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Abstract

Antibiotic resistance in foodborne bacteria has become a significant public health concern, particularly in ready-to-eat (RTE) foods that are
consumed without further processing. This review examines the nature, sources, mechanisms, and health implications of antibiotic-resistant
bacteria in RTE foods. These foods are easily contaminated at different stages of production, handling, and distribution, making them effective
vehicles for transmitting resistant pathogens. Resistance in foodborne bacteria is driven by mechanisms such as enzymatic drug inactivation,
target modification, efflux pumps, reduced membrane permeability, biofilm formation, and horizontal gene transfer. These processes contribute
to the emergence and spread of multidrug-resistant (MDR) strains. Major sources include animal products, environmental contamination,
poor food handling practices, and processing environments. The presence of resistant bacteria in food leads to treatment failure, prolonged
illness, increased healthcare costs, and higher mortality rates, with antimicrobial resistance contributing to millions of deaths globally each
year. The review concludes that controlling antibiotic resistance in food systems requires improved hygiene, responsible antibiotic use, effective
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surveillance, and a one Health approach integrating human, animal, and environmental health.
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Introduction

Ready-to-eat (RTE) foods are foods that can be consumed
immediately without further cooking, heating, or processing [1].
They include street-vended meals, cooked rice and meat dishes,
salads, dairy products, pastries, and minimally processed foods
that are widely consumed across both developed and developing
countries [2]. In places such as Nigeria, RTE foods have become
an essential part of everyday life due to their affordability [3],
accessibility [2], and the increasing demand for convenience
in fast-paced urban environments [1]. For many individuals,
especially students, workers, and low-income populations,
these foods serve as a reliable and often necessary source of
daily nutrition. Despite their importance, ready-to-eat (RTE)
foods are highly susceptible to contamination because they are
typically consumed without additional heat treatment that could
eliminate harmful microorganisms [4]. Contamination can occur
at multiple stages, including raw material sourcing, processing,

transportation, storage, and final handling before consumption
[5]. Food handlers, utensils, water used in preparation, and
environmental exposure all play significant roles in introducing
microbial contaminants [4]. As a result, foodborne pathogens
such as Escherichia coli, Salmonella spp., Staphylococcus aureus,
and Listeria monocytogenes are frequently detected in RTE foods
and are responsible for a wide range of foodborne illnesses [6,4]
(Figure 1).

Beyond general microbial contamination, the issue of
antibiotic resistance has added a new and more complex
dimension to food safety concerns. Antibiotic resistance, which
is part of the broader concept of antimicrobial resistance (AMR),
refers to the ability of microorganisms to survive exposure to
antimicrobial drugs that were previously effective against them
[7,6]. This phenomenon reduces the effectiveness of standard
treatments, leading to prolonged illness, increased healthcare
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costs, and a higher risk of complications [7]. Recent global
estimates indicate that antimicrobial resistance is responsible
for approximately 1.27 million direct deaths annually and is
associated with nearly 4.95 million deaths each year worldwide
[8]. This means that AMR now ranks among the leading global

causes of death, surpassing several major infectious diseases. The
increasing mortality burden highlights its serious public health
impact and the urgent need for stronger control measures across
human health, veterinary practice, and the food chain.
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Figure 1: Ready-to-eat grilled meat (Suya), fruits and cooked rice meals [1].

From a broader perspective, the burden of foodborne diseases
remains substantial worldwide, and the involvement of resistant
bacteria is making the situation more difficult to manage.
Foodborne infections are already widespread, the emergence of
resistant strains means that even common infections can become
harder to treat. This has drawn attention to the role of food,
particularly RTE foods, as important pathways through which
resistant bacteria can be transmitted from the environment and
animal sources to humans [9]. The development and spread of
antibiotic resistance in foodborne bacteria are strongly linked
to human activities. One of the major contributing factors is the
widespread use of antibiotics in agriculture, especially in livestock
production. Antibiotics are often used not only for treating
infections but also for promoting growth and preventing disease
in animals. This creates selective pressure that encourages the
survival and multiplication of resistant bacteria. These bacteria
can then enter the food chain during slaughtering, processing, or
handling of animal products [10,11,12].

