoring of AMR trends. By
providing near real-time data, WBE enables health authorities to track the impact of
interventions, monitor resistance trends, and adjust antibiotic usage policies accord-
ingly. This dynamic and timely feedback is invaluable for designing effective public
health responses to AMR.

Finally, the integration of WBE into global surveillance networks could create a
unified platform for tracking AMR across regions and borders. Such networks would
facilitate international collaboration, enabling coordinated efforts to combat resis-
tance on a global scale [63]. By pooling data and resources, countries could address
AMR more effectively, particularly in areas where resistance poses a significant threat
to public health. Overall, WBE offers a promising, scalable, and impactful approach
to revolutionizing AMR surveillance and supporting global efforts to combat this
critical health challenge.

The way forward to harness the full potential of WBE for AMR surveillance,
concerted efforts are needed to overcome existing challenges. Investments in research
and technology development are critical for advancing analytical techniques and
standardizing methodologies [64]. Policymakers should recognize the value of waste-
water monitoring and integrate it into national and international AMR action plans.

Additionally, cross-sectoral collaboration between public health agencies, envi-
ronmental scientists, and wastewater management authorities is essential for building
robust surveillance systems. Public-private partnerships could play a pivotal role in
funding and implementing these initiatives, particularly in resource-limited settings.
By leveraging the untapped potential of wastewater as a surveillance tool, we can gain
deeper insights into the spread of AMR, identify resistance hotspots, and implement
targeted interventions to mitigate the global threat of antimicrobial resistance.

4. Why scientists have overlooked wastewater’s role in AMR?

The role of wastewater in the development and dissemination of AMR has been
significantly underestimated in both scientific research and policy discussions. This
oversight stems from a combination of historical focus, technical challenges, and
fragmented policy frameworks that have marginalized the environmental dimensions
of AMR.

For decades, historically AMR research has primarily concentrated on clinical
settings and agricultural practices. In healthcare, the misuse and overuse of antibiot-
ics in treating human infections have been identified as major contributors to the
emergence of resistant strains [46]. Similarly, in agriculture, the use of antibiotics for
livestock growth promotion and disease prevention has received significant attention
due to its role in driving resistance in pathogens [8]. This narrow focus has inadver-
tently sidelined the environmental dimension of AMR, particularly wastewater’s
role as a reservoir and dissemination pathway. Wastewater systems, which collect
contaminants from hospitals, households, and farms, are critical interfaces for the
convergence of ARB, ARGs, and co-selective agents. However, their significance has
been largely overlooked in favor of more traditionally studied sources.

The highly complex and heterogeneous nature of wastewater systems poses
significant challenges to studying their role in AMR. Wastewater contains a diverse
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mix of microbial communities, residual antibiotics, heavy metals, biocides, and other
pollutants, all of which interact in ways that are difficult to disentangle. This complex-
ity makes it challenging to isolate and quantify the specific contributions of wastewa-
ter to the development and spread of AMR [22]. For instance, distinguishing between
resistance genes originating from human pathogens versus environmental bacteria
requires advanced analytical tools and expertise. Additionally, wastewater’s dynamic
nature, characterized by fluctuations in temperature, pH, and contaminant concen-
trations, adds another layer of complexity to studying its impact on AMR [22, 65].

Until recently, the tools and methodologies required to study AMR in wastewater
were either unavailable or insufficiently advanced. Traditional microbiological tech-
niques were limited in their ability to detect and quantify ARGs and ARB in complex
environmental samples. The advent of modern technologies, such as next-generation
sequencing (NGS) and metagenomics, has revolutionized our ability to analyze the
microbial composition of wastewater and identify resistance genes [66]. However,
these technologies are resource-intensive and require specialized expertise, which lim-
its their accessibility, particularly in low-resource settings. The historical lack of such
capabilities contributed to the underrepresentation of wastewater in AMR research.

AMR mitigation efforts have traditionally been siloed across different domains,
including healthcare, agriculture, and environmental management. This fragmen-
tation has led to the exclusion of wastewater from many AMR action plans. For
example, while healthcare policies often focus on improving antibiotic stewardship
and surveillance within hospitals, agricultural regulations target the use of antibiotics
in livestock. These policies rarely address the environmental pathways through which
resistance can spread, such as wastewater discharge into natural ecosystems. The lack
of integration between these sectors has perpetuated the oversight of wastewater’s
critical role in the AMR crisis [67].

To rectify this oversight, it is essential to adopt a more holistic and integrated
approach to AMR research and mitigation [68]. Policymakers must recognize wastewa-
ter systems as key contributors to the resistance cycle and include them in national and
international AMR action plans. Investments in advanced technologies for monitoring
and treating wastewater are crucial for mitigating its impact on resistance dissemina-
tion. Additionally, fostering interdisciplinary collaboration between microbiologists,
environmental scientists, and public health experts can help bridge the knowledge gaps
and create a more comprehensive understanding of wastewater’s role in AMR [68]. By
addressing these challenges, the scientific community can unlock the untapped poten-
tial of wastewater research in combating the global threat of antimicrobial resistance.

5. Conclusions

The role of wastewater in the AMR crisis is critical yet underappreciated and
“forgotten” acting as a reservoir, amplifier, and dissemination pathway for ARB and
ARGs. It bridges the gap between environmental, agricultural, and clinical sources of
resistance, creating hotspots where resistance can evolve and spread. This overlooked
contributor plays a dual role, both as a potential mitigator when effectively treated
and as a risk multiplier when treatment is inadequate or absent.

Addressing this challenge requires a multi-pronged approach. First, improved
wastewater treatment technologies must be developed and implemented, incorporat-
ing advanced methods such as membrane filtration, advanced oxidation processes, and
biological treatments specifically designed to remove ARB and ARGs. Second, stricter
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regulations should be established to control the release of untreated or partially treated
wastewater from hospitals, pharmaceutical industries, and agricultural sources, with
enforceable standards for antimicrobial residues and resistant organisms. Third,
expanded surveillance systems are necessary to monitor the prevalence and spread of
AMR within wastewater and the environment, enabling early detection and targeted
interventions.

Furthermore, raising awareness about the role of wastewater in the AMR crisis
is essential to drive investment and innovation in this area. Collaborative efforts
between governments, industries, researchers, and public health organizations are
required to prioritize wastewater management within broader AMR mitigation strate-
gies. Recognizing wastewater’s central role is not only vital for addressing the current
crisis but also for safeguarding global health, environmental sustainability, and food
security in the face of growing antimicrobial resistance.
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Chapter7

Genetic Characteristics of
Antimicrobial Resistance in
Escherichia coli Isolated from Farm
Animals, Slaughterhouses, and
Associated Environments

Debby Fadhilah Pazra and Dinda Iryawati

Abstract

Antimicrobial resistance (AMR) in Escherichia coli from farm animals, slaughter-
houses, and associated environments poses a critical threat to public health and food
safety. Several studies have reported that antibiotic resistance genes (ARGs) are found
with high prevalence, especially blaCTX-M, mcr-1, tetA and tetB, aac(6')-Ib, and gnr.
These genes were frequently associated with mobile genetic elements (MGEs) such as
IncF and IncI plasmids, class 1 integrons, insertion sequences (e.g., 1S26), and trans-
posons, which facilitate horizontal gene transfer and adaptation to selective pressures.
Comparative analysis indicated that farm animals and slaughterhouse environments
act as reservoirs and convergence points for resistant E. coli strains from diverse
sources, amplifying the spread of resistance genes. Environmental samples, including
wastewater demonstrated a genetic overlap with isolates from farm animals, suggest-
ing that inadequate waste management contributes to AMR propagation that has the
potential for zoonotic transmission. This chapter will explain the genetic characteris-
tics of antibiotic-resistant E. coli with a focus on dominant ARGs and MGE:s that drive
the dissemination of resistance. This information is needed in monitoring the evolu-
tion and spread of E. coli ARGs so that appropriate policies and interventions can be
implemented to prevent and control antibiotic-resistant E. coli.

Keywords: antimicrobial resistance, antimicrobial resistance gene, Escherichia coli,
mobile genetic element, plasmid, farm animals, public health
1. Introduction

Escherichia coli is a commensal enteric Gram-negative bacterium that is common

in animals and humans and can be found in the environment and food. It is also an
opportunistic pathogen that can cause gastrointestinal and extra-intestinal diseases
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including diarrhea, enteritis, bacteremia, urinary tract infections, and other infec-
tions in animals and humans [1, 2]. Excessive and inappropriate use of antibiotics in
the livestock industry can lead to the emergence of resistance to various antibiotics,
such as p-lactams, aminoglycosides, tetracyclines, fluoroquinolones, and third-gen-
eration cephalosporins [3, 4]. A study showed that more than 90% of E. coli derived
from livestock such as broilers, cattle, and healthy pigs in South Korea from 2010 to
2020 showed a high prevalence of resistance to quinolones and cephalosporins [5].
Currently, the emergence and rapid increase of multidrug-resistant (MDR) bacteria,
especially bacteria resistant to antibiotics of last resort such as colistin, carbapenems,
and tigecycline, has resulted in the reduction of effective antibiotic options and is a
serious concern [6, 7]. This has become a global problem and a serious threat to public
health.

In addition to causing food-borne diseases, E. coli is also a major reservoir of anti-
biotic resistance genes (ARGs). The spread of antibiotic-resistant E. coli and the ARGs
it carries is frequent and associated with livestock. Farm animals and their products
can be potential reservoirs for the spread of E. coli carrying ARGs that can migrate to
abattoirs and surrounding environments such as water bodies and soil [8, 9] and can
be a potential transmission to humans. E. coli has a high capacity to accumulate ARGs
mainly through horizontal gene transfer [10, 11] involving various mobile genetic
elements (MGE), and the ARG can also be transferred to other bacteria [12].

ARGs derived from plasmids and other MGEs are one of the most difficult chal-
lenges in controlling the spread of antibiotic resistance. Plasmids play the most role
in the spread of ARGs and carry multidrug resistance genes [13, 14]. Plasmids greatly
contribute to the spread of resistance determinants in bacterial strains. Plasmids not
only facilitate the spread of certain ARGs but also favor the selection and persistence
of other ARGs [10]. Plasmids can mostly be found in natural bacteria and usually
carry several genetic determinants that are physically linked to cause resistance to
various classes of antibiotics simultaneously [15].

In this chapter, we will describe the genetic characteristics of antibiotic-resistant
E. coli such as ARGs and MGEs from various livestock, abattoirs, and related envi-
ronments. Information on the genetic characteristics of antibiotic-resistant E. coli
can monitor the evolution and spread of E. coli ARGs so that appropriate policies
and interventions can be implemented as a rare precaution to prevent and control
antibiotic-resistant E. coli.

2. Poultry, slaughterhouses, and associated environments

In poultry species like chickens, ducks, and turkeys, E. coli isolates are commonly
found to be resistant to several antibiotics, including ampicillin, tetracycline, gentami-
cin, amoxicillin, amoxicillin-clavulanic acid, cefotaxime, ceftriaxone, chlorampheni-
col, ciprofloxacin, colistin, doxycycline, meropenem, nalidixic acid, streptomycin,
and trimethoprim-sulfamethoxazole [16-31]. Among these, ampicillin, tetracycline,
and gentamicin were the most frequently identified [21, 22, 26, 29, 30]. In poultry-
related environments, antibiotics such as ampicillin, ceftriaxone, chloramphenicol,
streptomycin, and tetracycline are particularly prominent [18, 19]. The overuse of
these antibiotics, especially in developing countries, has accelerated the dissemination
of ARGs, increasing zoonotic transmission risks. Conversely, stricter antibiotic regula-
tions in developed nations reduce ARG prevalence, underscoring global inequities in
antimicrobial stewardship.
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Key antibiotic resistance genes (ARGs) of E. coli in poultry, such as blaCTX-M
(B-lactam) and mcr-1 (polymyxin), are predominantly reported in studies from
developing nations [16, 17, 25, 26, 31-34], while they are absent in studies from high-
income countries like the USA, Norway, and Spain, as documented in multiple studies
[27, 35, 36]. The blaTEM gene, however, is widespread, occurring in both developing
and developed nations [22, 23, 27, 31, 35]. Other prevalent ARGs in poultry include
blaSHYV, qnrB, qnrS, sul2, and tetA.

ARGs in E. coli from poultry are widespread in various countries around the world
with varying prevalence rates. The blaCTX-M-15 and blaCTX-M-1 genes are common
in chicken, with blaCTX-M-1 being the most common worldwide for ESBL-E. coli
strains isolated from chicken [37-40]. The poultry industry in Asia showed ESBL-E.
coli strains were found to contain mostly blaCTX-M genes, including blaCTX-M-1,
blaCTX-M-14, and CTX-M-15 variants [41-43]. The epidemiology of blaCTX-M-type
p-lactamases has evolved, for example, the blaCTX-M-55 gene that differs by one
nucleotide at position 239 acquires A77V, reflecting higher hydrolysis activity against
some cephalosporins [44]. The blaTEM gene has been increased in several countries
in Asia especially in China [37, 44, 45]. In addition, there are several ARGs from other
antibiotics with high prevalence including tetA tetracycline) (>40.0%), sul2 (sulfon-
amide) (>75.0%), gnrS, gnrA (fluoroquinolone), aac(6')-Ib-cr (aminoglycoside),
dfrA14 (sulfonamide), and mcr-1 (polymyxin) (<35.0%) genes [19, 46, 47]. A study
reported the coexistence of mcr-1and blaCTX-M genes in the same plasmid [19].

African countries showed more diverse ARGs, such astetA (tetracyclines)
(>55.0%), tetB (tetracyclines) (>55.0%), aadA1 (aminoglycosides) (80.0%), mdfA
(macrolides) (>91.0%), sull (sulfonamides) (62.0%), sul2 (sulfonamides) (>66.0%),
aac(6')-Ib-cr (aminoglycosides and quinolones) (>15.0%), aph(6)-Id (>59.0%), floR
(florfenicol) (>66.0%) [48-51], blaCTX-M, blaTEM, blaSHV, and blaOXA [52, 53].
The blaCTX-M gene especially the blaCTX-M-15 variant is widely distributed not
only in poultry but also in other animals and humans [54-56]. Several studies have
reported the spread of this gene among strains facilitated by MGE such as plasmids or
integrons [49, 50].

Some ARGs that have been reported in South America include blaCTX-M-55,
blaCTX-M-2, blaCTX-M-3, blaCTX-M-8, and blaCTX-M-65 [37-40]. The blaTEM
gene was only reported in Mexico, the United States, and Chile, while the blaSHV
gene was only in Brazil and Chile [57, 58]. The tetA (>50.0%), tetB (>40.0%), sul2
(>37.0%), aadA1 (60.0%), and mph(A) (50.0%) genes have also been reported in the
Americas [38, 39].

Most ESBL-E. coli strains isolated from chickens in European countries contain
blaCTX-M group 1 and CTX-M-15 genes. The blaTEM gene was only reported in
France, Spain, Italy, and the Netherlands [59-61]. In addition, tetA (52.5%), sul2
(44.4%), and aad A1 (43.4%) genes have also been reported in European countries
[60-62].

Most strains of ESBL-producing Escherichia coli isolated from chickens in
European countries harbor the blaCTX-M group 1 and CTX-M-15 genes. The blaTEM
gene has only been reported in France, Spain, Italy, and the Netherlands [59-61].
Additionally, the tetA (52.5%), sul2 (44.4%), and aadA1 (43.4%) genes have also been
reported in European countries [60-62].

Additionally, environmental contamination from poultry farming plays a signifi-
cant role in the dissemination of ARGs. For instance, blaCTX-M has been identified
in wastewater, soil, and manure, while blaTEM has been detected in slaughterhouse
effluents and wastewater [18, 20, 63, 64]. ARGs such as gnrS, sul2, and tetA, along
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with blaSHV, mcr-1, and sull, are consistently identified in poultry-related environ-
ments [19, 63, 64], reflecting the compounding impacts of excessive antibiotic use
and poor waste management in farming systems. This interplay between poultry
and environmental ARG contamination underscores the urgent need for improved
antimicrobial stewardship and regulatory practices globally.

The spread of ARGs is strongly influenced by the role of mobile genetic elements
(MGE), which are parts of DNA that code for proteins and can accommodate the
movement of DNA within the genome or between cells. The MGEs include plasmids,
transposons, integrons, insertion sequences (IS), transposons (Tn), and integra-
tive and conjugative elements (ICE), which facilitate the horizontal transfer of
resistance genes among bacterial populations. Plasmids are extrachromosomal DNA
molecules that can carry multiple antibiotic resistance genes. Plasmids of the IncF,
IncIl, IncIl-Iy, and IncK groups are commonly identified in E. coli associated with
poultry. These plasmids often contain genes that confer resistance to tetracyclines
(tetA and tetB), sulfonamides (sul1 and sul2), and p-lactams (bla genes) [65]. Integron
is a genetic element that captures and expresses genes, especially those encoding
antibiotic resistance, through site-specific recombination. IncF plasmids have a large
capacity to carry antibiotic resistant genes such as blaCTX-M (encoding -lactamase)
and other resistant genes. This plasmid is often associated with multidrug resistance.
IncI1-Iy and IncX plasmids are frequently found in E. coli of avian origin and are
associated with resistant genes such as mcr-1, which confers resistance to colistin,
an antibiotic of last resort for serious infections in humans [65, 66]. IncK plasmids
are common in E. coli associated with poultry and often carry genes such as blaTEM
and blaSHV. IncHI2 plasmids are commonly associated with resistance genes that
confer resistance to various classes of antibiotics, including aminoglycosides and
p-lactams. Integrons are genetic elements that capture and express genes, particularly
those encoding antibiotic resistance, through site-specific recombination [67]. Class
1 integrons are commonly found in avian pathogenic E. coli and are associated with
resistance to various antibiotics [68]. These integrons have conserved segments
flanking variable regions that can incorporate various gene cassettes and increase the
adaptability of bacteria to antimicrobial stress [69].