In addition to animal sources, environmental factors play a
crucial role in the spread of antibiotic resistance. Contaminated
water used for irrigation, poor waste management, and the
presence of antibiotic residues in soil can introduce resistant
bacteria into plant-based foods. RTE vegetables and salads are
particularly at risk because they are often consumed raw [5].
Recent studies have also reported the presence of antibiotic
resistance genes in fresh and ready-to-eat vegetables, even when
overall microbial loads appear low [13]. Another important aspect
of antibiotic resistance is the ability of bacteria to exchange genetic
material. Through mechanisms such as horizontal gene transfer,
bacteria can share resistance genes via plasmids, transposons,
and integrons. This allows resistance traits to spread rapidly not
only within the same species but also across different bacterial

species. As a result, even non-pathogenic bacteria present in RTE
foods can act as reservoirs of resistance genes that may later be
transferred to pathogenic bacteria in the human gastrointestinal
tract [14,15].

Recent studies have increasingly highlighted the role of
RTE foods in the spread of antibiotic-resistant bacteria. RTE
foods have been identified as potential reservoirs of resistant
pathogens, emphasizing the need for stricter food safety controls
[16]. Similarly, studies on street-vended foods have reported a
high prevalence of antibiotic-resistant bacteria, often linked to
poor hygiene practices and inadequate regulatory oversight [5].
These findings are consistent with global surveillance reports
showing rising resistance trends in foodborne bacteria [17,16].
Furthermore, the rise of multidrug-resistant (MDR) bacteria in
RTE foods presents an additional challenge, MDR bacteria are
resistant to multiple classes of antibiotics, making infections
difficult to treat with commonly available drugs. The presence of
such bacteria in everyday foods increases the risk of treatment
failure and complicates disease management. Studies conducted
in differentregions, including Africa, have reported the occurrence
of MDR strains in commonly consumed RTE foods [18,19].

Another emerging concern is the role of food supply chains
and globalization in the spread of antibiotic resistance. With
increased international trade and movement of food products,
resistant bacteria can easily cross geographical boundaries. This
means that contamination in one region can have far-reaching
effects, contributing to the global spread of resistance. In
addition, inadequate monitoring systems and weak enforcement
of food safety regulations in some regions further increase the
risk of widespread contamination [5,12]. Consumer behavior
and awareness also influence the safety of RTE foods, improper
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handling, such as poor storage and inadequate hygiene during
consumption, can increase exposure to contaminated foods. At the
same time, limited awareness about antibiotic resistance among
food handlers and consumers contributes to the persistence of the
problem [7,6].

Nature of antibiotic resistance in foodborne bacteria

Antibiotic resistance in foodborne bacteria refers to the
ability of microorganisms present in food to withstand the effects
of antibiotics that were originally effective against them. This
resistance is not a single process but a combination of biological,
genetic, and environmental factors that enable bacteria to survive,
multiply, and spread even under antimicrobial pressure. In ready-
to-eat (RTE) food systems, this phenomenon is particularly
concerning because contaminated food provides a direct route of
exposure to humans without further microbial elimination steps
[7]. One of the fundamental characteristics of antibiotic resistance
is its adaptive nature, bacteria are highly flexible organisms that
can quickly adjust to environmental stress, including exposure to
antibiotics. When antibiotics are used repeatedly or improperly,
susceptible bacteria are eliminated while resistant ones survive
and proliferate. Over time, this selective pressure leads to the
dominance of resistant strains in food environments [11,7].

Mechanisms of resistance in foodborne bacteria

Antibiotic resistance in foodborne bacteria develops through
a combination of biochemical, structural, and genetic strategies
that enable microorganisms to survive exposure to antimicrobial
agents. may occur independently or
synergistically, making resistant strains particularly difficult to
eliminate from food systems, especially in ready-to-eat foods
where no further heat treatment is applied before consumption

[7].

Enzymatic inactivation of antibiotics

These mechanisms

One of the most common mechanisms of resistance is the
production of enzymes that chemically inactivate antibiotics. A
well-known example is the production of -lactamase enzymes,
which hydrolyze {-lactam antibiotics such as penicillins and
cephalosporins before they can act on bacterial cell walls. This
mechanism is widely reported in foodborne pathogens such as
Escherichia coli and Salmonella spp., contributing to treatment
challenges [15,7]. Extended-spectrum [-lactamases (ESBLs) are
particularly concerning because they can inactivate a wide range
of antibiotics, including advanced-generation cephalosporins.

Alteration of antibiotic target sites

Bacteria can develop resistance by modifying the cellular
targets of antibiotics. Structural changes in these targets prevent
effective binding of the drug, thereby reducing its efficacy. For
example, alterations in penicillin-binding proteins reduce the
effectiveness of f-lactam antibiotics, while modifications in
ribosomal subunits interfere with protein synthesis inhibitors

[14]. This mechanism is well documented in Staphylococcus
aureus, including methicillin-resistant strains (MRSA) found in
food environments.