ARGs can be mobilized through the interaction of several MGEs of different types.
Elements with intracellular transposition, such as IS and Tn, can mobilize new genes
and transport them to conjugative/transposons and plasmids can be mobilized [13].
MGE:s can affect the expression and/or mobility of nearby genes through various
mechanisms. Through the formation of composite transposons (ComTn), IS, which
lack accessory genes, can transpose multiple ARGs as a unit in the cell. Some common
IS found in poultry are ISEc1 and IS609. Tn2 transposons are most involved in poultry
and are often found on IncX1, Incll-I(gamma), and IncFIC(FII) plasmids. Tn2 is
reported to carry the blaTEM-11 gene in E. coli transposon units [70]. In addition,
most of the ARGs carried by MGE are from the class of p-lactams especially bla-
TEM-1, and p-lactamases are mostly carried by transposons. In addition, MGEs such
as IS26, ISVsa3, and Tn2 are associated with many ARGs. 1S26 also plays an important
role in the spread of resistance determinants in Gram-negative bacteria [13, 71]. ARGs
such as blaTEM, including genes encoding extended-spectrum f-lactamases (ESBLs),
are widely found in Tn1, Tn2, and Tn310 transposons [70].

The widespread presence of ARGs in poultry and their environments poses
significant public health risks, primarily through the zoonotic transmission of
resistant bacteria to humans. This can lead to the reduced effectiveness of critical
antibiotics, such as beta-lactams and fluoroquinolones, in treating human infections.
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Additionally, environmental contamination by poultry farming serves as a reservoir
for ARGs, facilitating their spread across microbial communities. The disparity
between developing and developed countries underscores the need for global action,
including antibiotic stewardship, improved agricultural practices, and robust waste
management systems, to combat the public health crisis posed by antimicrobial
resistance.

3. Pigs, slaughterhouses, and associated environments

Among livestock species, pigs are particularly notable for their higher potential to
harbor and disseminate AMR compared to other livestock such as cattle or poultry.
This elevated risk is attributed to intensive farming practices, the routine use of
antimicrobials in pig production, and their proximity to humans in farming opera-
tions. Furthermore, pigs often serve as intermediate hosts facilitating the exchange of
resistant pathogens and ARGs between humans and the environment.

Studies indicate that tetracycline, ampicillin, chloramphenicol, and streptomycin
are the most commonly identified antibiotics to which resistance has developed in
pig isolates [72-76]. Resistance to amoxicillin, ciprofloxacin, sulfamethoxazole-tri-
methoprim, sulfamethoxazole, and erythromycin has also been frequently observed
[74-77]. Nevertheless, susceptibility to meropenem persists, signifying its potential
efficacy against resistant strains [72, 78]. Similarly, in humans interacting with pigs,
including workers in pig slaughterhouses and pig farms, resistance is predominantly
found to tetracycline and chloramphenicol, followed by ampicillin, ceftazidime,
ciprofloxacin, and sulfamethoxazole-trimethoprim [73, 76, 77, 79]. In environ-
mental samples, tetracycline shows the highest levels of resistance, succeeded by
chloramphenicol, ampicillin, and sulfamethoxazole-trimethoprim [77, 80]. Overall,
tetracycline, ampicillin, and chloramphenicol emerge as the most pervasive resistant
antibiotics across the pig-human-environment interface.

The distribution of ARGs further underscores this risk. Among pigs, sul2, sul3,
tetA, tetB, and blaTEM-1B are the most prevalent ARGs [72, 76, 78, 81-85]. In humans
interacting with pigs, ARGs demonstrate greater variability, with blaCTX-M, bla-
TEM, sul2, tetA, and tetB frequently identified [76, 79]. It has recently been reported
that the mcr-1 gene encoding colistin resistance and genes encoding tigecycline
resistance such as the plasmid-mediated zezX gene were detected in pigs. This is
particularly worrying as these antibiotics are important antibiotics of last resort for
the treatment of human infections, limiting antibiotic options. Environmental ARGs
often mirror those found in pigs, underscoring the bidirectional transfer potential
through shared ecological reservoirs [7, 86].

There are various ARGs that have been identified in various countries around
the world with variations in diversity and abundance. The pig farming industry
in Asian countries reported that the dominant genes encoding p-lactams are
blaCTX-M-14, blaCTX-M-15, blaCTX-M-55, blaTEM-1B, blaTEM, blaSHV, and
blaOXA [84, 87-90]. In addition, ARGs from other antibiotics were detected
including the dominant genes aadA1 (>65.0%), qnrS1 (>67.0%), sull, sul2, sul3
(50.0%), aph(3')-Ia, aph(6')-Id (>48.0%), qnrA (>34.0%), and tetA (22.0%)

[84, 87, 88, 90, 91]. It has been reported that gnr and blaCTX-M genes exist on the
same plasmid. This could potentially contribute to the diversification of the gnr
gene in Asian countries [88, 92]. In addition, the mcr-1 gene was found (>41.0%)
encoding colistin resistance which is the final and important antibiotic of choice for
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humans [90, 93]. African countries detected ARGs with high prevalence, such as
qnrS1 (82.0%), sul2 (75.0%), and gnrB (10.0%) genes [49, 94]. This is attributed to
the widespread use of fluoroquinolone and sulfonamides in the pig farming industry
and the absence of antibiotic regulations for pigs especially in Nigeria. The blaCTX-M
gene was also detected [94].

ARGs detected in North and South American countries with high prevalence in
pigs include tetA (73.0%), aad A1 (60.0%), sul2 (42.9%), and aph(6)-1d (28.6%)
genes [37-39]. Genes encoding p-lactams such as blaCTX-M were also detected
[20, 86]. However, in some countries such as Chile and Mexico, E. coli containing
blaTEM and blaSHV genes were reported [37, 38, 57]. European countries reported
ARGs with high prevalence including tetA (>27.0%), sull (57.1%), sul2 (44.4%), dfrA5
(63.6%), and aadA1 (>43.0%) genes [60, 62, 95]. A high proportion of genes encod-
ing p-lactams were also detected, such as blaCTX-M-1 and blaCTX-M-15. These genes
are the most common genes found in farm animals in Europe. The blaTEM gene was
also detected mainly in Greece and the blaSHV gene was detected in Latvia [96, 97].

Pig slaughterhouses are a critical point in the pork production chain where
antimicrobial-resistant E. coli can proliferate and potentially enter the human food
supply. There are various ARGs that have been detected in pig slaughterhouses.

The predominant ARGs found in pig slaughterhouses including waste generated
especially in Germany include tetA, tetB, sul2, sull, sul3, qgnrS1, blaCTX-M-1, blaEC,
blaTEM-1, blaCTX-M-15, blaOXA-1, emrD, emrD, aadA1, aadA2, mphA, dfrA17,

and catB3 [98, 99]. A study has reported a high prevalence of ARGs (strA, sull, qnrA,
tetA, blaampC, blaTEM) in E. coli from pig slaughterhouses (floor, waste, meat, and
feces) in Vietnam [100]. ARGs found in pig slaughterhouses have the potential to
contaminate pig carcasses and meat and can pollute the environment through waste.
ST597 Predominant in pork samples, ST597 has been reported as an enteric foodborne
pathogen in humans, indicating potential cross-contamination during slaughter [101].

There are various MGEs involved in the spread of swine-associated ARGs.
Plasmid-mediated resistance further exacerbates AMR dissemination. In pig isolates,
IncFIB plasmids are most commonly detected, followed by IncFII, Col156, Col440I,
and IncB/O/K/Z plasmids [78, 82]. In addition, IncFrep and IncFIB plasmids are com-
mon in E. coli from pigs as well as other farm animals and humans. These plasmids
often carry multiple resistance genes [101]. These plasmids serve as vectors for hori-
zontal gene transfer, enabling ARG mobility across bacterial populations and ampli-
fying AMR risks. Class 1 integrons are commonly associated with multidrug-resistant
E. coli in pigs. Class 1 integrons play a significant role in capturing and disseminating
ARGs among E. coli populations. Class 1 integrons are the most common in pig-
associated E. coli, containing sull, aadA, and dfrA genes. Tn3 and Tn21 transposons
are commonly involved in the spread of pig-associated ARGs [70]. Common E. coli
sequence types (STs) associated with pigs include ST10 and ST101. These STs were
commonly identified among isolates from pig farms, pig slaughterhouses, and terminal
markets in Henan Province, China, carrying several ARGs, including mcr-1 and
blaNDM-1 [102].

From a public health perspective, the elevated risk of AMR dissemination associ-
ated with pigs necessitates targeted interventions. The predominance of tetracycline,
ampicillin, and chloramphenicol resistance highlights the critical need for integrated
surveillance and control strategies under the One Health framework. Coordinated
efforts should prioritize reducing antimicrobial usage in pig farming, implementing
biosecurity measures, and enhancing cross-sectoral collaboration to mitigate the
public health impact of AMR.
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4. Cattle, slaughterhouses, and associated environments

Cattle and slaughterhouses provide a critical interface for the spread of AMR,
as these settings often harbor diverse E. coli strains resistant to multiple antibiotics.
Studies reveal that integrons, plasmids, and transposons play a pivotal role in the
horizontal gene transfer (HGT) of ARGs [103]. E. coli is not only a commensal organ-
ism in cattle, but can act as a reservoir for antimicrobial resistance genes (ARGs).
The emergence and spread of AMR in E. coli is influenced by the overuse and misuse
of antimicrobials in livestock production, although in general antibiotic use in cattle
is lower than in poultry and pigs [104]. Several countries in five continents have
reported that, E. coli isolated from cattle have been resistant to several antibiotics
with a high percentage (>60.0%), to ampicillin, tetracycline, cefepime, cefotaxime,
and gentamicin [62, 95, 105].

Many studies have identified ARGs in E. coli sourced from cattle. Genes
encoding resistance to very important antimicrobials, such as p- lactams, ami-
noglycosides, tetracyclines, fluoroquinolones, sulphonamides, and chloram-
phenicol have been frequently reported. The blaCTX-M group is one of the most
common extended-spectrum p-lactamase (ESBL) genes detected. As in Asia,
blaCTX-M-1, blaCTX-M-15, and blaCTX-M-9 were found in cattle from South
Korea and Pakistan, while blaTEM genes were detected in Pakistan, Malaysia,
and China [42, 47, 106]. The blaCTX-M-15 and blaCTX-M-14 genes are the most
abundant CTX-M-type B-lactamases among ESBL-E. coli strains isolated from
cattle [106, 107]. The emergence of the blaCTX-M-15 gene has caused controversy
worldwide and is associated with MDR strains in Africa. The blaCTX-M-15 gene
is the dominant gene among ESBL-E. coli strains isolated from humans [94-108]
and is frequently found in livestock worldwide. In addition, genes such as tetA,
tetB (tetracycline resistance) [109, 110], aadA, and strA/strB (aminoglycoside
resistance) are also dominant in cattle [110].

E. coli isolated from cattle in several countries in Africa are dominated by
ARGs encoding fluoroquinolone resistance, namely, gnrS1 (>77.0%) as well as
other genes such as szrB (>80.0%) and sul2 (>70.0%) [49, 94, 108], while in North
American countries such as the United States and Mexico, they are dominated by
ARGs encoding tetracycline resistance, namely tetA (>70.0%) and other genes
such as strB (100.0%), aadA1 (60.0%), and gnrB (>40.0%) [37, 38, 111]. The
dominant ARGs detected in E. coli from cattle in European countries such as
Spain, Greece, France, Germany, and the Netherlands include tetA (>70.0%), sul2
(>80.0%), and aadA1 (>40.0%) [60, 62, 95, 112]. The cattle industry in Asian
countries, such as Pakistan, is showing increasing resistance to colistin, which is
derived from the mcr-1 gene (37.8%). This antibiotic is considered as a last resort
in the treatment of infections caused by MDR bacteria; however, its deliberate use
in cattle leads to resistance [47].

Multidrug resistance (MDR) in E. coli has been reported to be higher in calves
especially in calves around 2 weeks old compared to adults [113]. TetA, blaTEM-1B,
sul2, aadA1, and aph(6)-Id genes are frequently detected ARGs in calves especially in
European countries [70]. The increase of AMR in calves is influenced by the develop-
ment of the gut microbiome where early exposure to the environment, antibiotic
therapy, dietary changes, and other factors collectively contribute to the rapid estab-
lishment of bovine resistome [114-116]. A study showed cases of resistant bacteria
in calves were not related to antibiotic exposure and calves had a diversity of AMR
influences from parents derived from acquired resistomes [117, 118].
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Not only do slaughterhouses play an important role in the meat production chain,
but they can also serve as breeding grounds for antimicrobial-resistant E. coli due
to the convergence of animal, human, and environmental microbiota. Improper
handling of animal carcasses and contaminated water and waste management in
slaughterhouses can facilitate the spread of ARGs. The dominant resistance genes
detected in abattoirs and their environment are genes encoding tetracycline resistance
(tetA, tetB, and tetC), genes encoding aminoglycoside resistance (strA, strB, aadA,
and aadA1), genes encoding p-lactam resistance (blaTEM, blaTEM-1B, blaCTX-
M-15, blaCTX-M-14, and blaSHV), and genes encoding sulfonamide resistance (sul1)
[119-123]. In addition, the plasmid-mediated fluoroquinolone-resistant gene gnrS1
and the third-generation cephalosporin-resistant gene blaCMY-2 were also reportedly
detected [122, 123], and these are important antibiotics for treatment in humans. The
emergence of colistin resistance mediated by the mcr-1 gene has been widely reported
to be detected in slaughterhouse environments. The presence of this gene on conjuga-
tive plasmids allows rapid spread between bacterial species [124].

MGE, including plasmids, transposons, and integrons, play a major role in the
spread of ARGs. IncF and Incl plasmids are commonly associated with ESBL gene
carriers in E. coli isolates from cattle [125]. Class 1 integrons, which can capture and
express gene cassettes, are frequently found in MDR E. coli and often carry ARGs
against resistance of various classes of antimicrobials [126]. Transposons such as Tn3
and Tn21 have been reported to be involved in blaCTX-M gene mobility, Tn2 transpo-
sons are commonly involved in blaTEM-1 mobilization, and Tn1721 is involved in tetA
mobilization. MGE facilitates the transmission of ARGs across bacterial species and
genera, which may complicate AMR control [70].

ARGs in E. coli sourced from cattle farms can be transmitted to humans and other
animals through direct contact, through the food chain such as meat, milk, and dairy
products, and through the environment. Several studies reported that various ARGs
from various antibiotic classes have been detected in beef with frequently detected
ARGs including: blaCTX-M-15, blaCTX-M-1 blaTEM-1, blaCTX-M-14, and blaCTX-
M-55 (p-lactams); tetA and tetB (tetracyclines); gnrS1 (quinolone), strB (aph(6)-

Id), strA (aph(3)-1b), and aadA (aminoglycoside); sul2 (sulfonamide); and mdfA
(macrolide) [119, 123, 127]. Fresh milk and raw milk cheese have also been reported
to have ARGs including the following dominant ones: strA, strB (aminoglycosides);
sul2 (sulfonamides); aphA1 (kanamycin); blaTEM, blaCTX-M (B-lactams); tetA and
tetB (tetracyclines) [128]. In addition, poorly handled cattle farm and slaughterhouse
waste and the use of untreated cattle farm waste as fertilizer can lead to the spread

of ARGs into soil and water systems. A study has reported that ARG from compos-
ted cattle manure can contaminate agricultural soil and persist for at least 7 days.

The study detected ARGs in soil and compost derived from cow manure including
blaCTX-M-2, blaTEM, aadA2, dfrA12, and sull [129].

5. Sheep and goats, slaughterhouses, and associated environments

Antimicrobial resistance in E. coli isolated from goats and sheep has been reported
in various countries around the world although the incidence rate is lower than
in poultry, pigs, and cattle. Tetracycline, ampicillin, sulfamethoxazole and trim-
ethoprim, streptomycin, gentamicin, and ceftazidime are the dominant antimicrobial
resistance in goats and sheep in various countries around the world with a resistance
ratio of >70% [38, 95, 112].
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Antimicrobial-resistant E. coli can carry various types of MGE-transferable ARGs
such as plasmids, transposons, integrons, and integrative and conjugative elements
(ICE), which facilitate the horizontal transfer of resistance genes among bacterial
populations. This has led to the widespread spread of antimicrobial-resistant bac-
teria that potentially threaten human and animal health [130]. Several studies have
reported ARGs encoding resistance to various types of antimicrobials detected in
E. coli from goats and sheep, although research in this regard is still limited. ARGs
encoding resistance to antimicrobials that are frequently reported in various countries
around the world, especially the highest incidence rate, are tetracyclines, p-lactams,
aminoglycosides, sulphonamides, fluoroquinolones, and florfenicol [38, 94, 131].

Asian countries such as Pakistan and China reported ARGs encoding p-lactam
resistance such as blaCTX-M-1, blaCTX-M-15, blaCTX-M-55, blaCTX M-9, blaTEM-1,
blaOXA-1, and blaSHYV. In addition, ARGs from other antibiotics were also detected,
including aph (6)-1d (45.0%), tetA (42.0%), and sul2 (43.2%), and a small propor-
tion of ESBL-E. coli strains had the mcr-1 gene (74%) [47, 132, 133]. Countries in
Africa, reported several ARGs encoding resistance to f-lactams including blaCTX-M-1,
blaCTX-M-15, blaTEM-1, as well as ARGs from other antibiotics such as st»B (70.0%),
sul2 (70.0%), and qnrS1 (60.0%) [94, 134]. The tetA (73.3%) and aadA1 (60.0%) genes
showed a higher prevalence in the Americas. ARGs from other antibiotics that have
been reported in the US, namely from p-lactams only detect blaCTX-M and fluoroqui-
nolones only detect gnrB [38]. The genestetA (>51.0%), tetB (29.1%), sull (42.9%), sul2
(81.6%), sul3 (24.5%), aac(6’)Ib-cr, blaCTX-M variants (blaCTX-M-14, blaCTX-M-15,
and blaCTX-M-32), blaTEM, blaSHV-12, and blaOX A-1 were reportedly detected in
European countries, such as Spain and Portugal [59, 112, 132]. The detection of the
sul3 gene in sheep was surprising as it is very rarely detected in animals. In addition,
the detection of the mcr-1 gene in sheep, which encodes colistin resistance and is an
important antibiotic of last resort for humans, was particularly worrying [133].

A study reported that the prevalence of antibiotic resistance in goat kids was
higher than in adult goats, and some goats were even resistant to unused antibiotics.
In addition, the proportion of resistance was higher in goats collected near handling
facilities compared to those grazed on pasture. Most detected ARGs encoding resis-
tance to tetracycline (tezB), streptomycin (aadA, strpA, and strpB), and ampicillin
(blaTEM). This suggests that goats grazed with minimal exposure to antibiotics can
become a reservoir of antibiotic-resistant E. coli that can contaminate the environ-
ment and food chain and spread ARGs to pathogenic bacteria in animals and humans.
The grazing environment can also act as a source of transmission of antibiotic-resis-
tant E. coli to grazed goats [135].

The slaughterhouse environment serves as a critical point for the potential spread
of antibiotic-resistant E. coli strains from animals to humans and can contaminate
the environment through the waste generated. Studies related to E. coli ARGs from
slaughterhouse for goats and sheep are limited. A study showed that strpA and strpB
genes encoding streptomycin resistance and dfrA17 gene encoding trimethoprim
resistance have been detected in sheep slaughterhouse [136].

Recent studies have reported varying prevalence rates of antibiotic-resistant E.
coli in sheep and goat meat in different countries [38, 112]. A study in Brazil detected
MDR E. coli strains in sheep meat with dominant ARGs such as blaCTX-M-8 and
blaCTX-M-2 carried by IncI1 and IncHI2 plasmids, respectively. These plasmids are
the main and common plasmids responsible for extended-spectrum cephalosporin
(ESC) resistance and contain ESBL genes in Enterobacteriaceae in food of animal
origin [137].
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Sheep farm and slaughterhouse waste can act as a reservoir for ARGs, facilitating
their spread into the environment. A 2023 study from Iraq found that slaughterhouse
waste contained various ARGs, including those for tetracycline resistance (tetO and
tetK) and MGE like transposon Tn3, detected in 80% of samples. These elements can
transfer ARGs between bacteria, promoting the dissemination of resistance [138].

Studies have identified specific sequence types (STs) of E. coli associated with
antimicrobial resistance in small ruminants. For instance, sequence type ST131, a
globally disseminated clone linked to multidrug resistance and high virulence, has
been detected in strains from both goats and sheep. Other prevalent STs include
ST10, ST23, and ST58, which are associated with resistance to multiple antibiotic
classes [139].

Research indicates that antimicrobial-resistant E. coli can persist in farming envi-
ronments, potentially spreading through soil, water, and direct contact with animals.
The presence of resistant strains in the environment underscores the importance of
implementing appropriate hygiene practices and controlling the use of antimicrobial
agents to limit the dissemination of multidrug-resistant organisms within the com-
munity [135].

These findings highlight the complex interplay between genetic factors and farm-
ing practices in the emergence and spread of antimicrobial-resistant E. coli in goat and
sheep farming environments. Continuous monitoring and prudent use of antibiotics
are essential to mitigate the risks associated with these resistant strains.

6. Conclusion

The paper highlights the significant role farm animals, slaughterhouses, and their
associated environments play in the emergence and dissemination of antimicrobial-
resistant (AMR) E. coli. Genetic analysis reveals a diverse repertoire of resistance
genes, often located on mobile genetic elements such as plasmids, transposons, and
integrons, which facilitate horizontal gene transfer among bacterial populations. These
genes commonly encode resistance to critically important antimicrobials, including
p-lactams, fluoroquinolones, and aminoglycosides, underscoring the threat to public
health. Various studies have reported that the dominant ARGs found include blaCTX-
M (encoding extended-spectrum B-lactamases), tetA (tetracycline resistance), gnr
(quinolone resistance), and mcr (colistin resistance), which are highly prevalent in
these settings, reflecting widespread selective pressures from antimicrobial use in
animal farming. Plasmids carrying multiple AMR genes, such as IncF and IncI types,
were frequently identified, highlighting their importance as vectors of multidrug
resistance. Integrons, particularly class 1 integrons, were commonly associated with E.
coli strains from farm animals and slaughterhouse environments, further facilitating
the acquisition and horizontal transfer of resistance determinants among bacterial
populations. The paper demonstrates that the interplay between resistance genes and
mobile genetic elements not only amplifies the spread of resistance but also increases
the genetic diversity and resilience of E. coli strains in livestock-associated environ-
ments. This underscores the critical role of these environments as reservoirs and
amplifiers of AMR, with significant implications for both animal and human health.
To combat this threat, enhanced surveillance and monitoring of AMR genes and
mobile genetic elements are imperative, particularly in high-risk environments such
as slaughterhouses. Strategies must focus on reducing antimicrobial use in agriculture,
improving biosecurity measures, and implementing targeted interventions to limit the
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spread of resistance genes. A One Health approach integrating genomic insights with
practical actions is essential to curtail the global burden of antimicrobial resistance.
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Abstract

In this chapter, we will explore and review published data on carbapenemase-
producing Enterobacterales. Since the first published report of Klebsiella pneumoniae
carbapenemase (KPC), other reports of carbapenemase enzymes have been reported
globally and, by extension, from the English-speaking Caribbean. Several enzymes
have been reported since the detection of KPC including oxacillinase (OXA)-48
like carbapenemase, Guiana extended-spectrum (GES) carbapenemase, New Delhi
metallo-beta-lactamase (NDM), Verona integron-encoded metallo-beta-lactamase
(VIM), and others. The ability to detect the carbapenemase enzyme is largely
dependent on available infrastructure. Due to resource limitations, most centres
have to rely on phenotypic tests and often are unable to describe at a molecular
level the nature of the underlying carbapenemase genes. Regardless, in this report,
we will do an extensive review of the literature to see what current reports are of
these enzymes. This review will address the epidemiology and etiology of car-
bapenemase-producing Enterobacterales (CPE), a subset of carbapenem-resistant
Enterobacterales (CRE); detection methods; management; and recommended
treatments of CP-CRE and infection prevention and control (IPC) strategies for
managing CP-CRE. The primary source of information will be through a review of
published literature to date.

Keywords: Enterobacterales, CRE, carbapenem, carbapenem resistant, multidrug
resistant, CPEs, CPE phenotypic detection, carbapenemase, f-lactamase, CPE infection
management, detection of carbapenemase producing organisms
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1. Introduction

Subsequent to the initial published report of Klebsiella pneumoniae carbapenemase
(KPC), other carbapenemase enzymes have been reported globally and, by exten-
sion, from the English-speaking Caribbean [1]. They include oxacillinase (OXA)-48
like carbapenemase, Guiana extended-spectrum (GES) carbapenemase, New Delhi
metallo-beta-lactamase (NDM), Verona integron-encoded metallo-beta-lactamase
(VIM), and others [2]. We will discuss mainly the epidemiology, detection, and treat-
ment of carbapenemases, namely, carbapenem-resistant Enterobacterales (CREs),
with a focus on carbapenemase-producing carbapenem-resistant Enterobacterales
(CP-CREs) due to their significant emerging threat to public health.

2. Carbapenemase-producing Enterobacterales (CPE), a subset of
carbapenem-resistant Enterobacterales (CRE)

CRE are Enterobacterales that are resistant to at least one carbapenem antibiotic or
produce a carbapenemase enzyme [3]. The main mechanisms of resistance employed
by CREs include enzyme production, efflux pumps, and porin mutations, but the
most commonly used mechanism is the production of antibiotic-deactivating enzymes
such as carbapenemases [4]. The most used mechanism of carbapenem resistance in
Enterobacterales is via the production of carbapenemases. This occurs via the produc-
tion of class A (e.g. KPC), B (metallo-p-lactamases like NDM or VIM, among others)
and D carbapenemases (OXA-48 and OXA-48-like) [5]. Importantly, the latter groups
of enzymes are plasmid-mediated, therefore making horizontal transfer easier and
further enabling the spread of carbapenem resistance genes globally [4]. Furthermore,
common organisms that fall within this group are often implicated in both

CRE

Efflux pumps

Non-CP-CRE Porin mutations
AmpC
Other B-hydrolyzing 7
enzymes ESBLs

Figure 1.
Classification of carbapenem vesistant Enterobacterales (carbapenemase-producing (CP) CRE versus non-
carbapenemase-producing (non-CP) CRE). Adapted from [4].
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community- and hospital-acquired serious infections. There has been an alarming
increase in the rate of antimicrobial resistance in organisms found in the group, which
poses a threat to public health globally because of the various health complications
that may occur from the presence of these multidrug-resistant organisms (MDROs).
CRE:s are especially of grave concern when found in immunocompromised or severely
ill patients as it relates to the risk of increased morbidity and or mortality [6]. Thus,
CRE:s are epidemiologically important to the overall health of the population and

are an urgent threat [7]. They are classified into two main types: carbapenemase-
producing carbapenem-resistant Enterobacterales (CP-CRE) and non-carbapenemase
producing carbapenem-resistant Enterobacterales (NCP-CRE). See Figure1 [4].

3. Epidemiology

The issue of antimicrobial resistance is alarming to such an extent that, as indi-
cated by the WHO projections, assuming antimicrobial resistance keeps on expand-
ing, it will become the top reason for death around the world, ahead of cancers,
diabetes, and cardiovascular-related deaths [4]. A new projection proposes that the
present expansion in antimicrobial resistance, pursuing current directions, will lead
to 10 million deaths each year in 2050 and a decrease of 2.0-3.5% of the world gross
domestic product (GDP), which could translate to a loss of 100 trillion [8, 9].

There are certain areas that are known to be high-endemic regions for CP-CRE,
particularly in parts of Asia, including India, Pakistan, China, and Southeast Asian
countries. The most common CP-CRE found is KPC overall, but different regions
may see higher rates of different types of carbapenemases [5, 10]. In high-endemic
regions, there is usually widespread use of antibiotics and poor infection control
practices, among others, which may add selective pressure that fuels the emergence
and spread of CP-CRE strains [10]. Additionally, relatively high rates of CP-CRE have
also been reported in parts of the Middle East, Eastern Europe, and Latin America.
While there has been a paucity of literature on cases in the Caribbean, there have
been reports of CP-CRE in Jamaica, Cuba and Barbados. Thoms-Rodriguez et al. [11]
reported the first detection of NDM and class D carbapenemases and by extension the
English speaking Caribbean.

4. Aetiology CP-CRE

The CP-CRE is of significant public health concern and will be the focus of this
chapter. They are of particular concern due to the difficulty associated with treating
the infection, associated high morbidity and mortality, as well as healthcare costs [9].
Examples of organisms that are CP-CRE are Escherichia coli, Klebsiella spp., or
Enterobacter species in which the isolate is positive for carbapenemase by a phenotypic
method of testing or tested positive via a recognized test for a known carbapenemase
resistance mechanism [12]. Thus, Smith and Kendall [13] stated that with an increas-
ing prevalence of carbapenemase-producing organisms (CPO), there needs to be an
urgent response by all stakeholders including those in pharmaceutical industries to
continue aiming to actively develop new antibiotics as well as effective implementa-
tion and maintenance of stewardship of antibiotics already being utilized.

While acknowledging that organisms can utilize various mechanisms of antibi-
otic resistance, the main mechanism of resistance utilized by gram negative bacilli
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(GNB) including the members of the Enterobacterales is enzyme production and the
CP-CRE are of high importance because of the carbapenemase enzyme they produce
that inactivates beta-lactam antibiotics including carbapenems [4]. Furthermore, the
latter antibiotics are usually the last resort, high-powered antibiotics used to treat
serious, often difficult-to-treat multidrug-resistant infections. Thus, when those
antibiotics are lost due to antimicrobial resistance (AMR), then it creates a major
problem with treating patients due to lack of alternative therapeutics and indirectly
may lead to poorer overall outcomes, including death. Hence, it is important to report
on the incidence or prevalence, etiology, pathophysiology, presentation, differentials,
detection, and management of this serious emerging infection as well as complica-
tions and prognosis for affected patients.

5. Risk factors for CP-CRE infections

Commonly reported risk factors for acquiring CREs are the same for CP-CREs
which include prolonged contact with healthcare facilities such as nursing homes and
hospitals, as well as prior use of broad-spectrum antibiotics, for example, third- and
fourth-generation cephalosporins and carbapenems, intensive care unit (ICU) admis-
sion or mechanical ventilation [10]. Additionally, another study found that patients
who have had intravenous or urinary catheters for a while were also at risk for CRE
infection [14].

6. History and physical examination

According to the CDC [10], as is seen with many types of infection, almost any
anatomical site may become infected by Enterobacterales species, such as the com-
monly implicated urinary tract, especially in patients with comorbid urinary reten-
tion. Additionally, those sites outside of the urinary tract may also become infected
by CREs including the lungs (e.g. ventilator-associated pneumonia), abdomen (e.g.
intra-abdominal sepsis), post-operative surgical sites, and critically at times, may
even involve the bloodstream (e.g. sepsis).

Clinicians should take a history of risk factors in patients that may include age,
underlying comorbidities, drug history of recent antibiotic use, whether they have a
urinary catheter, any previous history of colonization with CRE, hospitalization or
residence in extended-care facilities [13]. Other risk factors may include history of
intensive care unit (ICU) stay, poor functional status, and the use of carbapenems,
cephalosporins, fluoroquinolones, and vancomycin [15]. A positive history for any of
the latter increases a patient’s risk for CRE infections. On physical examination, clini-
cians will need to look for signs of infection or sepsis such as fever, elevated or low
blood pressure, respiratory distress, or identify potential sources of infection such as
wounds or catheters that could possibly be colonized, among others.

7. Pathogenesis

Understanding the pathogenesis of CP-CRE infections is crucial for developing
effective strategies to control transmission and manage these multidrug-resistant
organisms. The main component behind the pathogenesis of CRE is the acquisition of
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CP-CRE. The latter CRE strains acquire resistance to carbapenem antibiotics through
the acquisition of carbapenemase genes that encode enzymes with ability to hydrolyse
carbapenems plus other beta-lactam antibiotics [16]. This type of CRE is of serious
concern because the carbapenemase genes are often borne on mobile genetic ele-
ments, including plasmids, transposons, or integrons, that aid their spread between
various bacterial species and strains [10].

Horizontal gene transfer which is modulated by mobile genetic elements, allows
the dissemination of carbapenemase genes within the Enterobacterales order, thereby
adding to the spread of CP-CRE strains globally [5].

Carbapenemases produced by CP-CRE strains belong to various classes, such
as Ambler class A (e.g., KPC), class B (e.g., NDM), and class D (e.g., OXA-48) and
these enzymes hydrolyse carbapenems and other beta-lactam antibiotics, render-
ing them ineffective against CP-CRE strains [14]. However, besides carbapenemase
production, CP-CRE strains may express other resistance mechanisms, such as altera-
tions in outer membrane permeability, up regulation of efflux pumps, or production
of extended-spectrum beta-lactamases (ESBLs) or AmpC beta-lactamases [13].

Virulence factors may help CP-CRE strains colonize host tissues, evade host
immune defenses, and cause invasive infections, leading to increased morbidity
and mortality even though the primary concern is the presence of carbapenemase
in CRE [3]. Some of these strains may also possess virulence factors that contribute
to their pathogenicity, such as adhesins, toxins, siderophores, and capsule polysac-
charides, which enable bacterial attachment, invasion, immune evasion, and nutrient
acquisition.

8. Detection methods of CP-CREs

The detection of carbapenemase production in Enterobacterales, is vital for
guiding appropriate antimicrobial therapy, infection control practices, and as well as
epidemiological surveillance [17]. Some of the newer antibiotics only work against
specific classes and types of carbapenemases; for example, new beta-lactam inhibitor
ceftazidime/avibactam is active against KPC and OXA-48 producers; meanwhile,
meropenem-varborbactam targets KPCs [18].

Usually, during screening, an organism should be a suspected carbapenemase pro-
ducer if it demonstrates decreased susceptibility to carbapenem antibiotics via either
disc diffusion or quantitative methods in the laboratory [19]. Additionally, Rijal [19]
stated that the Clinical Laboratory Standards Institute (CLSI) guideline further stated
that microorganisms with minimum inhibitory concentrations (MICs) of <1 pg/

ml for meropenem or imipenem and MICs of <0.5 pg/ml for ertapenem should be
designated as carbapenem-resistant isolates.

There are many laboratory methods employed for CRE detection, including phe-
notypic and/or genotypic test methods, each with its own advantages, challenges, and
limitations. Thus, some of the commonly used methods, along with the associated
drawbacks and limitations, including the occurrence of false positives and negatives,
will be discussed.

8.1 Modified Hodge Test (MHT)

This test was widely used for screening. It is a phenotypic test that detects car-
bapenemase production by inoculating a carbapenem-susceptible indicator strain, for
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example E. coli ATCC 25229 in a line that goes away from a meropenem or ertapenem
disc, with the test organism and controls on agar plates (see Figure 2 [20]). The MHT
principle is based on the ability of carbapenemase-producing organisms to decrease
the local concentration of carbapenem antibiotics, which allows the carbapenem-
susceptible E. coli to grow without inhibition around the streak line close to the
carbapenem disk, thus producing a characteristic cloverleaf shape in the agar [19].
However, MHT lacks specificity and sensitivity, and interpretation can be subjective
which results in it no longer being recommended by the latest Clinical Laboratory
Standards Institute (CLSI) guidelines.

8.2 Carba NP® Test

This test identifies the hydrolysis of carbapenems (imipenem and meropenem)
by carbapenemases, which results in a pH change sensed by a pH indicator within the
mixture in roughly 2 hours (see Figure 2). Furthermore, imipenem hydrolysis brings
about a carboxylic derivative, which thus diminishes the pH, creating a resultant color
shift of a phenol red indicator from red to yellow color [19]. The Carba NP® has high
sensitivity and specificity, but it needs special reagents and expertise to conduct the
test [19, 21].

8.3 Carbapenem inactivation method
This is another test used to detect carbapenemases, but it has to be incubated over-

night for up to 18 hours (see Figure 2). The test principle for the modified carbape-
nem inactivation method (mCIM) is that when a 10-ug meropenem (MEM) disk is

Modified Hodge Test Lateral Flow Immunoassay

A. A lawn of carbapenem susceptible E. coli ATCC 25922 J.
— ' CARBA
Zone of inhibition of £. coli ATCC 25922 by ertapenem /___/
Indentation of E. coli ATCC 25922 growth (clover leaf appearance)
around the streak line of the carbapenemase-producing

K. pneumoniae ATCC BAA-1705. :
Carba NP and variants o —
B. : . ; E. ' —— KPC
. L - 1 Oxhasike
p= w4
r‘z
Modified Carbapenem Inactivation Method (mCIM) & EDTA- mCIM (eCIM) = ’

| - G.