Efflux pump systems

Efflux pumps are membrane-associated transport proteins
that actively expel antibiotics from bacterial cells. They act by
reducing intracellular drug concentration to sub-lethal levels,
these systems enable bacterial survival. Efflux-mediated resistance
is particularly significant in multidrug-resistant bacteria because
a single pump may confer resistance to multiple antibiotic classes.
This mechanism has been observed in both Gram-positive and
Gram-negative foodborne bacteria [20].

Reduced membrane permeability

Resistance can also arise through decreased permeability
of the bacterial outer membrane, limiting antibiotic entry into
the cell. In Gram-negative bacteria, alterations in porin proteins
reduce the uptake of antimicrobial agents. This mechanism often
works in combination with others, enhancing resistance levels in
foodborne pathogens [11].

Biofilm formation

Biofilm formation is a critical survival strategy in foodborne
bacteria,
embedded in a self-produced extracellular matrix that adheres
to food surfaces, utensils, and processing equipment. Within
biofilms, bacteria exhibit increased resistance due to limited

biofilms are structured microbial communities

antibiotic penetration, reduced metabolic activity, and the
presence of persister cells. These structures are common in
food processing environments and contribute significantly to
persistent contamination in RTE foods [6].

Horizontal gene transfer (HGT)

Horizontal gene transfer is one of the most important drivers
of antibiotic resistance, just like vertical transmission, HGT allows
bacteria to exchange genetic material across species boundaries.
Thisoccursthrough conjugation (plasmid transfer), transformation
(uptake of free DNA), and transduction (bacteriophage-mediated
transfer). Through these processes, resistance genes can spread
rapidly in food environments, particularly in RTE foods where
diverse bacterial populations coexist. As a result, food acts as a
reservoir for resistance gene dissemination [14,20].

Genetic basis of antibiotic resistance

The genetic basis of antibiotic resistance in foodborne
bacteria explains how resistance traits are acquired, expressed,
and transmitted among bacterial populations [21]. Unlike simple
physiological adaptation, antibiotic resistance is primarily
driven by genetic changes that arise either through spontaneous
mutations in bacterial DNA or through acquisition of resistance
genes from other microorganisms. In ready-to-eat (RTE) food
systems, this is particularly important because multiple bacterial
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species coexist in the same environment, creating favorable
conditions for gene exchange [21].

Chromosomal mutations

One major source of antibiotic resistance is spontaneous
mutation in the bacterial chromosome, these mutations occur
during DNA replication and may alter the structure of bacterial
proteins targeted by antibiotics. For example, mutations affecting
ribosomal binding sites can reduce susceptibility to protein
synthesis inhibitors, while alterations in cell wall associated genes
can reduce sensitivity to f-lactam antibiotics [22]. Although these
mutations occur naturally, antibiotic exposure in food production
systems increases selective pressure, allowing resistant mutants
to survive and dominate bacterial populations [7].

Plasmid-mediated resistance

Plasmid-mediated resistance is a major mechanism in
foodborne bacteria, plasmids are extra-chromosomal DNA
elements that carry antibiotic resistance genes and can move
between bacteria [23]. Plasmids can be transferred across
species boundaries, they enable rapid dissemination of resistance
from environmental bacteria to pathogens such as Escherichia
coli and Salmonella enterica, particularly in contaminated food
environments [23]. This mechanism is especially important in
ready-to-eat foods where multiple bacterial species coexist and
interact.

Transposons and lintegrons

Bacteria also spread resistance through transposons and
integrons,

. Transposons are mobile DNA sequences that move
within and between genomes, often carrying resistance genes.

. Integrons are genetic platforms that capture and express
gene cassettes, many of which encode antibiotic resistance.

These elements contribute to the accumulation of multiple
resistance genes within a single bacterium, resulting in multidrug-
resistant strains [24].

Horizontal gene transfer (HGT)

Horizontal gene transfer allows bacteria to exchange genetic
material directly instead of inheriting it from parent cells [25].

It occurs through:

. Conjugation (plasmid transfer through cell contact)
. Transformation (uptake of free DNA)

. Transduction (virus-mediated DNA transfer)

HGT is particularly important in food environments where
bacteria from different sources coexist on food surfaces and
equipment, promoting rapid gene exchange [25].

Mobile genetic elements and resistance clusters

Antibiotic resistance genes are often grouped in mobile
genetic elements that carry multiple resistance traits [26]. These
clusters allow bacteria to become resistant to several antibiotic
classes simultaneously, leading to multidrug-resistant (MDR)
strains that are difficult to treat once established in food systems
[26].

Environmental genetic reservoirs

Environmental reservoirs such as soil, water, and animal waste
also contain large pools of antibiotic resistance genes, these genes
can enter the food chain through irrigation, contamination during
processing, or poor handling practices. Even when food appears
microbiologically safe, resistance genes may still be present and
detectable using molecular methods such as metagenomics [27].

Multidrug resistance (MDR) in food Systems

Multidrug resistance (MDR) refers to the ability of bacteria to
resist the effects of three or more classes of antibiotics, making
infections increasingly difficult to treat and posing a serious
public health challenge. In food systems, particularly in ready-
to-eat (RTE) foods, MDR has become a major concern because
contaminated food provides a direct route of exposure to resistant
bacteria without any further cooking or microbial elimination step
[28]. The emergence of MDR is largely driven by the continuous
and often inappropriate use of antibiotics in human medicine,
veterinary practice, and food animal production. This widespread
use creates strong selective pressure that allows resistant
bacteria to survive, multiply, and gradually accumulate multiple
resistance traits over time [28,29]. In livestock production
systems, antibiotics are frequently used not only for therapeutic
purposes but also for disease prevention and growth promotion.
This practice contributes significantly to the development of
resistant bacterial populations, which can subsequently enter the
food chain through meat, milk, eggs, and other animal-derived
products. Once introduced into food systems, these resistant
organisms may persist through processing, distribution, and retail
stages, ultimately reaching consumers through contaminated
food products [11,9]. In RTE foods, this risk is even higher because
such foods are consumed without further heat treatment that
could eliminate pathogenic or resistant bacteria.

The presence of MDR bacteria in food systems has been
widely documented, particularly in street-vended and improperly
handled foods. Studies have reported MDR strains of Escherichia
coli, Salmonella spp., and Staphylococcus aureus in ready-to-
eat foods, especially in environments with poor sanitation and
inadequate hygiene practices [30,9]. These conditions include
the use of contaminated water during preparation, improper
food storage, cross-contamination from utensils, and exposure to
contaminated surfaces. In many developing regions, informal food
vending systems contribute significantly to the spread of MDR
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bacteria due to limited regulatory enforcement and insufficient
food safety infrastructure [9]. The public health implications of
MDR in food systems are severe. Infections caused by multidrug-
resistant organisms are more difficult to treat because commonly
used antibiotics become ineffective, leading to prolonged illness,
increased hospital admissions, higher medical costs, and a greater
risk of complications and death. Global estimates indicate that
antimicrobial resistance is responsible for approximately 1.27
million direct deaths annually and is associated with nearly 4.95
million deaths worldwide [9]. When MDR bacteria are transmitted
through food, especially RTE foods, they pose an additional risk
because exposure occurs directly through consumption.

The spread of MDR in food systems is further facilitated by
the movement of bacteria along the food chain. Contamination
may originate from animal production, environmental sources
such as water and soil, or from food handling practices during
processing and distribution. Poor hygiene in food preparation
environments also contributes to cross-contamination between
raw and cooked foods. Once established in food environments,
MDR bacteria can persist on surfaces and within biofilms,
making them more difficult to eliminate and increasing the risk
of repeated contamination [6]. A key factor that enhances the
spread of MDR is horizontal gene transfer, which allows bacteria
to exchange genetic material such as plasmids, transposons, and
integrons. Through these processes, bacteria can acquire multiple
resistance genes simultaneously, leading to the development of
highly resistant strains within food environments. This genetic
exchange is particularly significant in RTE foods where different
bacterial species coexist, increasing the likelihood of resistance
gene dissemination [31,28]. Recent global surveillance data show
a continuous rise in MDR bacteria in food systems. Reports from
international monitoring agencies indicate increasing resistance
to commonly used antibiotics such as ampicillin, tetracycline, and
fluoroquinolones among foodborne isolates. This trend is more
pronounced in regions where antibiotic regulation in agriculture
is weaker and food safety enforcement is limited, particularly in
low- and middle-income countries [9]. As a result, MDR bacteria
in ready-to-eat foods represent a growing global concern that
requires urgent attention.

Environmental and food chain influence on antibiotic
resistance in foodborne bacteria

The environment and the food chain play a central role in
the emergence, maintenance, and spread of antibiotic-resistant
bacteria, particularly within ready-to-eat (RTE) food systems.
Antibiotic resistance is not limited to clinical settings; rather, it is
deeply connected to ecological systems where humans, animals,
and the environment continuously interact. These interconnected
pathways allow resistant bacteria and resistance genes to
circulate widely, making food a key transmission route to humans
[28,29]. One of the major environmental contributors to antibiotic
resistance is the use of antibiotics in livestock production.