H' - |
Figure 2.
Carbapenemase tests in use. Image adopted from [20].
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incubated in an aqueous suspension of a microorganism producing carbapenemases,
the carbapenemase produced will degrade the carbapenem in the disk making a
susceptible E. coli ATCC 25229 strain become less susceptible with a zone of inhibition
that is less than 19 mm. A zone of inhibition greater than or equal to 19 is a negative
test result for the mCIM. The mCIM is the test currently endorsed by the CLSI for the
detection of carbapenemases in the Enterobacterales [22].

The eCIM is the ethylenediaminetetraacetic acid (EDTA)-modified carbapenem
inactivation method used for the detection of class B carbapenemases. It can only be
read if there is a valid and positive mCIM [22]. In this test, a parallel test similar to
the mCIM is set up, but for the eCIM, the solution is supplemented with EDTA, an
inhibitor of class B beta-lactamases (metallo-beta-lactamases). If the carbapenemase
present is a metallo-beta-lactamase when the EDTA is added, the enzyme will be
inhibited. There will be an increase in the zone of inhibition obtained from the mCIM
that should be greater than or equal to 5 mm when the test is positive. If this test is
negative, it can be deduced that the carbapenemase present is a serine carbapenemase
(class A or D carbapenemases).

9. Lateral flow immunoassay

Lateral flow immunoassays (LFIAs) are antibody-based tests used to identify car-
bapenemase production (See Figure 2). Many LFI1As have been recently produced but
usually enable the detection of one or more of the very epidemiologically significant
carbapenemases such as KPC, NDM, VIM, IMP, and OXA-48-like carbapenemases
commonly implicated with AMR in MDRO. The advantages of these assays include
short turnaround time (in 15 minutes) and accurate results [19].

9.1 Matrix assisted laser desorption ionization-time of flight (MALDI-TOF)

Changes in the molecular weights of carbapenems that occur after hydrolysis and
can be detected by MALDI-TOF and then extrapolated to identify whether CRE is a
CP-CRE or NCP-CRE [13]. Furthermore, the latter method has been shown to have
98.9% and 97.1% sensitivity and specificity, respectively [13]. Additionally, high cost,
limited access to MALDI-TOF devices and newness of the methodology are some
important barriers to wider utilization. Two different approaches are considered,
namely, the hydrolysis approach, which identifies carbapenem by-products upon
bacterial protein extracts incubation with a carbapenem substrate [19]. On the other
hand, the plasmid-associated peak approach involves the identification of already-
known carbapenemase-bearing plasmid-associated protein peaks [19].

Challenges and limitations of carbapenemase detection include a wide diversity
of carbapenemases, with false positive and negative results occurring with some tests
like MHT and molecular assays.

9.2 Molecular methods: Polymerase Chain Reaction (PCR)

PCR assays can target specific carbapenemase genes, such as blaKPC, blaNDM,
blaIMP, blaVIM, and blaOXA, allowing for rapid and specific detection. However,
PCR may miss novel or rare carbapenemase genes if not included in the assay panel.
There can also be whole genome sequencing of the carbapenemases. The important
drawback with PCR is that it can be costly and if the quality control organisms that
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are tested with each run or batch does not give expected results then the entire batch
of samples tested cannot be validated or verified [23].

9.3 Differentials diagnosis of CRE

Possible etiology of carbapenem antibiotic resistance are carbapenemase produc-
tion, decreased expression of porin channels or increased activity by efflux pumps [13].

10. Management and recommended treatments of CP-CRE

The management of CP-CRE or any multidrug-resistant organism requires an
integrated approach involving members of the healthcare team. The management of
MDRO infections should begin from the first contact point of patients within health-
care facilities. This usually involves the active surveillance or screening for MDRO
including CP-CRE in suspected patients if they have a history suggestive of the same.
Another important aspect of management of CP-CREs or other types of multidrug
resistant infections includes infection prevention and control and antimicrobial stew-
ardship. The latter involves the work to measure and further develop how antibiotics
are prescribed by clinicians and thus utilized by patients [7].

Furthermore, guidance and control are given on the use of antimicrobials, espe-
cially the fluoroquinolones and carbapenems that are usually reserved for serious
infections and that, due to increasing antimicrobial resistance prevalence, are being
threatened to lose their effectiveness. Smith and Kendall [13] further elaborated on
the need to maintain stellar antimicrobial stewardship practices because it is critically
important to aid in decreasing the rates of CRE prevalence within communities. Thus,
the overall goal of any good antimicrobial stewardship (AMS) programme should aim
to improve antibiotic prescribing practices and to adequately treat infections, safe-
guard patients against side effects caused by the unwarranted use of antibiotics, and
fight the antibiotic resistance threat [7].

However, AMS is a lot more involved and includes surveillance and monitoring
of local and international trends in antibiograms for important microorganisms
and making adjustments to treatment recommendations based on new research as
outlined by standard guidelines, all in an attempt to help clinicians provide the most
appropriate treatment options to patients thereby, decreasing the risk of morbidity
and mortality associated with inappropriate antimicrobial usage.

While AMS program components may vary based on the setting, the core compo-
nents of the hospital’s programme should include some critical elements, according to
the Ref. [7]; see Figure 3. Additionally, the first component is a need for commitment
from hospital leadership, such as human capital and financial support, among others.
Secondly, there should be accountability that can be done through the appointment
of aleader, such as a physician, often a microbiologist or infectious disease expert
and clinical pharmacist who should be responsible for managing the Programme and
evaluating outcomes [7]. Thirdly, the presence of pharmacy experts who can serve
as the coleader of the stewardship program [7]. Fourthly, action should be taken to
implement interventions agreed upon such as preauthorization to enhance appropri-
ate antibiotic use [7]. Fifthly, tracking must be done to evaluate antibiotic prescribing
as well as impact of implemented corrective actions, among other outcomes [7].
Additionally, adequate reporting of information on antibiotic utilization and resis-
tance patterns to stakeholders should be another component. Lastly, there should be
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Core Elements of Hospital Antibiotic Stewardship Programs
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Figure 3.
Core elements of hospital antibiotic stewardship. Adapted from [7].

ongoing education of key stakeholders such as persons prescribing antimicrobials,
pharmacists, nurses, staff, as well as patients about various important topics such as
adverse side effects from antibiotics, antibiotic resistance as well as good prescribing
practices [7].

The prompt detection and aggressive implementation of infection prevention
and control strategies are critical to help stop further spread of CP-CRE, such as
emergence of novel CP-CREs [12]. Furthermore, the latter strategy needs to be keenly
aware of the existing incidence or prevalence of CP-CRE in the areas of interest. The
treatment of CP-CRE infections will differ based on the type of carbapenemase being
produced by the CRE or CP-CRE, site of infection site, pathogen type isolated, resis-
tance profile, as well as native resistances which may be species-specific; hence, it is
critical to have knowledge of the same which can be provided from different standard
phenotypic and or molecular testing methods available [13].

According to IDSA-guidelines, 2023 and 2024 for treatment of carbapenem-resis-
tant infections, CRE treatment has been divided into two categories, namely infec-
tions of the urinary tract (uncomplicated cystitis versus pyelonephritis/complicated)
and those infections outside of the urinary tract, which are further subdivided on the
basis of whether a carbapenemase is present or not in the microorganism causing the
infection [24].

For the treatment of uncomplicated urinary tract infection with CRE, the pre-
ferred treatments are nitrofurantoin, sulfamethoxazole and trimethoprim, cipro-
floxacin, or levofloxacin are indicated as the preferred treatment. Tamma et al. [24]
also stated that a single dose of an aminoglycoside, oral fosfomycin (for E. coli only),
colistin, ceftazidime-avibactam, meropenem-vaborbactam, imipenem-cilastatin-
relebactam, and cefiderocol were listed as suitable therapeutic alternatives.

For the treatment of complicated urinary tract infection, or pyelonephritis caused
by CREs, sulfamethoxazole and trimethoprim, ciprofloxacin, or levofloxacin are the
preferred treatment. However, ceftazidime-avibactam, meropenem-vaborbactam,
imipenem-cilastatin-relebactam, and cefiderocol are also listed as some preferred
options for therapy.

Treatment of CP-CREs infections that are outside of the urinary tract with
class A (including KPC, GES, and IMI) enzymes includes the use of agents like
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meropenem-vaborbactam, ceftazidime-avibactam, and imipenem-cilastatin-
relebactam as the preferred therapy however cefiderocol can also be an additional an
option [13, 24]. On the other hand, if class B (e.g. VIM, IMP, and NDM) enzymes are
present, then ceftazidime-avibactam must be used in combination with aztreonam,
or cefiderocol can be used as monotherapy. Furthermore, if the CP-CRE infection is
outside the bloodstream then tigecycline and eravacycline are additional options that
can be used for treatment [13, 24].

As part of the management of CP-CRE, a patient who has been screened or tested
positive by an appropriately recommended testing method should be isolated, and
special IPC measures should be implemented to prevent further infection to others or
an outbreak [13].

11. IPC strategies for managing CP-CRE

The implementation of effective infection prevention and control (IPC) strate-
gies is essential for preventing and controlling the spread of CP-CRE in healthcare
settings. Outlined herein are some very important IPC strategies [10, 25]:

1. Surveillance and screening: active surveillance programmes should be instituted
to detect CP-CRE carriers and cases quickly, as well as do targeted screening of
high-risk patients, including those with recent healthcare exposures or travel to
endemic areas.

2. Contact precautions: this should involve the placement of patients known or sus-
pected to be colonized or infected with CP-CRE on contact precautions inclusive
of the use of isolation and personal protective equipment (PPE) such as the
use of mask (if aerosol risk) gloves and gowns by the healthcare team, as well
as, strict enforcement of hand hygiene protocols before and after contact with
patients, and adequate signage to help prevent spread.

3. Environmental cleaning and disinfection: There should be thorough cleaning and
disinfection with Environmental Protection Agency (EPA) approved solution
with efficacy against MDROs on environmental surfaces, medical equipment,
and patient care items where single-use equipment is not used to reduce the risk
of CP-CRE transmission.

4. Cohorting and isolation: Cohorting patients with colonization/infections or
grouping them in designated areas to prevent cross-contamination should
be a consideration as well as isolation precautions, including single-room
isolation.

5. Antibiotic stewardship: to optimize antibiotic use, prevent unnecessary carbape-
nem exposure, and reduce selective pressure for CP-CRE, along with support-
ing culture-directed therapy and de-escalation of broad-spectrum antibiotics
whenever possible, should be done.

6. Education and training: the facilitation of comprehensive education and training
for healthcare personnel on CP-CRE prevention, such as correct IPC practices,
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hand hygiene, and the right use of personal protective equipment (PPE), is im-
portant to be done.

7. Patient and visitor education: where possible, patients and visitors should be
educated about CP-CRE transmission features, hand hygiene protocols, and
adherence to overall infection control measures to be followed, as well as enforce
compliance regarding visitor restrictions and screening protocols for individuals
who have known risk factors for CP-CRE.

8. Antimicrobial resistance surveillance: this involves participation in regional,
national, and international antimicrobial resistance surveillance networks to
monitor trends in CP-CRE prevalence and resistance patterns. Share surveillance
data and collaborate with other healthcare facilities to implement coordinated
response efforts.

9. Environmental modifications: these modifications may include engineering
controls, such as improvement to ventilation systems and dedicated patient care
areas, to decrease the risk of CP-CRE transmission in healthcare facilities.

10. Research and innovation: support for research activities targeting developing nov-
el IPC strategies; the provision of diagnostic tools and therapeutics for CP-CRE
prevention and control are very important measures in the fight against AMR.

12. Complications and prognosis of CP-CRE

The most severe complications that may result from CRE infections, especially
those that are CP-CRE are severe disease courses that unfortunately may lead to
death because of the AMR prevalence in those isolates that are often quite difficult
to treat [13]. Another potential complicating factor may include delays in diagnosis
of CRE infections and, hence, delayed initiation of appropriate treatment as well as
challenges associated with drug efficacy and availability due to AMR. There is also
the potential risk that even newly available drugs to treat CP-CRE may eventually
become no longer effective due to AMR in the microorganisms, creating further
treatment and outcome dilemmas for clinicians as well as patients. Usually prompted
resistance systems in CRE to other dynamic antimicrobials incorporate aminogly-
cosides, fosfomycin, and beta-lactam-beta lactamase inhibitors (BLBLI). Getting
a solitary point mutation in the 16S rRNA methyltransferase prompts resistance of
all aminoglycosides [26]. This mutation can occur de novo or with other resistance
mechanisms and is ideally studied in NDM carbapenemase-producing CRE; however,
it can also be present in many other carbapenemase producers [27].

According to Smith and Kendall [13], ceftazidime-avibactam is commonly used
for OXA-48 and KPC CRE; however, when resistance occurs among those isolates,
mutations in blaOxa48 and blaKPC induce resistance in each, causing further treat-
ment challenges.

In general, the prognosis of CP-CRE infections is dependent on the severity as well
as the availability of and the cost of appropriate antimicrobials because the newer
antimicrobials that are more effective against CP-CRE are generally expensive with
limited availability.
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13. Conclusion

The emergence of AMR has become a global threat, and CP-CRE is of particular
concern because it can spread quickly via mobile genetic elements. The infections of
CP-CRE are often hard to treat and are associated with high mortality and morbidity,
given that few new effective antibiotics are available. Hence, infection, prevention
and control strategies including AMS Programmes aimed at monitoring CP-CRE and
AMR in general, require the use of a ‘one health approach’ and partnerships between
various stakeholders and support of activities to develop novel antimicrobials. This
is critical for preventing our being reverted to the pre-antibiotic era, where mortality
from infectious disease becomes extremely high.
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Abstract

Carbapenem resistance in Klebsiella pneumoniae is a growing public health con-
cern, with loss or deficiency of outer membrane porins (OMPs) and p-lactamases pro-
duction, including extended-spectrum-f-lactamase (ESBL) and cephalosporinases,
playing a significant role. K. pneumoniae is often found in urinary tract infections,
pneumonia, and severe bacteremia, playing a significant role in hospital-acquired
infections worldwide. The emergence of ESBL-producing K. pneumoniae is closely
related to the overuse of expanded-spectrum cephalosporins, a critical factor in its
rise. Carbapenems were once the last resort against multidrug-resistant strains pro-
ducing ESBLs. However, their overuse and misuse have led to resistance mechanisms
emerging. This has resulted in carbapenem-resistant Enterobacteriaceae becoming a
major public health concern, with limited treatment options, fast transmission, and
high mortality rates. Resistance to carbapenems may result from the production of
carbapenemases or ESBL and/or AmpC f-lactamases in association with alteration in
the outer membrane porins. K. prneumoniae, which normally lacks a chromosomally
encoded class C p-lactamase, can easily acquire a plasmid encoding AmpC or another
broad-spectrum-f-lactamase. These enzymes can confer high-level carbapenem
resistance in porin-deficient strains. In addition, ESBL-producing K. pneumoniae with
deficiency in OmpK35 and OmpK36 may contribute to the antibiotic resistance. These
enzymes can confer high-level carbapenem resistance in porin-deficient strains.

Keywords: OmpK35, OmpK36, Kiebsiella pneumoniae, ESBL, cephalosporinase,
carbapenem resistance

1. Introduction

The emergence of carbapenem-resistant Enterobacteriaceae poses a significant
challenge to public health worldwide, leading to increased morbidity and mortality
rates due to limited treatment options. Klebsiella pneumoniae, a commensal bacterium
of the gastrointestinal tract, has emerged as a prominent pathogen responsible for a

141 IntechOpen



Antimicrobial Resistance — New Insights

wide range of infections, including urinary tract infections, pneumonia, and bactere-
mia, particularly in healthcare settings. The rise in multidrug-resistant K. pneumoniae
strains, often associated with extended-spectrum p-lactamase (ESBL) production,
has been fueled by the inappropriate use of antibiotics, notably expanded-spectrum
cephalosporins, in clinical practice.

Carbapenems have historically served as the last line of defense against multidrug-
resistant Gram-negative pathogens, including ESBL-producing K. pneumoniae.
However, the widespread use of carbapenems has exerted selective pressure, leading
to the emergence of carbapenem resistance mechanisms. Among these mechanisms,
alterations in outer membrane porins (OMPs) coupled with p-lactamase production
have emerged as key contributors to carbapenem resistance in K. pneumoniae [1].

This chapter aims to provide insights into f-lactamase-associated non-enzymatic
carbapenem resistance, with a specific focus on the role of porin alterations and ESBL
and/or AmpC f-lactamases production in K. pneumoniae. It incorporates findings
from existing literature reviews and synthesizes various studies, including those
authored by the individuals involved [2], to present a comprehensive overview of
the topic. It is important to clarify that while this chapter integrates original research
conducted by the authors, its primary purpose is to review and analyze existing
knowledge in the field.

Recent research has highlighted the prevalence of porin alteration-mediated
resistance to f-lactam antibiotics in both B-lactamase-producing and non-producing
strains of multidrug-resistant clinical isolates [3], underscoring the urgent need for a
deeper understanding of these resistance mechanisms.

2. Klebsiella pneumoniae: a growing threat in the context of antibiotic
resistance

Klebsiella pneumoniae is a Gram-negative bacterium that is responsible for various
infections, including pneumonia, sepsis, bloodstream infections, meningitis,
pyogenic liver abscesses, infections of the urinary tract, and wounds. Among Gram-
negative bacteria, K. pneumoniae is a major causative agent of bacteremia with a
high mortality rate. This pathogen is a leading cause of hospital-acquired infections,
particularly in intensive care units, where it poses a significant challenge to patient
management and infection control measures [4].

The emergence of antibiotic-resistant strains of K. pneumoniae has become a major
public health concern worldwide. The presence of virulence genes and antibiotic
resistance of K. pneumoniae isolates from hospitalized patients has been investigated
in several studies. These studies have shown that K. pneumoniae isolates are frequently
multidrug resistant (MDR) and produce extended-spectrum p-lactamases (ESBLs).
Of particular concern is the rise of carbapenem-resistant K. pneumoniae (CRKP),
which severely limits treatment options and is associated with high mortality rates.
The development of resistance in K. pneumoniae is multifactorial, involving both
intrinsic mechanisms, such as impermeable outer membrane proteins and efflux
pumps, as well as the acquisition of resistance genes through horizontal gene transfer.
The dissemination of these resistance determinants is facilitated by mobile genetic
elements, including plasmids and transposons, allowing for rapid spread within
healthcare settings and beyond. Moreover, the overuse and misuse of antibiotics, both
in healthcare and agricultural settings, have accelerated the emergence and spread of
antibiotic-resistant strains [5].
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3. Carbapenems: a double-edged sword in the fight against antibiotic
resistance

Carbapenems represent a class of p-lactam antibiotics renowned for their broad
spectrum of activity against both Gram-positive and Gram-negative bacteria, includ-
ing many multidrug-resistant strains.