Antibiotics are frequently administered to food-producing
animals for therapeutic purposes, disease prevention, and in
some cases, growth promotion. This practice creates selective
pressure that encourages the survival of resistant bacteria in
animal intestines. These bacteria can then contaminate meat,
milk, and other animal-derived products during slaughtering,
processing, or handling. Once introduced into the food chain, they
can persist through distribution and reach consumers, especially
in RTE foods that are consumed without further cooking [11,32].

Environmental contamination is another important pathway,
animal waste containing antibiotic residues and resistant
bacteria is often used as manure in agriculture. When improperly
managed, it can contaminate soil and water systems. Irrigation
with contaminated water introduces resistant bacteria into crops,
particularly leafy vegetables that are commonly consumed raw
in RTE salads. Environmental matrices such as soil and irrigation
water have been identified as long-term reservoirs of antibiotic
resistance genes [27,33]. In addition, wastewater discharge
from hospitals, pharmaceutical industries, and animal farms
contributes significantly to environmental contamination. These
waste streams often contain antibiotic residues and resistant
microorganisms, which enter rivers and groundwater systems.
Such contaminated water is frequently used for domestic
purposes, food processing, and irrigation in many developing
regions, thereby increasing the risk of transmission through the
food chain [28,34].

Within the food chain itself, multiple stages contribute to
the spread of resistant bacteria, including primary production,
slaughtering, transportation, retail,
preparation. At each stage, poor hygiene practices, inadequate
sanitation, and cross-contamination can facilitate the movement
of resistant bacteria from one source to another. For example,

processing, and final

contaminated utensils, cutting boards, and food-contact surfaces
can transfer bacteria from raw meat to ready-to-eat foods. In
informal food vending systems, where infrastructure is limited,
these risks are significantly higher [9]. Another important aspect
is the role of bacterial persistence in the environment, some
resistant bacteria can survive for long periods outside a host,
particularly in moist environments such as water, soil, and food-
handling surfaces. Many of these bacteria form biofilms, which
enhance survival and increase resistance to disinfectants and
antimicrobial agents. This persistence increases the likelihood of
contamination of RTE foods during preparation and handling [6].

Recent evidence also highlights fresh produce as emerging
reservoirs of antibiotic resistance. Vegetables and fruits can
become contaminated through irrigation water, manure, soil,
and handling practices. Because these foods are often consumed
raw or minimally processed, they provide a direct pathway for
exposure to resistant bacteria, particularly in urban diets where
salads and fresh produce are common [7,9]. The environmental
and food chain influence on antibiotic resistance demonstrates
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that antimicrobial resistance is a complex ecological problem
rather than solely a medical issue. The continuous interaction
between humans, animals, and the environment facilitates the
circulation of resistant bacteria and genes, making containment
difficult without integrated intervention strategies. Addressing
this challenge requires improved waste management, responsible
antibiotic use in agriculture, strict food hygiene practices, and
strengthened surveillance systems across the entire food chain
[5,28].

Public health implications of the nature of antibiotic
resistance

The nature of antibiotic resistance in foodborne bacteria has
significantand far-reaching publichealthimplications, particularly
because it affects how infections are prevented, treated, and
controlled within human populations. When resistant bacteria are
present in ready-to-eat (RTE) foods, they create a direct pathway
for human exposure, since such foods are consumed without
further cooking or microbial inactivation [6]. This increases the
likelihood of infection with organisms that are difficult to treat,
thereby complicating routine clinical management of foodborne
diseases. One of the most serious implications is the reduction
in treatment effectiveness. Antibiotic-resistant bacteria often do
not respond to first-line drugs, forcing healthcare providers to
use alternative medications that are usually more expensive, less
available, or associated with more side effects. In severe cases,

infections may become untreatable. This contributes to prolonged
illness duration, increased hospital admissions, and higher
healthcare costs for both individuals and health systems [7,6].

Another important implication is the increased risk of
morbidity and mortality. Resistant foodborne pathogens such
as Escherichia coli, Salmonella spp., and Staphylococcus aureus
can cause infections ranging from mild gastrointestinal illness to
severe systemic conditions such as septicemia. The presence of
multidrug-resistant (MDR) strains further increases the risk of
complications and death, particularly among vulnerable groups
such as children, the elderly, pregnant women, and immune-
compromised individuals. Recent global estimates indicate that
antimicrobial resistance is associated with approximately 4.95
million deaths annually, with about 1.27 million deaths directly
attributable to resistant infections [29]. This highlights the
magnitude of AMR as a global health threat. The nature of antibiotic
resistance also contributes to the silent spread of resistant genes
within the human population. When resistant bacteria are ingested
through contaminated food, they can temporarily or permanently
colonize the human gut. During this colonization, resistance genes
may be transferred to other harmless or pathogenic bacteria in
the gastrointestinal tract through horizontal gene transfer. This
process increases the overall reservoir of resistance genes within
the human microbiome, even in the absence of active infection
[14] (Figure 2).
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Figure 2: Transmission pathway of resistant bacteria through food (food-to-human route) [7].
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In addition, antibiotic resistance in foodborne bacteria has
significant implications for public health surveillance and disease
control systems. The presence of resistant organisms in food
complicates routine outbreak investigations because standard
treatment protocols may fail, and laboratory identification of
resistance patterns may require advanced diagnostic tools. In
many low- and middle-income countries, limited access to such
diagnostic capacity further delays effective response and control
measures [14]. The problem is further intensified by the economic

burden on healthcare systems and households. Treating infections
caused by resistant bacteria often requires longer hospital
stays, the use of second- or third-line antibiotics, and additional
diagnostic tests. This increases healthcare expenditure and
places financial strain on families, particularly in regions where
out-of-pocket healthcare payment is common. At a national level,
antimicrobial resistance can reduce productivity due to illness-
related absenteeism and increased healthcare demand [14].
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Another major concern is the impact on food safety and
consumer confidence. The detection of antibiotic-resistant
bacteria in ready-to-eat foods can reduce public trust in food
systems, especially street-vended foods that are widely consumed
in urban areas. This may affect livelihoods of food vendors while
also highlighting gaps in food hygiene regulation and enforcement.
The public health implications of antibiotic resistance extend to
the global spread of resistant organisms through trade and travel.
In an interconnected world, contaminated food products can
cross borders easily, facilitating the international dissemination
of resistant bacteria. This makes antimicrobial resistance not
only a local or regional issue but a global public health challenge
requiring coordinated international action [5,7].

Sources of antibiotic-resistant bacteria in ready-to-eat
(RTE) foods

Animal-origin sources

Antibiotic-resistant bacteria in ready-to-eat (RTE) foods
commonly originate from animal-derived food products. Food-
producing animals such as poultry, cattle, and pigs are frequently
exposed to antibiotics for treatment, disease prevention, and
growth promotion. This exposure creates selective pressure
that encourages the survival and multiplication of resistant
bacteria within the animals’ gut microbiota. During slaughtering,
processing, and handling, these resistant bacteria can contaminate
meat, milk, eggs, and other animal products, which are later used
in the preparation of RTE foods such as cooked meats, sausages,
and street-vended meals [11,12].

Environmental sources (Soil and water contamination)

Environmental contamination is another major source of
antibiotic-resistant bacteria in RTE foods. Antibiotic residues
and resistant microorganisms enter the environment through
livestock waste, agricultural runoff, and improper disposal of
pharmaceuticals. When contaminated water is used for irrigation,
washing, or food processing, resistant bacteria can be introduced
into crops, especially vegetables and fruits. These plant-based
foods are often consumed raw or minimally processed, making
them an important route of exposure to consumers [5,7].

Food handlers and vendor hygiene

Food handlers play a critical role in the contamination of RTE
foods with antibiotic-resistant bacteria. Poor personal hygiene
practices, such as inadequate handwashing, handling food with
contaminated hands, and improper food storage, contribute
significantly to bacterial transfer. In street-vended food systems,
cross-contamination between raw and cooked foods is common
due to the use of shared utensils, surfaces, and limited access
to clean water. These practices increase the risk of spreading
resistant bacteria directly to consumers [29].

007

Food processing and equipment contamination

Food processing environments and equipment also serve
as persistent sources of contamination. Surfaces such as cutting
boards, knives, containers, and processing machinery can harbor
resistant bacteria, particularly when biofilms are formed. Biofilms
protect bacteria from cleaning agents and allow them to survive for
long periods, leading to repeated contamination of food products.
Once established, these bacterial communities are difficult to
eliminate completely, increasing the risk of contamination in RTE
foods [6].