The history of carbapenems dates back to the 1970s when researchers endeavored
to synthesize antibiotics with enhanced stability against f-lactamases, enzymes that
hydrolyze B-lactam antibiotics. This request led to the development of imipenem, the
first carbapenem to be clinically introduced in the 1980s. While traditional carbapen-
ems include imipenem, meropenem, ertapenem, and doripenem, newer carbapenems
like biapenem and tebipenem have been developed through medicinal chemistry
optimization. These novel carbapenems offer expanded treatment options against
Gram-negative and Gram-positive drug-resistant infections [6].

Structurally, carbapenems possess a bicyclic ring system that includes a p-lactam
ring, providing them with structural stability and resistance to most f-lactamases
(Figure 1). This unique structure also contributes to their extended spectrum of
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Figure 1.

Structures of the basic carbapenem backbone, and the carbapenems: imipenem, meropenem, doripenem, and
ertapenem [4].
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activity, encompassing a wide range of bacteria, including Enterobacteriaceae,
Pseudomonas aeruginosa, and various anaerobic organisms [7].

Carbapenems act as inhibitors of cell-wall biosynthesis by specifically preventing
transpeptidation, a process crucial for maintaining the structural integrity of bacte-
rial cell walls. This inhibition leads to the disruption of peptidoglycan crosslinking,
resulting in cell lysis and ultimately cell death. Due to this mechanism, carbapenems
are classified as bactericidal agents [8]. They are typically reserved as an antibiotic
of last resort due to their expanded spectra, and the desire to avoid generation of
resistance [9].

However, despite their efficacy, the clinical utility of carbapenems is increasingly
challenged by the emergence of carbapenem-resistant organisms.

4. Mechanisms of carbapenem resistance in K. preumoniae

Carbapenem resistance among K. prneumoniae poses a significant clinical challenge
due to the potential for limited treatment options against infections caused by these
bacteria. There are different mechanisms of resistance to carbapenems, including
enzymatic carbapenem resistance, efflux pump overexpression, and porin loss.

* Enzymatic carbapenem resistance is the main resistance mechanism, where
bacteria produce carbapenemases that inactivate carbapenems and other
p-lactam antibiotics (Figure 2). These carbapenemases belong to different
classes, including the Ambler classes A, B, and D. Class A carbapenemases, such
as Klebsiella pneumoniae carbapenemase (KPC), are frequently encountered
in Enterobacteriaceae and are often associated with plasmids, facilitating their
spread among bacterial populations. Class B carbapenemases, also known as
metallo-p-lactamases (MBLs), possess zinc ions in their active sites, enabling
them to hydrolyze carbapenems efficiently. Notable examples include New
Delhi metallo-p-lactamase (NDM) and Verona integrin-encoded metallo-f-
lactamase (VIM). Class D carbapenemases, also known as oxacillinases, include
the OXA-48-like enzymes, which have been increasingly reported worldwide

Enzymatic
inactivation

f-lactamase

f-lactam =.

Modified
pofin

Decreased
e  outer-membrane
permeability

Figure 2.
Primary mechanisms of carbapenem resistance in K. pneumoniae [7].
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and are associated with high levels of carbapenem resistance. The presence of a
carbapenemase is typically adequate to induce carbapenem resistance, as most

carbapenemase genes are located on mobile genetic elements that can be trans-
ferred between bacteria, facilitating the spread of resistance [10].

* The overexpression of efflux pumps represents a key mechanism by which
bacteria develop resistance to carbapenem antibiotics. Efflux pumps are integral
membrane proteins that actively transport a wide range of molecules, includ-
ing antibiotics, out of the bacterial cell. When bacteria overexpress these efflux
pumps, there is an increased rate of expulsion of carbapenems from the bacterial
cell, thereby reducing the intracellular concentration of the antibiotic below the
level required to effectively inhibit bacterial growth. This decreased accumula-
tion of carbapenems within the bacterial cell diminishes their bactericidal or
bacteriostatic effects, leading to reduced susceptibility and, ultimately, resistance
(Figure 2) [10].

The overexpression of efflux pumps can occur through various mechanisms,
including mutations in regulatory genes controlling efflux pump expression, acquisi-
tion of genetic elements harboring efflux pump genes, or upregulation of efflux pump
expression in response to antibiotic exposure. In some cases, bacteria may exhibit
constitutive overexpression of efflux pumps, regardless of antibiotic exposure, while
in others, overexpression may be induced following exposure to sub-inhibitory
concentrations of antibiotics.

One example of an efflux pump commonly associated with carbapenem resistance
is the AcrAB-TolC system in Enterobacteriaceae. This tripartite efflux pump complex
comprises inner membrane proteins (AcrA and AcrB) and an outer membrane chan-
nel (TolC). Overexpression of the AcrAB-TolC efflux pump system has been docu-
mented in clinical isolates of Enterobacteriaceae, leading to decreased susceptibility to
carbapenems and other antibiotics. Additionally, efflux pump-mediated resistance
is often multifactorial, with bacteria employing multiple mechanisms, including
enzymatic degradation and alterations in membrane permeability, to evade the effects
of antibiotics.

* Carbapenem resistance among K. pneumoniae resulting from porin loss rep-
resents a significant challenge in clinical settings. Porins are integral outer
membrane proteins that serve as channels for the entry of hydrophilic molecules,
including antibiotics, into bacterial cells. In K. pneumoniae, loss or alteration of
these porins can severely compromise the effectiveness of carbapenem antibiot-
ics (Figure 2).

The loss of porins in K. pneumoniae can occur through various mechanisms,
including mutations in the genes encoding porins or regulatory proteins that control
their expression. Additionally, the acquisition of genetic elements, such as plasmids
carrying genes encoding carbapenem resistance determinants, can lead to the
downregulation or loss of porins as part of broader adaptive responses to antibiotic
exposure.

Porin loss diminishes the ability of carbapenem antibiotics to penetrate the bacte-
rial cell wall, thereby reducing their intracellular concentration and impairing their
bactericidal activity. This decreased permeability limits the efficacy of carbapenems
against K. pneumoniae strains that rely on porins for antibiotic uptake.
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Clinically, CRKP strains with porin loss pose a serious threat as they can render
traditional treatment options ineffective, leading to prolonged infections, increased
morbidity, and mortality rates. Furthermore, the spread of these resistant strains
within healthcare facilities can exacerbate the problem, necessitating stringent infec-
tion control measures and alternative treatment strategies [10].

5. Porin loss as a key factor in carbapenem resistance of K. pneumoniae
5.1 Organization of the outer membrane

The outer membrane (OM) of Gram-negative bacteria is essential for offering an
additional protective barrier to the organism while ensuring the necessary exchange
of materials vital for survival remains unimpeded [11]. It is a highly asymmetric
bilayer composed of glycolipid lipopolysaccharides (LPS) and glycerol (Figure 3).
The OM acts as a selective barrier, allowing the uptake of soluble nutritional com-
ponents through specific beta-barrel proteins termed “porins,” while protecting the
bacteria from toxic compounds, including antibiotics [12]. The permeability char-
acteristics of the OM significantly influence the susceptibility of the microorganism
to antibiotics, which primarily target intracellular process [8]. The outer membrane
likely evolved to protect the bacteria against damage from antibiotics and to inter-
pret bacterial signals, including antibiotics [13]. The outer membrane’ regulation
can respond to environmental signals, such as antibiotics, while its damage can be
detected and subsequently repaired [14].

The OM of Gram-negative bacteria exhibits a highly intricate structure compris-
ing phospholipids, lipopolysaccharides, lipoproteins, and f-barrel porins. These
components work in unison to form an asymmetrical lipid bilayer barrier that effec-
tively blocks the entry of external molecules, including antibiotics [15]. The lipid
and protein makeup of the OM greatly influences bacteria’s susceptibility to a
wide range of antibiotics, with drug resistance often linked to alterations in these
macromolecules [13].

The OM of Gram-negative bacteria contains a large number of different types of
proteins, some of which are extremely abundant. One of the most abundant types of
proteins in the outer membrane is the porin, which is a hydrophilic transmembrane
channel protein. Outer membrane porins (OMPs) act as water-filled open channels
that span the OM, allowing the passive penetration of hydrophilic molecules. These
proteins can be divided into two classes: proteins that traverse the membrane and
assume a f-barrel structure and lipoproteins that are anchored in the inner leaflet
of the outer membrane. OMPs act as a selective barrier for hydrophobic substances,
facilitating the passage of nutrients and ions from the external environment into the
periplasmic space [8].

Antibiotics can traverse the OM through two primary pathways (Figure 4).
Hydrophobic antibiotics, such as chloramphenicol and aminoglycosides, use a dif-
fusion pathway through the lipid components of the OM. On the other hand, hydro-
philic substances like f-lactam antibiotics traverse the OM either through OMPs or
via selective channels facilitated by specific p-barrel proteins, which establish distinct
hydrophobic pores within the membrane [14].

K. pneumoniae produces several porins, among which two major ones,

OmpK35 and OmpK36, and a quiescent porin called OmpK37. A quiescent porin
is one that may be expressed under certain conditions or in response to specific
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General structure of the cell envelope of Enterobacteriaceae [11].

environmental cues. Its exact role and characteristics may vary depending on the
context in which it is expressed [16].

5.2 Characteristics of OmpKs in structure and function

OmpK35 and OmpK36 are integral outer membrane proteins that play pivotal
roles in maintaining the structural integrity of the bacterial cell envelope, as well as
mediating various physiological functions crucial for bacterial survival and virulence.
Structurally, both OmpK35 and OmpK36 belong to the family of porins, which are
transmembrane proteins forming water-filled channels across the outer membrane,
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The outer membrane of Gram-negative bacteria serves as entry points for a diverse array of antimicrobial
agents [8].

allowing the passive diffusion of small hydrophilic molecules, such as nutrients and
ions, into the periplasmic space.

The molecular size of OmpK35 and OmpK36 typically ranges from 35 to 36 kilo-
daltons, respectively, reflecting their distinct but closely related compositions. These
proteins consist of antiparallel p-barrels composed of multiple p-strands, with extra-
cellular loops protruding into the extracellular environment and periplasmic turns
facing the periplasm. This p-barrel structure confers stability to the proteins while
forming a channel through which small molecules can traverse the outer membrane
(Figure 5). OmpK3?5 is classified within the OmpF porin family, characterized by its
larger channel size, while OmpK36 is categorized as part of the OmpC porin family,
known for its smaller channel size [17].

Functionally, OmpK35 and OmpK36 serve as selective channels for the diffusion
of hydrophilic molecules across the bacterial outer membrane. Their porin nature
enables the passive influx of essential nutrients, such as sugars and amino acids, into
the bacterial cell, facilitating metabolism and growth. Additionally, these porins play
a crucial role in osmoregulation by regulating the flow of ions, particularly potassium
and sodium ions, across the outer membrane, thereby maintaining cellular homeosta-
sis under varying osmotic conditions [18].

Moreover, OmpK35 and OmpK36 are implicated in bacterial pathogenesis and
antimicrobial resistance. These porins contribute to the virulence of K. pneumoniae
by facilitating the uptake of host-derived nutrients and mediating the secretion
of virulence factors. Furthermore, alterations in the expression or structure of
OmpK35 and OmpK36 can confer resistance to antibiotics, particularly p-lactams,
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by reducing the permeability of the outer membrane to these antimicrobial agents,
thereby limiting their access to their intracellular targets. The absence of OmpK35
may contribute to the development of antibiotic resistance in K. pneumoniae
strains producing ESBLs. Additionally, studies suggest that OmpK36 could play a
significant role in conferring carbapenem resistance among ESBL or AmpC-type-
p-lactamase-producing K. pneumoniae strains. Beyond OmpK35 and Ompk36,

K. pneumoniae has been found to express other porins such as LamB, PhoE, and
OmpK37, which may serve as crucial mechanisms for survival in the absence of
OmpK35 and OmpK36 [19].
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5.3 Porins and carbapenem resistance

As previously described, OMPs are essential in establishing a route through the
outer membrane for small hydrophilic antibiotics such as p-lactams, tetracycline,
chloramphenicol, and fluoroquinolones. Reduced efficiency or speed of entry for
these compounds can result in the development of resistance [13].

OmpK35 and OmpK36 can be extracted and analyzed using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to assess their molecular
size and migration patterns. The strains are cultured in Mueller Hinton broth at 37°C
with agitation overnight. Following this, bacterial cell envelopes, which include outer
membranes, are harvested through centrifugation (15 minutes at 4200 rpm), then
rinsed with a solution of 10 mM Tris HCI, 5 mM MgCl, (pH 7.3), and subsequently
lysed using sonication [20]. The supernatants are exposed to a 2% sodium lauroyl
sarcosinate solution for 30 minutes at room temperature, followed by centrifugation
at 17,000 rpm for 30 minutes to isolate the pellets containing the outer membrane
proteins (OMPs). These pellets are then resuspended in a solution of 10 mM Tris-HCI
and 5 mM MgCl, (pH 7.3). Subsequently, the samples are denatured by heating at
100°C for 5 minutes in Laemmli’s buffer with the addition of 5% p-mercaptoethanol.
The OMPs are separated using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) on 10% SDS-polyacrylamide gels in a running buffer of 1x
Tris/Glycine/SDS. A molecular weight ladder with a size of 250 kDa is employed for
reference. The bands are made visible by staining the gels with a solution containing
0.2% Coomassie brilliant blue in 45% methanol and 10% acetic acid [2].

These porins typically have molecular sizes of approximately 35-36 kilodaltons.
When analyzing SDS-PAGE gels, OmpK35 and OmpK36 appear as distinct bands,
with OmpK35 migrating more slowly than OmpK36 in the absence of urea. In some
cases, the absence of OmpK35 in a strain can lead to the migration of OmpK36 ata
higher molecular weight, as the normally predominant OmpK36 band may appear
similar to the parent strain’s band. Mass spectrometry can be used to confirm the
identity of the porins in the gel bands (Figure 6) [2].

ESBL-producing K. pneumoniae strains are more inclined to solely exhibit
OmpK36 compared to strains lacking these enzymes, which typically possess both
OmpK35 and OmpK36. The absence of OmpK35 might contribute to antimicrobial
resistance in ESBL-producing K. pneumoniae and could facilitate the emergence
of additional resistance mechanisms. Generally, OmpK35 expression is limited in
high-osmolarity environments, suggesting possible repression in vivo. This repression
of OmpK35 expression might have therapeutic implications, potentially fostering
antibiotic resistance development in vivo [21].

Studies have shown that the loss of OmpK35 in K. pneumoniae strains can lead to
reduced susceptibility to cephalosporins and carbapenems, making it an important
factor in the development of antibiotic resistance. The absence of OmpK35 may
also contribute to the selection of additional mechanisms of resistance, such as the
production of ESBLs or AmpC-type p-lactamases. The expression of OmpK35 is
not normally high in high-osmolarity media, and it is possible that its expression is
repressed in vivo, which could contribute to the development of antibiotic resistance
in vivo [22].

The absence of OmpK36 has been associated with resistance to cefoxitin and
heightened resistance to oxyimino- and zwitterionic cephalosporins in ESBL-
producing strains. Additionally, strains producing plasmid-mediated AmpC-type
p-lactamase demonstrate increased carbapenem resistance in the absence of OmpK36.
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Moreover, the loss of OmpK36 leads to a moderate escalation in fluoroquinolone
resistance among strains harboring alterations in topoisomerases or exhibiting active
efflux mechanisms for quinolones. This multifaceted impact underscores the pivotal
role of OmpK36 in mediating susceptibility to various classes of antibiotics and
highlights its significance in the context of antimicrobial resistance mechanisms in K.
pneumoniae [22].

Research suggests that bacteria, such as K. pneumoniae, which do not naturally
possess chromosomally encoded class C f-lactamases, can acquire plasmids carry-
ing AmpC or other ESBLs. These enzymes have the capacity to confer substantial
carbapenem resistance in strains lacking porins [2]. ESBLs are enzymes capable of
hydrolyzing a broad spectrum of p-lactam antibiotics, including carbapenems. Their
production significantly reduces the effectiveness of carbapenems, rendering them
ineffective against ESBL-producing bacteria. Similarly, AmpC p-lactamases confer
resistance to carbapenems by hydrolyzing these antibiotics, further limiting their
efficacy. Additionally, AmpC enzymes are often inducible, meaning their produc-
tion can be increased in response to antibiotic exposure, exacerbating carbapenem
resistance. In carbapenem-resistant K. pneumoniae strains lacking OmpK35 and/
or OmpK36, the absence of these OMPs compromises the effectiveness of antibiotic
entry into the bacterial cell. In this scenario, ESBLs and AmpC p-lactamases play
critical roles in mediating carbapenem resistance by enzymatically degrading these
antibiotics [19, 23].

The susceptibility of K. pneumoniae to p-lactam antibiotics is influenced by the
expression of OmpK35 and OmpK36 and the production of f-lactamases. Studies
have shown that the presence of both OmpK35 and OmpK36 in a K. pneumoniae strain
results in increased susceptibility to f-lactam antibiotics, as their loss or reduced
expression can lead to increased minimum inhibitory concentrations (MICs) for
these antibiotics [3, 5]. However, the expression of just one of these porins, OmpK35
or OmpK36, is sufficient for bacterial penetration by p-lactam antibiotics, as demon-
strated by the fact that MICs for these antibiotics were either identical or one dilution
step greater when OmpK35 was present in a strain already producing OmpK36. In
contrast, the loss of both OmpK35 and OmpK36, combined with the production of
ESBLs, results in increased resistance to 3-lactam antibiotics. This resistance is not
associated with clinical resistance to imipenem, but rather with increased MICs for
other p-lactam antibiotics. Moreover, research indicates that when the OmpK35-
OmpK36 genes are disrupted, and p-lactamases are produced, the increased expres-
sion of alternative porins may counterbalance the absence of OmpK35 and OmpK36,
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resulting in susceptibility to carbapenems [24]. However, this upregulation of other
porins does not affect the estimated mean of imipenem MIC [5].