Agricultural waste and fertilizers

Animal manure and untreated organic waste used as
fertilizers are important sources of antibiotic-resistant bacteria
in the environment. Livestock waste often contains both
antibiotic residues and resistant bacteria, which can contaminate
agricultural soils when improperly treated. Similarly, the use of
untreated sewage for irrigation introduces resistant bacteria into
crops. These bacteria can persist on plant surfaces and enter the
food chain through fresh produce consumed as RTE foods [5].

Cross-contamination in retail and street food settings

Cross-contamination during food retail and street vending is
another major source of antibiotic-resistant bacteria. In informal
food markets, foods are often displayed openly without adequate
protection from dust, insects, and environmental exposure. The
close proximity of raw and cooked foods increases the likelihood
of bacterial transfer. Additionally, warm environmental conditions
common in many tropical regions promote bacterial growth,
further increasing contamination risks [18].

Plant-based foods as emerging sources

Fresh fruits and vegetables are increasingly recognized as
emerging sources of antibiotic-resistant bacteria. These foods can
become contaminated through irrigation water, soil, fertilizers,
and handling during harvesting and transportation. Since they are
often consumed raw or minimally processed in RTE meals such as
salads and fruit mixes, they provide a direct pathway for exposure
to resistant bacteria [35,36,9].

Public health implications of antibiotic resistance in
foodborne bacteria

Treatment failure and reduced drug effectiveness

Antibiotic resistance in foodborne bacteria significantly
weakens the effectiveness of commonly used antimicrobial drugs,
making routine infections harder to manage. When individuals
consume contaminated ready-to-eat (RTE) foods, they may be
exposed to resistant pathogens that do not respond to first-line
antibiotics such as penicillins, tetracyclines, and sulfonamides.
This leads to treatment failure, where infections persist even after
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medication is administered, requiring stronger and often more
expensive alternatives. In many cases, these second-line drugs
may have limited availability, more severe side effects, or require
hospital-based administration. This situation increases the
complexity of clinical management and places additional pressure
on already burdened healthcare systems [7,6].

Increased morbidity and mortality

The presence of antibiotic-resistant bacteria in food
significantly increases both the severity and duration of foodborne
illnesses. Pathogens such as Escherichia coli, Salmonella spp.,
and Staphylococcus aureus can cause mild gastrointestinal
symptoms under normal circumstances; however, when they
are resistant to multiple antibiotics, infections may progress to
severe dehydration, systemic infection, or septicemia. Vulnerable
groups such as children, pregnant women, the elderly, and
immune-compromised individuals are at even greater risk of
complications and death. Global data indicate that antimicrobial
resistance is associated with approximately 1.27 million direct
deaths annually and contributes to nearly 4.95 million deaths
worldwide, demonstrating its growing role as a major global
cause of mortality [29].

Silent spread of resistance within the human body

One of the less visible but highly important public health
effects of foodborne antibiotic resistance is the silent spread of
resistance genes within the human gut. When resistant bacteria
are ingested through contaminated RTE foods, they may survive
and temporarily or permanently colonize the intestinal tract
without necessarily causing immediate illness. During this
colonization, they can transfer resistance genes to other harmless
or pathogenic bacteria through horizontal gene transfer. This
process increases the overall reservoir of resistance genes within
the human microbiome, meaning that individuals can become
carriers of resistance even without showing symptoms. Over
time, this hidden reservoir contributes to the broader spread of
antimicrobial resistance in the population [14,37,38].

Burden on healthcare systems

Antibiotic resistance in foodborne bacteria places a heavy
burden on healthcare systems by increasing the cost, duration,
and complexity of treatment. Patients infected with resistant
organisms often require prolonged hospitalization, advanced
diagnostic testing, and the use of more expensive or toxic
antibiotics. This not only increases healthcare expenditure butalso
reduces hospital bed availability and strains healthcare personnel.
In low- and middle-income countries, where healthcare resources
are already limited, the impact is even more severe. The inability
to effectively manage resistant infections also leads to higher rates
of complications and readmissions, further stressing healthcare
infrastructure [7].
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Economic and social consequences

Beyond health outcomes, antibiotic resistance has significant
economic and social consequences. Individuals and families
may experience financial hardship due to increased medical
expenses, especially where healthcare is largely paid for out-of-
pocket. Prolonged illness also leads to loss of productivity, school
absenteeism, and reduced workforce efficiency. At a broader
level, national economies may suffer losses due to decreased
productivity and increased public health spending [39,7].
Additionally, communities that depend on informal food vending
may experience reduced income if consumers lose confidence in
the safety of ready-to-eat foods, thereby affecting livelihoods and
local economies [1].