Few data on non-enzymatic resistance to carbapenems were conducted among
Gram-negative bacilli. Our recent study revealed a greater reduction in susceptibility
to p-lactam antibiotics, particularly ertapenem, compared to meropenem or imipe-
nem, across the majority of tested K. pneumoniae isolates (Table 1). This observation
may suggest a slower penetration through minor porins, which become more pre-
dominant in the absence of major porins, possibly influenced by the larger molecular
size of ertapenem [2].

The strains analyzed in the study conducted by Hamzaoui et al. [2] exhibited a
multidrug-resistant phenotype, with all non-carbapenemase-producing K. pneu-
moniae strains being resistant to all p-lactams, aminoglycosides, and fluoroquinolones
(Table1). Carbapenem resistance, along with cefoxitin resistance, is a phenotype that
is compatible with porin loss in K. pneumoniae [2].

Mutations occurring in the ompK35 and ompK36 genes can lead to alterations
in the structure or expression levels of the porins, thereby reducing the influx of
carbapenem antibiotics into the bacterial cell. The coding sequences of the ompK35
and ompK36 genes were amplified and subjected to sequencing. DNA fragments
were analyzed via electrophoresis in a 0.8% agarose gel at 100 V for 40 minutes,
followed by staining with ethidium bromide. The amplified DNA was then compared
to positive controls. DNA sequence analysis and the resulting amino acid sequences
were conducted using VECTOR NTI and compared to the sequences of K. pneumoniae

Strain OmpK production MICs (mg/L) Resistance phenotype for ESBL type
non-f-lactam antibiotics —

OmpK35 OmpK36 ETP IMP MEM

KP1 - + 12 2 4 TOB, AMK, NET, CHL, CTX-M-15
MNO, TET, NAC, OFX,
CIP, SXT

KP10 - + 1 1 0.5 TOB, NET, MNO, TET, CTX-M-15
NAC, OFX, CIP, SXT

KP18 - - 32 0.5 1 TOB, NET, CHL, MNO, CTX-M-15
TET, NAC, OFX, CIP, SXT

KP25 - - >32 4 16 TOB, AMK, NET, CHL, CTX-M-15
MNO, TET, NAC, OFX,
CIP, SXT

KP26 - + 8 8 0.25 TOB, AMK, NET, CHL, CTX-M-15
MNO, TET, NAC, OFX, CIP

Kp36 + - 4 4 0.25 TOB, AMK, NET, CHL, CTX-M-15
MNO, TET, NAC, OFX,
CIP, SXT, FOS

KP37 - + 1 2 0.25 TOB, NET, CHL, MNO, CTX-M-15
TET, NAC, OFX, CIP, SXT

—, negative result; +, positive result; MIC, minimum inhibitory concentration; ETE, ertapenem; IMB, imipenem; MEM,
meropenem; TOB, tobramycin; AMK, amikacin; NET, netilmicin; CHL, chloramphenicol; MNO, minocycline;

TET, tetracycline; NAC, nalidixic acid; OFX, ofloxacin; CIB, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole;
FOS, fosfomycin; ESBL, extended spectrum p-lactamase.

Table1.
Non-carbapenemase-producing K. pneumoniae representative strains: OmpK production profiles, carbapenem
minimum inhibitory concentrations, antibiotic resistance profiles, and genotypic characteristics.
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KCTC2242 (NCBI accession number CP002910) and K. pneumoniae NTUH-K2044
(NCBI accession number AP006725) [2].

Various types of mutations can occur in ompK35 and ompK36 genes. Point muta-
tions, insertions, deletions, or even promoter region mutations can disrupt the nor-
mal functioning of these genes. Point mutations, such as substitutions of nucleotides
within the coding sequence, can result in amino acid changes in the porin protein.
These changes may affect the protein’s structure, leading to conformational altera-
tions that hinder carbapenem passage through the outer membrane [19].

Insertions or deletions within the gene sequence can cause frameshift muta-
tions, altering the reading frame and potentially resulting in truncated or
non-functional porin proteins. Promoter region mutations can impact the tran-
scriptional regulation of ompK35 and ompK36, leading to decreased expression
levels of these porins. Reduced expression levels or complete loss of these porins
can severely compromise the permeability barrier of the bacterial cell envelope,
making it more difficult for carbapenem antibiotics to enter the cell and exert their
antibacterial effects [2].

Furthermore, mutations in ompK35 and ompK36 genes can be selected for under
antibiotic pressure, as bacteria with reduced permeability to carbapenems gain a
survival advantage. This selective pressure drives the proliferation of carbapenem-
resistant K. pneumoniae strains harboring mutations in these genes [2].

In our conducted study [2], it was noted that certain K. pneumoniae strains, which
do not produce carbapenemase, exhibited an absence of a band around 39 kDa,
corresponding to the major porin OmpK35. Upon sequencing of the respective porin
gene and comparing it to that of a reference strain (K. pneumoniae KCTC2242), which
expresses OmpK35 but lacks OmpK36 (NCBI accession number CP002910), several
point mutations, as well as nucleotide deletions or insertions, were identified. These
mutations led to the creation of premature stop codons, resulting in truncated porins
composed of 62 amino acids, in contrast to the 359 amino acids of the OmpK35 porin
(Figure 7). Notably, these truncated porins were deficient in the final amino acids,
including a phenylalanine residue crucial for the proper insertion of the porin into the
outer membrane.

All of these strains exhibited resistance to ertapenem at a moderate level (MICs
ranging from 1 to 12 mg/L), while maintaining susceptibility to meropenem and
imipenem. The findings suggest that the absence of the major porin OmpK35 alone
may not lead to a significant increase in resistance to ertapenem and does not impact
susceptibility to imipenem or meropenem [2]. Studies indicate that the absence of this
porin could be a contributing factor to antimicrobial resistance in ESBL-producing

1 ;-lMKRNILAW IPALLVAGAA NAAEIYNENG NKLDFYGKMV GEHVWIINGD
51 TSSDDITYAR II-l"#{AKLRST IS*SATASGN TIWIRPMLKV PRPQKPVWRS
101 RAXKRANIVH STMAVITARS TTSKRQPICW LNGAVIAGII PTITI*PVVET
151 ASQPIVIPTS SVWLIV*ASR CSTRVKTIMT VRFASRMATA SAPQPPTRST
201 TVSHCLQATP ALTVASIRKL TAMATKPKPG RPLQNMILIT SMRPSCTPRL
251 TT*LRKKITT SPVKLRTLKQ LYSISLTSAC VRPSATYRPK ARTCSRVLAS
301 PARMRIWLNT SKWVPGITLT RI*TSTLRIN STSWITIITP KRLVSPLITR
351 RPWVSFISS

Figure?7.
Amino acid sequences of the outer membrane porin OmpK35 produced by a representative carbapenem-vesistant
strain of K. pneumoniae. The early STOP codon leading to a truncated protein is outlined in red.
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K. pneumoniae, potentially facilitating the emergence of additional resistance mecha-
nisms such as the loss of OmpK36 and/or active efflux.

One isolate lacked a band of ~35 kDa corresponding to the OmpK36 major porin.
Sequencing of the corresponding porin gene and comparison with that of a reference
strain (K. pneumoniae NTUH-K2044 expressing OmpK36 and lacking OmpK35; NCBI
accession numbers AP006725) revealed that OmpK36 was inactivated by a frameshift
mutation produced by small DNA fragments insertions and deletions (Figure 8). This
strain displayed resistance solely to ertapenem (MIC = 4 mg/L), while maintaining
susceptibility to imipenem (MIC = 4 mg/L) and meropenem (MIC = 0.25 mg/L).
Consequently, the absence of OmpK36 alone did not have a significant impact on
the level of carbapenem resistance. Research suggests that a reduction in OmpK36
expression, rather than OmpK35, was linked to individual carbapenem resistance.
The absence of OmpK36 is known to play a role in a broad spectrum of antibiotic
resistance. Antibiotics like cefotaxime, cefoxitin, and carbapenems rely on the
OmpK36 porin for outer membrane penetration; hence, the loss of this porin is
recognized as a contributing factor to resistance against these antibiotics.

After conducting SDS-PAGE, it was found that two isolates lacked both OmpK35
and OmpK36. Sequencing of ompK35 in one isolate identified a point mutation at
the promoter region. In the other isolate, ompK35 sequencing showed a deletion of
1 bp creating a premature stop codon, leading to an early termination of translation.
Sequence analysis of ompk36 in one of the two strains indicated the presence of an
insertion sequence, IS903 (1199 bp), located at nucleotide position 396 upstream of
the gene start codon. This insertion of IS903 within the putative ompK36 promoter
region may account for the absence of OmpK36 from the OMP fraction (Figure 9).
Conversely, sequencing of ompK36 in the other strain revealed mutations within the
putative ompK36 promoter region, likely responsible for the loss of porin expression.
Remarkably, both isolates exhibited high levels of resistance to ertapenem (MICs of
32 and > 32 mg/L, respectively), underscoring the pivotal role of the loss of these two
major porins in conferring resistance to ertapenem in K. pneumoniae strains.

Ompk36 K. pneumoniae NHTUH-K2044 (151) ATYRNSDEFGLV LQYQGK EC:—;— ITNNGRGESIKONGDGF
OmpK36 K. pneumoniae KP6 (151) ATYRNSD D_-,_dNV%_u_uCI KNGSVSGEG TNNGR [KQ ‘\T""EFF'

Ompk36 K. pneumoniae NHTUH-K2044 (159) GRGDNAETYTGGL
OmpK36 K. pneumoniae KP6 (201) GTS GRGDNAETYTGGL
Ompk36 K. preumoniae NHTUH-K2044 (249) YTOQTYNATRAGSHRG——————— FANKAQNFEVVAQYQFDFGLR
OmpK36 K. pneumoniae KP6 (250) P JTYNAT GESDSLSGFANFAQNFEVVAQYQFDFGLR

350
YYFNENMSTYVDYKINLLD
YYFNENMSTYVDYRINLLD

Ompk36 K. pneumoniae NHTUH-K2044 (292)
OmpK36 K. pneumoniae KP6 (300) E

GDQD
gG DQ’%M YV
Figure 8.

Protein sequence alignment between a representative strain lacking OmpK36 and the OmpK36-producing
K. pneumoniae reference strain NTUH-K2044. Substitutions arve highlighted in green, insertions in blue, and
deletions in gray.

15903 ompK36

Figure 9.
Schematic representation of the ompk36 gene in one representative K. pneumoniae strain lacking OmpK36
showing the presence of the 1S903 insertion sequence overlapping with ompk36.
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ompk35 ompk36
Strain _ ~
SDS-PAGE Modification SDS-PAGE Modification
result result

KP1 - Premature stop codon (AA 63) + NA
KP2 - Premature stop codon (AA 26) + NA
KP3 - Pr (—410) - 15903 (—396)
KP4 - Premature stop codon (AA 63) - Pr (-103)
KP5 - Frameshift mutation (AA 74) + NA
KP6 + NA - Frameshift mutation AA (182)
KP7 - Premature stop codon (AA 63) + NA

SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophovesis; AA, amino acid; NA, not applicable; numbers
between parentheses correspond to the nucleotide positions upstream of the start codon; NA, not applicable; —, negative
result; +, positive result.

Table 2.
Sequencing profiles of ompk3s and ompk36 of the NCPK representative strains.

All the modifications of the ompk35 and ompk36 genes outlined above are sum-
marized in Table 2.

6. Conclusions

In conclusion, this chapter has provided a comprehensive overview of the com-
plex interplay between outer membrane porin alterations, p-lactamase production,
and carbapenem resistance in K. pneumoniae. Through elucidating the mechanisms
underlying non-enzymatic carbapenem resistance, particularly focusing on the
role of porin deficiencies, this work underscores the urgent need for a multifaceted
approach to combatting antimicrobial resistance.

The findings discussed highlight the significance of OmpK35 and OmpK36 as
major gateways for antibiotic penetration into K. pneumoniae cells and emphasize the
detrimental impact of their alterations on antibiotic efficacy. The association between
porin deficiencies and p-lactamase production further amplifies the challenge of
treating infections caused by multidrug-resistant strains, necessitating the develop-
ment of novel therapeutic strategies.

Moreover, the emergence of carbapenem resistance mechanisms poses a grave
threat to public health, as evidenced by the increasing prevalence of carbapenem-
resistant Enterobacteriaceae and their profound implications for patient outcomes.
Addressing this threat requires a concerted effort to optimize antibiotic stewardship
practices, enhance infection prevention and control measures, and foster the develop-
ment of new antimicrobial agents.

Moving forward, continued research into the molecular mechanisms of carbape-
nem resistance, including the characterization of novel resistance determinants and
the exploration of alternative treatment approaches, will be essential for mitigating
the spread of multidrug-resistant pathogens and preserving the effectiveness of our
antibiotic arsenal. By leveraging a deeper understanding of the intricate dynamics
between bacterial physiology, resistance mechanisms, and antimicrobial agents, we
can strive toward a future where effective treatments are available for all patients
afflicted by bacterial infections.
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Chapter 10

The Emergence and Prevalence

of Antibiotic Resistance in Genus
Enterococcus and Their Implications
on Probiotics

Abrar Hussain and Syed Abid Ali

Abstract

The genus Enterococcus has a ubiquitous distribution and is found in all possible
places of microorganisms’ existence. Due to their unique properties, their species
also survives in harsh environmental conditions, the guts of animals, and extreme
industrial processing settings. These properties make them an important microbe
in our daily lives. Currently, enterococcal species are used in food, pharmaceuticals,
cheeses, leather, etc., and contribute in many other aspects. The probiotic potential
of the genus Enterococcus is also explored, and a good number of probiotics are
commercialized. Unfortunately, the emergence of antibiotic resistance limits their
valuable contributions, and hence, they are now treated as opportunistic patho-
gens, being so-called common commensals. Both intrinsic and acquired antibiotic
resistance are identified in their species. Generally, E. faecium and E. faecalis, which
are considered more resistant and virulent, respectively, are responsible for more
than 80% of enterococcal infections. The situation became worse when they started
to develop resistance to the last-resort antibiotics, like linezolid and daptomycin.
Enterococcus, having extensive applications in our daily lives, thus appeals to study-
ing their resistance profiling and taking action before any disease outbreaks. Besides
other mortality and morbidity, the antibiotic resistance in enterococci greatly affects
the enterococcal probiotics. Probiotics being free from antibiotic resistance may act
as a reservoir for harboring resistance genes and have the potential to transfer to
commensal and pathogenic microbes. This chapter aims to provide a comprehensive
analysis of the antimicrobial resistance in the genus Enterococcus and its implications
on probiotics.

Keywords: Enterococcus, antibiotics, probiotic, antibiotic resistance, pathogenesis

1. Introduction

Enterococci (the genus Enterococcus) belong to the phylum Firmicutes in the
family Enterococcaceae, which includes other diverse groups of species. It is one of
the richest and most controversial genera in the group of lactic acid bacteria (LAB).
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Enterococci are Gram-positive, non-spore-forming, catalase- and oxidase-negative,
facultatively anaerobic cocci that occur singly, in pairs, or in chains [1, 2]. The word
Enterococcus is comprised of two words; i.e., enteron means in the intestine, and
coccus means round shape, indicating that these are round bacteria and are mostly
found in the animal and human intestine. Enterococci are found in a wide range of
habitats, including soil, air, shallow and deep water, plants, sewage, vegetables, and
food [3]. The genus comprises more than 80 species with diverse habitats and have
both positive and negative implications [4]. Some Enterococcus species are harmless
and play an essential role in the host’s health and are used as probiotics [5]. It becomes
a pathogenic microorganism while previously considered a common commensal of
the gut [6]. Enterococci can cause infections in humans and other animals. They are
normally present in the gut because of their survivability in extreme conditions and
can cause infections by weakening the immune system [7]. Enterococci are widely
found in the gut of most terrestrial animals, like arthropods. Enterococcus faecalis and
Enterococcus faecium are the two common species highly prevalent in environments
with varying percentages [8, 9].

The vast species diversity permitted the genus Enterococcus to have rich physi-
ological and functional properties. Motile or sessile species, pathogenic or probiotic,
resistant or sensitive, etc., are the distinguishing features of the enterococcal species.
Since recognizing a separate genus, the Enterococcus is elucidated with different aspects
ranging from their physiological properties to their role in biotechnological applica-
tions [1, 4]. Though the species E. faecalis and E. faecium were identified in the early
1900s and included in the enterococcal genus in the late 1980s [4]. Over time, differ-
ent species, identified from different environmental and host niches, are included in
the genus Enterococcus, and thus their species number is growing, which makes them
an important source of biotechnological and other industrial applications. Figure 1
illustrates the increase in the number of enterococcal species with time, reflecting 23
species in 2002, 37 in 2013, and 59 in 2019. Recently, Schwartzman et al. identified 18
novel enterococcal species, which add to their number and reach 83 species in 2024 [8].
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Figure 1.
The discovery timeline in the course of entevococcal species identification over the period.
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Enterococcal species have a dual nature, i.e., they are currently used in vast
applications, including food, pharma, cheese, etc., industries, and they are also
considered the cause of hospital-associated infections [1]. The opportunistic nature
of enterococcal species is limiting their biotechnological and probiotic applications.
The two major culprits behind this opportunistic nature and risky consideration are
their antibiotic resistance and harboring virulence traits. Enterococcal species cur-
rently have more than a dozen identified virulence traits that make them unfit for any
beneficial applications. The enterococcal virulence traits have already been published
and reviewed by our group [10]. The second enterococcal culprit is their resistance
to antibiotics. Unfortunately, due to various reasons, the enterococcal species show
both intrinsic and acquired resistance. Even more alarming is that they also show
resistance against last-resort antibiotics like linezolid and daptomycin [1]. The pres-
ence of antibiotic resistance in enterococcal species is considered a threat to public
health and thus appeals to mitigate and get rid of them before any outbreak occurs.

It is also important to note that the presence of antibiotic resistance can limit their
probiotic potential. Due to these reasons, the genus Enterococcus is still not included
in Generally Recognized as Safe (GRAS) and Qualified Presumptions of Safety
(QPS) status microbes, and hence it is considered a risky and doubtful species for its
probiotic potential [4, 11, 12]. Several enterococcal species, like E. faecium, E. hirae,
E. munditii, E. faecalis, E. casseliflavus, etc., are currently used as probiotics, while
other less common species are also elucidated in different applications. Recently,

we have comprehensively summarized the next-generation probiotic potential of
almost 30 enterococcal species [1]. Due to the potential beneficial applications of
enterococci and the restriction of antibiotic resistance, it is important to explore this
duality in detail.

Hence, it is immensely important to explore the pathogenic nature of the genus
Enterococcus and its implications on probiotics. This chapter aimed to explore the
emergence and prevalence of antibiotic resistance in enterococcal species and their
implications on probiotics. This chapter also sheds light on the basic properties, physi-
ological behavior, and important applications of the genus Enterococcus. Additionally,
the basics of antibiotic resistance, their prevalence, and mechanisms of action are also
explored, which helps the readers to understand the basics of antibiotic resistance.

2. General characteristics of the genus Enterococcus

The genus Enterococcus is comprised of Gram-positive microbes that have low GC
contents and a thick peptidoglycan layer. These are ovoid or spherical and occur in
pairs, quadrate, and in chains [13, 14]. Their species are biochemically identified by
various tests. For instance, they show negative tests for catalase, urease, and DNase.
Enterococcal species survive in harsh conditions and have the potential for fermenta-
tion and metabolite production [15]. The prevalence of enterococci ranges from the
hostile gut conditions of humans and animals to harsh environmental conditions.
Generally, the enterococcal species are sessile, but some are motile due to the presence
of flagella, i.e., E. casseliflavus and E. gallinarum are the motile species. Likewise, the
ambient temperature for enterococcal species ranges from 35 to 37°C, although these
species can survive at higher temperatures [1]. The genus Enterococcus can tolerate
extreme environmental conditions like high solvent concentration, salts, NaCl, pH,
and desiccation [16]. The general overview of the identification of enterococcal spe-
cies is illustrated in Figure 2.
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Schematic representation of enterococcal species identification
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Figure 2.
The schematic representation of steps involved in the identification of Enterococcus species.

The molecular biology of enterococci is also fascinating. Their genome size ranges
from 2.3 to 5.4 Mb, with 2154 to 5107 predicted genes, comprising 605 to 1037 genus
core genes [17]. Due to their tolerance to salts and acids, the Enterococcus species are
highly adapted to several food systems, are involved in the fermentation process, and
contribute to the organoleptic properties of food products [18]. Enterococci are oppor-
tunistic pathogens and become one of the main causative agents of nosocomial and
community-acquired human infections, including septicemia, endocarditis, and uri-
nary tract infections [19, 20]. More than 80% of the genus Enterococcus is dominated by
E. faecalis and E. faecium, which are responsible for nosocomial infections. Whereas E.

faecalis and E. faecium are common in both human and animal intestines, other species
such as E. hirae, E. avium, etc. are rarely found in humans [13, 21]. In the host body,
enterococci play a crucial role in the metabolism, synthesis, and immunity [22-24].

3. Overview of antibiotic resistance

Resistance to antibiotics, or antimicrobial resistance (AMR), is currently a table
topic across the globe. Rapid prevalence, high mortality rate, socioeconomic burden,
and ineffectiveness of antibiotics are the multiple aspects of AMR that need attention.
Among other scientific discoveries in the last century, the discovery of antibiotics
also made a significant change. The word resistance means the capacity of bacteria to
withstand the effects of a harmful chemical agent [25]. Microbes, however, quickly
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developed different defense mechanisms to resist antibiotics. Thus, the process of the
development and identification of new antibiotics is still ongoing, which might be
enhanced while using the advanced technologies [26]. Antibiotics are antimicrobial
chemical substances that are active against microorganisms like bacteria, fungi,
viruses, etc. Antibiotics are used to treat or prevent various types of microbial infec-
tions and thus kill or prevent these from spreading. Antimicrobial resistance (AMR)
occurs when microbes like bacteria, viruses, and fungi are no longer responsive to
antimicrobial medicines and remain alive in their presence [27].

The potential use of antibiotics boosts the current therapeutic options of disease
treatment as they show remarkable properties [28]. Although their exclusive usage
causes the emergence of antimicrobial resistance in various microorganisms. Among the
antibiotic-resistant bacteria, the multidrug-resistant (MDR) microbes are the most dan-
gerous and need instant ways of mitigation [29]. Besides the high mortality, the AMR is
greatly lowering the country’s economy. For instance, the MDR is causing approximately
$20 billion per year in the US alone, with at least 23,000 deaths [30, 31]. It is anticipated
that in the year 2050, the AMR will be responsible for 300 million deaths and a $100
trillion loss, which in fact reflects an alarming future. Likewise, in developed countries
like the European Union, AMR is the leading cause of death with about 30,000 deaths
per year [29, 32]. The reasons behind this widespread and threatening situation include
human activities and environmental factors [33, 34]. Drug-resistant infections also
affect animal health, reduce farm productivity, and threaten food security. The useful
strategies to overcome AMR include proper surveillance, diagnosis, and following strict
policies to overcome AMR emergence, prevalence, and consequences [28, 35, 36].

4. Antimicrobial resistance in the genus Enterococcus

The acquisition and transmission of AMR primarily occur through human-human
contact, while other sources like animals, water, and the environment also play a
significant role. Resistant enterococci are also increasing in agricultural practices
due to the excessive use of antibiotics in livestock for growth promotion and disease
prevention, which in turn contaminates food products and the environment through
animal waste [33, 37]. In community settings, inappropriate use of antibiotics, such as
self-medication or incomplete treatment courses, leads to resistance. Resistant entero-
cocci can also spread through environmental exposure to water or soil contaminated
with waste from hospitals, farms, or pharmaceutical manufacturing. Additionally,
horizontal gene transfer enables the dissemination of resistance genes among entero-
cocci and other bacteria, increasing the AMR burden [37-39].

Resistance to -lactams represents the emergence of antibiotics in enterococcal
species that started following the antibiotic discovery. p-Lactams have wide usage
due to their low toxicity and broader range of therapeutic potential [40]. Besides
other factors, the misuse and overuse of antibiotics against enterococcal diseases is
considered the top trend that majorly causes the AMR [41]. Poor community cleanli-
ness, safer food, inadequate infection control in hospitals and clinics, and the buildup
of antibiotics in the environment and their usage in the livestock and food industries
are some of these elements, which are sometimes referred to as socioeconomic deter-
minants [42]. The introduction of antibiotics into clinical practices in the 1940s was
found to be efficient in removing the pathogens and gave a hope of full disease preven-
tion. Unfortunately, soon after this invention, the microorganisms started to develop
resistance against various antibiotics, and thus a new area of research flourished [34].
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It is now clear that microbial communities have a great deal of metabolic variety.
From this diversity, they can use defense mechanisms to withstand selective pressures
from both their natural environment and human interventions such as antibiotics
[40]. AMR in bacteria was identified after the discovery of penicillin, as in the 1940s,
when resistance in Escherichia coli against penicillin was identified [43]. Initially, the
AMR was not considered a threat until some outbreak took place that got attention.

In the recent decades, the AMR has become one of the potential threats to the whole
world, and substantial attention is given to exploring and mitigating the AMR [41, 44—
46]. The AMR in enterococci is also considered a threat, as the enterococcal species

are found in various substances. The genomic plasticity and the enterococcal potential
to transfer AMR genes to others create difficulty to control [47, 48]. The prevalence of
enterococci is higher in clinical settings and thus helps in the prevalence of different
diseases. Another major threat in enterococci AMR is the presence of intrinsic antibi-
otic resistance in its species. The major contributing species of enterococci to various
infections and resistance are E. faecalis and E. faecium, respectively [49, 50].

4.1 Common enterococcal infections

Enterococci are the causative agents of several healthcare-associated infec-
tions, such as urinary tract infections, bloodstream infections, endocarditis, intra-
abdominal infections, and wound infections. They are the most common cause of
bloodstream infections, especially in patients with central venous catheters, and have
been identified as key pathogens in cases of endocarditis, especially in patients with
pre-existing heart conditions. Enterococcus faecium is often more resistant than E.
faecalis, showing a higher antibiotic resistance rate than other enterococcal species,
such as to vancomycin, and complicating treatment [4, 51-53].

5. Emergence of antibiotic resistance in enterococci

Enterococci were identified in 1898, and then their species increased with time
and currently reach over 80 identified species [4]. The discovery of antibiotics
was made in 1928 when Alexander Fleming discovered the antibiotic penicillin.
Enterococci showed resistance to various antibiotics soon after their discovery. The
major outbreak occurred in 1986 when vancomycin-resistant enterococci (VRE)
were identified, which is responsible for the deaths of thousands of human lives [54].
Antibiotic resistance in enterococci has emerged through a combination of natural
processes and human activity. Enterococci are naturally resistant to many antibiotics
but can also acquire resistance through gene exchange and mutation [55].

5.1 Genetic basis of antibiotic resistance in enterococcal species

The genetic basis of antibiotic resistance in enterococci is multifactorial, compris-
ing both intrinsic and acquired resistance. These bacteria have natural resistance to
many antibiotics, including p-lactams and cephalosporins, due to the structure of
their cell wall and the absence of certain outer membrane porins. Horizontal gene
transfer confers resistance and is supported by mobile genetic elements like plasmids,
transposons, and integrons. The genetic elements harbor resistance genes that allow
enterococci to survive with antibiotics and thus make it difficult to handle, especially
in healthcare [56].
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5.2 Resistance genes and mobile genetic elements

Resistance genes in enterococci can be carried via mobile genetic elements such as
plasmids, transposons, and integrons. It is these entities that help to transfer bacterial
genetic material to others, thus making other bacteria also resistant [57]. Examples
of resistance-gene-carrying plasmids or transposons are the VanA and VanB gene
clusters conferring resistance to vancomycin. Other mechanisms of resistance can be
due to resistance to aminoglycosides, tetracycline, and macrolides. Transfer of these
genes from one bacterium to another, particularly in hospitals, increases the spread of
MDR enterococci [57]. The prominent role of these mobile genetic elements (MGEs)
is briefly described below.

Plasmids: Plasmids are small, circular DNA molecules that can replicate indepen-
dently of the chromosomal DNA. They typically carry multiple antibiotic resistance
genes and can easily acquire and transfer them in bacterial species. Plasmids are
frequently involved in the transmission of vancomycin resistance, as exemplified by
the VanA and VanB gene clusters in enterococcal species [58, 59].

Transposons: These are also known as jumping genes and are DNA sequences that
can move from one location to another within the genome or between different bacte-
rial genomes. These elements may carry antibiotic resistance genes and can promote
their spread between bacterial species. Transposons play an important role in the spread
of MDR, such as aminoglycosides and tetracycline in enterococcal species [60, 61].

Integrons: Integrons are genetic elements that capture and integrate gene cassettes
of antibiotic resistance from their environment. Integrons play an important role in
acquiring and disseminating resistance genes among enterococci. Integrons help in
adapting enterococci to various antibiotic pressures, permitting survival in clinical
settings and multiple resistance to antibiotics [62, 63]. These mobile genetic ele-
ments, therefore, enhance the adaptive and survival capacities of enterococci under
antibiotic selective pressures, thus posing a considerable portion of the increase in the
antibiotic-resistant problem.

5.3 Current statistics of antibiotic resistance in enterococci

Enterococci are currently responsible for many diseases, and their ineffective-
ness against antibiotics enhances the mortality and morbidity rates. Owing to the
enterococcal resistance against vancomycin, the WHO Bacterial Priority Pathogens
List (WHO BPPL) 2024 declared that E. faecium VRE resistant is in the high-priority
list [64]. Recently, Guan et al. systematically reviewed the antimicrobial resistance in
clinical E. faecalis isolates and observed resistance against tetracycline (66.6%), rifam-
picin (61.3%), erythromycin (60.3%), gentamicin and cotrimoxazole (49.7%), strep-
tomycin (48.2%), and ciprofloxacin (44.2%) prevalence [65]. In contrast, resistance
against daptomycin and tigecycline (0.7%) was found to be low, thus suggesting the
effectiveness of these two antibiotics against enterococcal infections. Likewise, the
author documented a significantly low resistance against linezolid (1.3%), imipenem
(2.6%), teicoplanin (5.3%), fosfomycin (6.5%), and ampicillin (9.5%) [65]. In another
retrospective cohort study conducted in Italy, comprised of 3236 clinical enterococcal
isolates (E. faecalis 82.2% and E. faecium 17.8%), showed that the E. faecium is resis-
tant against ampicillin and imipenem with 84.5% and 86.7%, while E. faecalis showed
resistance against gentamicin and high-level streptomycin [66].

A comprehensive study was conducted to identify antibiotic resistance in
enterococci in the influents and effluents of wastewater treatment plants in South
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The consequences of occurrence and prevalence of antibiotic resistance in enterococcal species.

Korea. The analysis of enterococcal strains (n = 804) against 16 antibiotics showed
high resistance against tetracycline, kanamycin, ciprofloxacin, and erythromycin,
while resistance to ampicillin, ciprofloxacin, and gentamicin was high in effluent, and
resistance to chloramphenicol, erythromycin, and tylosin was lower [67]. According
to the Centers for Disease Control and Prevention (CDC) report 2019, the VRE caused
54,500 infections and 5400 deaths in hospitalized patients in the US in 2017, with
20-50% mortality rates in the US and European nations [67]. In another study con-
ducted by Hemapanpairoa et al. [68], it was reflected that VR E. faecium infection is
responsible for 69.2% and 57.7% of 90-day and 30-day mortalities, respectively [68].
Collectively, these data suggest that it is of utmost importance to take precautionary
measures before any outbreak. The major consequences that will take place due to
antibiotic resistance in enterococcal species are shown in Figure 3.

6. Prevalence of antibiotic resistance in enterococci

Owing to the excessive usage of both enterococci in different applications and the
uncontrolled use of antibiotics in hospital settings, the prevalence of antibiotic resis-
tance in enterococcal species is a precedent. The genome plasticity of enterococci also
aids in the acquisition of foreign elements, including antibiotic resistance. Moreover,
human activities like misuse and overuse of antibiotics and transfer via contact also
help to enhance enterococci resistance across diverse environments.

6.1 Mechanisms of antibiotic resistance

Antibiotics follow various mechanisms through which they inactivate and/or kill
the microorganisms. For instance, some antibiotics disrupt the membrane integrity,
while others interfere with the essential metabolic pathways or inhibit protein or cell
wall synthesis. Altogether, these can target the essential process in the cell and prevent
bacteria from spreading, either through killing them directly or inhibiting their growth
[69]. The development of antimicrobial resistance is a serious threat. The bacteria
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develop resistance to the medications that are used to kill them. This resistance occurs
through a variety of strategies, including the production of enzymes that break

down antibiotics or modifications to their target sites that stop the medications from
functioning. While some bacteria create protective biofilms that keep them safe from
treatment, others use efflux pumps to remove antibiotics before they have a chance

to do any damage [70]. They can also exchange resistance genes with one another,
which facilitates the rapid spread of resistant features. Antibiotics are very specific in
their mode of action for killing targeted microbes. The general antibiotic resistance
mechanism is illustrated in Figure 4. Inhibition of cell wall synthesis is the most com-
mon resistance in antibiotics, in which the antibiotics target the peptidoglycan layer
and cause cell death [71]. Likewise, the inhibition of protein synthesis machinery by
antibiotics causes no protein synthesis, and hence, cell growth is impaired [72].

6.2 Different types of resistance in enterococcal species

The genus Enterococcus represents an ideal model for studying antibiotic resistance
due to its combination of intrinsic and acquired resistance mechanisms, clinical signif-
icance, and ecological adaptability. Understanding antibiotic resistance in enterococci
throws light on the general phenomenon of resistance development and dissemination
across various bacterial species, showing their position as both a challenge and a model
in the fight against antibiotic resistance. As aforementioned, the enterococcal species
poses both intrinsic and extrinsic resistance and creates a danger for the public. During
natural resistance, the enterococci remain alive in the presence of different antibiot-
ics and hence lower the choice of therapeutic options against enterococcal diseases
[20, 73-75]. Similarly, during acquired resistance, the enterococci adopt resistance
against antibiotics by the acquisition of foreign genetic resistance either by horizontal
gene transfer or vertical gene transfer. Acquired resistance may present on the main
chromosome or on mobile genetic elements, i.e., plasmids, transposons, etc. [76]. The
multidrug-resistant (MDR) organisms are infections and exhibit resistance to multiple
antibiotics (cannot be killed by three or more types of antibiotics, while bacteria that

antibiotics
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The general mechanism of action of antibiotics in enterococcal species.
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are resistant to all antibiotics are called pan-drug-resistant (PDR) bacteria), thus
rendering them impervious to elimination or regulation by a single drug [77].

6.3 Major antibiotic resistance in enterococcal species

The enterococcal species are found to show resistance to almost all available anti-
biotics. They show resistance majorly to widely used antibiotics in hospital settings,
while low-level resistance is showing against those antibiotics that have lesser usage
and are not as common. Following are the common antibiotics or classes of antibiotics
against which enterococci show resistance.

6.3.1 Resistance to f-lactams

Enterococci have natural or innate resistance to f3-lactam antibiotics due to their
low affinity for penicillin-binding proteins (PBP5 in E. faecium and PBP4 in E. fae-
calis) [78]. This resistance varies depending on the type of p-lactams; e.g., penicillin
has the highest activity, followed by carbapenems, and the least is shown by cephalo-
sporins. The overproduction of PBP5 in E. hirae, which is under the control of the psr
gene, is responsible for p-lactam resistance. Mechanistically, the inactivation of the
psr gene through deletion or mutation leads to the overproduction of PBP5 and causes
protein saturation [79]. In other cases, the enterococcal species produces p-lactamase,
an enzyme that hydrolyzes the p-lactam ring of antibiotics, which inactivates the anti-
biotics and thus makes them unable to inhibit the functions of surface PBPs. Genes
responsible for the expression of f-lactamases are located closely with the gentamicin
resistance genes on the plasmid [80].

6.3.2 Resistance to aminoglycosides

Bacterial resistance against aminoglycoside is associated with the activity of
enzymes that inactivate the antibiotic, either by the enzymatic modification of
16S rRNA or due to changes in the permeability of membranes for the drug. At low
aminoglycoside levels, the enterococcal cell membranes show less permeability and
thus preclude the use of these antibiotics [55]. However, the combinatorial use of
aminoglycosides and penicillin or glycopeptides is considered effective [81]. During
high-level aminoglycoside resistance (HLAR), the enterococci change the confirma-
tion of antibiotics by the production of specific aminoglycoside-modifying enzymes
(AMEs), like phosphotransferases (APHs), acetyltransferases (AACs), and nucleotid-
yltransferases (ANTSs), that modify and prevent the binding [82].

6.3.3 Resistance to tetvacycline

The mechanism of resistance against tetracycline often involves the efflux pumps,
tasked with pumping the antibiotic out of the cytoplasm [83]. Tetracycline inhibits
protein synthesis (by blocking the bacterial 30S ribosomal subunit) and disturbs the
energy processes in bacterial cells. These are removed from the cytoplasm by special
efflux pumps resulting from the expression of genes tetK and tetL. Other genes like
tetM, tetO, and tetS encode proteins that showed resistance by protecting the ribo-
some. This involves binding resistance proteins to the ribosome, followed by a change
in the conformation, which limits the binding of tetracycline. The most common
gene of resistance to tetracycline is tetM, which is located on the chromosome and is
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usually transferred on transposon Tn916 or similar conjugative transposons, some-
times through conjugative plasmid [84].

6.3.4 Resistance to fluoroquinolones

Quinolones work against bacteria by interfering with DNA gyrase, topoisomerase
IV, and type II topoisomerase, all of which are necessary for bacterial DNA replication
[85]. GyrA and GyrB are the two subunits that make up DNA gyrase. Topoisomerase IV,
the principal target, has two subunits, parC and parE, that are homologous to gyrA and
£yrB, and is responsible for the quinolones found in Gram-positive bacteria [86]. Point
mutations on chromosomes determine enterococcal resistance to fluoroquinolones. As
aresult, genes that confer resistance to fluoroquinolones cannot be passed on to other
bacteria through genetic material transfer [87]. The severity of antibiotic therapy with
medications from this class determines the prevalence of this mutation in the bacterial
genome. The most prevalent mutations involve changes to the genes that encode topoi-
somerase II (gyrase) and topoisomerase IV [88]. E. faecalis has demonstrated interme-
diate resistance to quinolones due to a mutation in parC but not ingyrA genes [89].

6.3.5 Resistance to vancomycin

Vancomycin-resistant enterococci (VRE) are the cause of clinical outbreaks glob-
ally, as vancomycin is considered the last-resort antibiotic that is used to treat serious
infections caused by multidrug-resistant bacteria [90]. Enterococcal species have
developed resistance to vancomycin, thus leading to the emergence of vancomycin-
resistant enterococci (VRE), which poses a significant challenge to the healthcare
providers [91]. Vancomycin resistance is mostly reported in E. faecium but has also been
identified in other enterococcal species like E. faecalis, E. durans, E. raffinosus, E. hirae,
E. avium, and E. gallinarum [22]. Enterococci primarily develop vancomycin resistance
through the acquisition of vancomycin resistance genes (vanA, vanB, vanC, vanD,
vanE, vanG, and vanL), which encode enzymes that modify the target site of vanco-
mycin, i.e., cell wall precursor peptidoglycan [92]. The modification involves replacing
D-alanine-D-alanine with D-alanine-D-lactate or D-alanine-D-serine. This alteration
reduces the binding affinity of vancomycin to the cell wall and renders the bacterial
resistance [93]. VRE spreads through several factors, including horizontal gene transfer
(where VRE transfers resistance genes to other bacteria), contaminated environments
(as VRE can survive on surfaces for long periods, increasing transmission risk), anti-
biotic overuse and misuse (which promotes resistant strains), compromised immune
systems (making patients more vulnerable to infections), and poor infection control
practices (such as inadequate hand hygiene and other preventive measures) [94].

6.3.6 Resistance to linezolid

Linezolid is an oxazolidinone that was approved by the US Food and Drug
Administration in 2000 for the treatment of vancomycin-resistant E. faecium infections
and complicated skin and soft tissue infections [95]. Linezolid inhibits protein syn-
thesis by binding to the initiation complex of 23S rRNA. Due to the presence of more
gene copies (i.e., 4-6) that encode 23S rRNA in enterococci, the linezolid resistance is
considered unlikely. If a mutation takes place in any of these copies, the remaining can
hide this mutated copy, and thus, the 23S rRNA does not lose its binding site [16, 96].

169



Antimicrobial Resistance — New Insights

Resistance to linezolid occurs when the susceptible cells combine with the alternate
ones [74]. The presence of the cfr gene in enterococci that encode the methyl transferase
can alter the adenosine in the binding site of linezolid in 23S rRNA and thus prevent
the binding of the antibiotic. This gene is located on plasmid pEF-01 and is considered
transmittable [97]. It was discovered for the first time in the genus Staphylococcus as

a source of resistance to linezolid, lincosamides, and class A streptogramins [22, 98].
The global Zyvox Annual Appraisal of Potency and Spectrum (ZAAPS) linezolid
surveillance monitoring program documented an increase in the number of linezolid-
resistant enterococci (LRE) from 420 in 2002 to 813 in 2014. Likewise, the US Linezolid
Experience and Accurate Determination of Resistance (LEADER) surveillance moni-
toring program reported that LRE E. faecium increased from 428 in 2004 to 589 in 2014,
while LRE E. faecalis isolates increased from 196 to 239 in 2014 [94, 95].

6.4 Surveillance and diagnostic tools for antibiotic resistance in enterococcal
species

Proper surveillance and monitoring of antibiotic resistance is crucial in taking
precautionary measures against enterococcal antibiotic resistance. Both traditional and
advanced technologies are employed to identify antimicrobial resistance; all have their
advantages and disadvantages. Accuracy, time, sensitivity, and cost are the key factors

Method

Description

Advantages

Limitations

Culture-based

Isolation of enterococcal species
using enriched and selective
media.

Standard and widely
available method.

Time-consuming
(48-72 hours).

Biochemical tests Identification of enterococcal Inexpensive, simple, Limited specificity,

species using tests like catalase, and routine practice. may require additional

PYR, and esculin. confirmatory tests.
Disk diffusion Antimicrobial susceptibility Easy to perform and Not as accurate for
(Kirby-Bauer) testing using antibiotic disks. interpret, widely fastidious organisms,

used. subjective results.

Broth Determines the minimum Provides precise Requires expertise,
microdilution inhibitory concentration (MIC) resistance data. labor-intensive and

of antibiotics. time-consuming.
Epsilometer or Gradient method for Quick, accurate, and Expensive, requires
E-Test determining MIC by placing quantitative results. specialized equipment.

a strip with a gradient of
antibiotic concentrations.

Polymerase chain

Detection of resistance genes

Fast, specific, and

Requires specialized

reaction (PCR) using specific primers. highly sensitive. equipment and trained

personnel.

RT-PCR Real-time PCR for rapid Quantitative, allows Expensive, requires
detection of resistance genes in detection of low levels specialized equipment.
clinical isolates. of resistance.

Genome Whole genome sequencing Provides a detailed Time-consuming,

sequencing or sequencing of resistance- resistance profile and expensive, and requires
related genes (e.g., vancomycin detects novel genes. advanced expertise.
resistance).

Table1.

Traditional and molecular methods to study AMR in enterococci.
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Therapy Description Examples of drugs/ Potential benefits
therapies
New antibiotics Standard drugs used to Vancomycin, Effective for some strains, but
treat infections Linezolid, resistance is increasing
Daptomycin
Combination Use of two or more Vancomycin and Synergistic effects can reduce
therapies antibiotics to enhance Gentamicin resistance emergence
efficacy
Bacteriophage Use of viruses that Phage therapy It is a novel therapy, may be
therapy infect and kill bacteria targeting Enterococcus effective against resistant strains,
strains but requires more research
Probiotics Beneficial bacteria Lactobacillus and May help to reduce colonization
therapy to kill pathogens and Bifidobacterium of resistant strains
restore dysbiosis species
Table 2.

The different types of therapies used to mitigate the AMR in enterococci.

that are considered while employing any method for AMR detection [87, 99]. To iden-
tify AMR in enterococci, various approaches are used and are summarized in Table 1.
Traditionally, culture-based and biochemical tests are used as standard methods
for studying AMR in microorganisms. Although these methods have shortcomings of
accuracy and time, certain molecular-based techniques (PCR-based) are developed
that overcome these limitations. The rapid, accurate, and genetic-based techniques
like whole genome sequencing are also employed, which not only reflect the resis-
tance but can also show the mechanism involved in AMR [100]. Currently, various
strategies are used to cope with the enterococcal antibiotic resistance, summarized
in Table 2. Among the various proposed therapies, the combinatorial therapy got
attention due to its potential and outcomes. This synergistic approach has enhanced
therapeutic potential and can lower the antibiotic resistance [101]. Likewise, the pro-
biotic therapy is also considered an effective way of mitigating AMR in enterococci.
Probiotics that have the potential to kill pathogens and can restore the gut microbiota,
along with antibiotics, can enhance their effectiveness [102].

7. Antibiotic resistance in enterococci and their implication on probiotics

Probiotics are live microorganisms that have health benefits when consumed
in sufficient amounts. According to the International Scientific Association for
Probiotics and Prebiotics, these are live microorganisms that, when administered in
adequate amounts, confer health benefits to the host [15]. Probiotic microbes have
selection criteria that are followed during a strain selection. Safe nature, no antibiotic
resistance and virulence factors, has anti-bacterial potential, and has the ability
to produce antimicrobial substances [103, 104]. Owing to these selection criteria,
currently seven groups of microorganisms are proposed that have the probiotic
potential dominated by Lactobacillus, Bifidobacterium, and genus Enterococcus.
The genus Enterococcus is not considered Generally Recognized As Safe (GRAS) or
Qualified Presumption of Safety (QPS), but still their species, i.e., E. faecium, E.
hirae, E. mundtii, etc., are used as probiotics, and many strains are commercialized
[1]. As described, both intrinsic and acquired antibiotic resistance are identified in
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enterococcal species, thus posing a challenge for researchers and healthcare providers
to properly elucidate their safety and probiotic potential [105]. Although it is docu-
mented that the presence of intrinsic resistance is not a threat for a strain to be used
as a probiotic, the acquired resistance (which can be transferred to other organisms)
nonetheless represents a hurdle in enterococcal probiotic administration.

7.1 Antibiotic resistance in probiotics

The increasing antibiotic resistance in enterococci poses a significant concern
regarding their potential as probiotics, as their ability to acquire resistance genes
can lead to the potential spread of multidrug-resistant pathogens. In clinical settings
where antibiotic use is widespread, it is essential to cautiously select and monitor
enterococci-based probiotics for resistome profiling [106]. Due to the presence
of intrinsic resistance in enterococci, it is possible to acquire resistance genes via
horizontal gene transfer (HGT), thus making them prone to becoming a multidrug-
resistant pathogen [23, 106]. Among antibiotic-resistant enterococci, resistance
to vancomycin (VRE) is of great importance, as this antibiotic is considered the
last-resort antibiotic and thus lowers the treatment options [107]. Likewise, the
resistance-acquiring potential of enterococcal probiotics raises a concern about their
usage, particularly in human applications where they can transfer these genes to other
gut microbes and thus spread the antibiotic resistance pathogens [106].

To get rid of antibiotic resistance in enterococcal probiotics, various steps should
be taken. For instance, the careful selection of strains with no or very low antibiotic
resistance profiling is of utmost importance [108]. To determine the antibiotic
resistance in a probiotic strain, the phenotypic assessment is not sufficient, requir-
ing the molecular assessment via PCR-based analysis. In this regard, whole genome
sequencing, or probiogenomic analysis, is of the highest importance, as this approach
provides genome-level assessments [109]. Besides proper selection, validation, and
genomic analysis, proper monitoring and strict regulation are also crucial. Misuse of
antibiotics and self-medication should be prevented [33]. The general implications of
enterococcal antibiotic resistance on probiotics are illustrated in Figure 5.

7.2 Probiotics and antibiotic synergistic approach

Probiotics are currently tailored for their synergistic approach with antibiotics. In
the time of antibiotic administration, the gut microbiota is displaced, thus creating
dysbiosis conditions, while the restoration of the gut microbiome is the crucial prop-
erty of probiotics. Hence, in the combinatorial usage, both probiotics and antibiotics
may reinforce each other’s effects and give promising results [110]. Probiotics have
been proven to reduce the intestinal colonization of drug-resistant bacteria in animal
models. Research conducted i vivo has demonstrated that administering probiotic
isolates, such as Bifidobacterium bifidum ATCC 29521, may result in a decrease in the
prevalence of Escherichia and Shigella species [111]. Likewise, the administration of
Lactobacillus plantarum was found to lower the harmful bacteria, like Firmicutes,
Actinobacteria, Enterobacterales, and Proteobacteria [108]. In a hospital setting, the
ratio of finding the Lactobacillus spp. was found to be higher in patients who take
MDR in comparison to those who do not take the MDR, thus reflecting the association
of probiotics with MDR administration [111].

There is growing concern about the development and presence of multiple
antibiotic resistance genes in probiotics. These probiotics may act as reservoirs for
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Enterococcal antibiotic resistance and its implications
for probiotics: Key consideration

High resistance potential

ally possess r
to penicillin, cephalosperins, and low
levels to aminoglycosides, etc.

Hospital-associated infections

Due te their ability to survive in harsh
conditions these are widely found in clinical
settings are are responsible for various
complications.

Careful strain selection

carful selection of enterococcal strains
for their probietic potential is erucial.

Vancomycin resistance (VRE)

Itis the most concerning aspect of
enterococcal resistance, which can
render infections difficult to treat due
to limited alternative antibiotic options.

Regular surveillance

Regular monitoring of
enterococcal probiotics is crucial
to detect the emergence of
antibiotic resistance.

Horizontal gene transfer <« ------ &
Enterococci are efficient at transferring IDT‘A
N

the resistance genes through mobile
genetic elements and thus facilitate the
rapid spread of resistance

Figure 5.
The implications of enterococcal antibiotic resistance on probiotics.

antibiotic resistance genes and can transfer to other microbes (both pathogenic and
opportunistic microbes), which raises a serious issue in the probiotic administration
[112]. The burden of probiotics might also affect the host microbiome genetic profil-
ing, as probiotics are taken in large amounts, and they can act directly [113, 114]. The
association of antibiotic resistance with probiotics depends upon the assessment of
resistome profiling of the selected probiotic strains to determine whether the strains
harbor intrinsic or acquired resistance genes. The presence of antibiotic resistance

in probiotics can lower their applications, particularly in fermented and other food
products. For instance, Lactobacillus and Enterococcus probiotics are widely used in
fermented substances that are apparently safe but harbor antibiotic resistance genes,
thus providing a reservoir of resistance genes that might be transferred to any com-
mensal or pathogenic strains [115, 116]. The comprehensive resistome profiling is
thus considered essential for the complete safety and proper usage of probiotics in
food substances. It is worth mentioning that the results obtained only via phenotypic
assays are not sufficient for a strain to be claimed as probiotic for human usage; thus,
molecular assessment via PCR analysis remains important. Additionally, the genome
profiling of probiotics, called probiogenome, is currently considered crucial for a
strain to be used in human applications. This probiogenomic profiling provides the
genetic basis of any virulent or antibiotic resistance genes besides their acquired or
intrinsic nature [117].

8. Future recommendations

With the rise of antibiotic resistance in enterococci, future research will mostly
be directed toward emerging technologies such as advanced genomic sequencing,
real-time PCR, and CRISPR-based diagnostics in monitoring of resistance. The
exploration of unidentified or newly identified enterococcal species, their biol-
ogy, and their role in different settings might be important in terms of antibiotic
resistance elucidation. The identification of newly identified species might pose
new genetic insights or mechanisms of antibiotic resistance, which may help in the
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understanding of the emergence and prevalence of enterococcal antibiotic resis-
tance. Being highly important to enterococcal species, it is crucial to develop new
ideas, avenues, and substances that overcome the existing limitations. Currently,
the synergistic approach of antibiotics and probiotics has gotten attention, but
limited data is available and thus needs to be explored in detail using emerging
technologies. The development of new drugs, probiotics, phage therapy, etc., may
offer a promising approach toward enterococcal AMR. Recently, the potential
applications of artificial intelligence (AI) and its allies, like machine learning (ML)
and deep learning (DL), have proven useful in the realm of antibiotics. These
advanced technologies can be used effectively in tailoring the antibiotic resistance
in enterococcal species. Moreover, a multidisciplinary approach comprising physi-
cians, researchers, and healthcare regulators can work collectively and overcome
the spread of AMR in enterococci.

9. Conclusion

Enterococci, which are Gram-positive microorganisms and have a ubiquitous
distribution, have potential applications. Approximately 84 species are identified
with known biological and physiological properties, and the number is increasing.
Enterococcal species, dominated by Enterococcus faecium and Enterococcus faecalis,
are widely used in different industrial applications like food, agriculture, and
pharmaceuticals. Likewise, the probiotic potential of enterococcal species is also
established, and there are commercially available probiotics. Unfortunately, the
potential benefits of enterococci are limited because of the presence of both intrinsic
and acquired antibiotic resistance. The world is currently facing a threat of antibiotic
resistance, and annually, millions of deaths occur due to AMR. It is dangerous that
WHO documented the enterococcal species E. faecium in the list of high-priority
microbes. Enterococci show intrinsic resistance to -lactams and cephalosporins,
aminoglycosides, and lincosamides, while acquired resistance was identified against
cephalosporins, fluoroquinolones, and vancomycin. The widespread resistance in
enterococci is mostly because of their genome plasticity and the potential to transfer
these resistance genes to others via horizontal and vertical gene transfer. Besides other
negative impacts, the enterococcal antibiotic resistance affects the enterococci-based
probiotics. Probiotics, which are free from any antibiotic resistance, may act asa
reservoir for harboring resistance genes and can transfer to pathogenic or commensal
microorganisms, thus producing a threat for healthcare providers and researchers to
exclusively elucidate their genetic profiling via phenotypic, genotypic, and genomic
analysis. Although the synergistic use of probiotics and antibiotics offers promising
results with enhanced functionalities. In the near future, the elucidation of genomic
profiling and the use of advanced technologies like the CRISPR-Cas system, Al, ML,
and DL tools will be comprehensively established for their safety and, hence, health-
related applications.
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