Impact on food safety and consumer confidence

The detection of antibiotic-resistant bacteria in ready-to-eat
(RTE) foods undermines public confidence in food safety systems.
Consumers may become increasingly cautious about purchasing
street-vended or minimally processed foods, which are often
affordable and widely consumed in urban areas. This loss of
confidence can have negative implications for both public health
and the informal food sector [40]. At the same time, it exposes
weaknesses in food hygiene practices, regulatory enforcement,
and public health monitoring systems, particularly in developing
regions where food safety oversight may be limited [7,5].

Global spread and one health concern

Antibiotic resistance in foodborne bacteria is not confined to
local settings but has global implications due to international food
trade and human mobility. Contaminated food products can be
transported across borders, allowing resistant bacteria to spread
between countries and continents. This global movement of
resistance genes makes antimicrobial resistance a transboundary
public health threat. It also highlights the importance of the
one Health approach, which integrates human health, animal
health, and environmental management to control the spread of
resistance at all levels of the food chain [5].

Factors contributing to the problem of antibiotic
resistance in foodborne bacteria

Misuse and overuse of antibiotics in humans and animals

One of the major drivers of antibiotic resistance in foodborne
bacteria is the misuse and overuse of antibiotics in both human
healthcare and animal production systems. In human medicine,
antibiotics are sometimes taken without proper prescription,
used for viral infections, or not completed as prescribed, all
of which promote the survival of resistant bacteria. In animal
husbandry, antibiotics are frequently used not only for treatment
but also for disease prevention and growth promotion, creating
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constant selective pressure that encourages resistant strains to
emerge and persist [7,11].

Poor food handling and hygiene practices

Inadequate hygiene during food preparation, processing,
and vending significantly contributes to the spread of antibiotic-
resistant bacteria in ready-to-eat (RTE) foods. Poor handwashing
practices, use of contaminated water, improper cleaning of
utensils, and cross-contamination between raw and cooked foods
allow resistant bacteria to be transferred directly into food. These
practices are especially common in informal street food vending
environments where access to clean water and sanitation facilities
may be limited [40].

Environmental contamination

Environmental pollution is another important factor
contributing to the problem. Waste from hospitals, pharmaceutical
industries, and livestock farms often contains antibiotic residues
and resistant bacteria. When this waste is discharged into soil
and water systems without proper treatment, it contaminates
agricultural land and irrigation water. These contaminated
resources are then used in food production, allowing resistant
bacteria to enter the food chain through crops and fresh produce

[5,7].
Weak regulatory and surveillance systems

In many developing regions, weak enforcement of food
safety regulations and limited surveillance of antibiotic use in
agriculture contribute significantly to the spread of resistance.
Inadequate monitoring of antibiotic distribution and usage
allows uncontrolled access to antibiotics, while poor inspection
of food production and vending systems increases the risk of
contaminated ready-to-eat foods reaching consumers [5].

Poor sanitation and inadequate infrastructure

Lack of proper sanitation facilities, clean water supply, and
waste management systems also plays a major role in the spread
of antibiotic-resistant bacteria. In environments where sanitation
is poor, bacteria can easily circulate between humans, animals, and
the environment. This increases the likelihood of contamination
at every stage of the food chain, particularly in informal food
vending settings [7].

Globalization and food trade

The global movement of food products and increased
international trade have also contributed to the spread of
antibiotic-resistant bacteria. Contaminated food can be
transported across borders, allowing resistant strains to spread
between countries and regions. This globalization of food supply
chains makes it difficult to contain resistance within a single
geographic area, turning it into a global public health challenge

[5]-

Lack of awareness and education

Limited awareness among food handlers, consumers, and
even some healthcare providers contributes to the persistence
of antibiotic resistance. Many individuals are unaware of the
consequences of improper antibiotic use or poor food hygiene
practices. This lack of knowledge leads to behaviors that continue
to promote the spread of resistant bacteria in food systems
[7]. Overall, the factors contributing to antibiotic resistance in
foodborne bacteria are multifaceted and interconnected. They
include antibiotic misuse, poor hygiene practices, environmental
contamination, weak regulatory systems, inadequate sanitation,
globalization of food trade, and lack of awareness. Addressing
this problem requires a coordinated One Health approach
that integrates human health, animal health, environmental
management, and food safety interventions.

Control and prevention strategies
Rational use of antibiotics (Antibiotic stewardship)

One of the most effective strategies for controlling antibiotic
resistance in foodborne bacteria is the promotion of rational
antibiotic use in both human medicine and animal production.
Antibiotics should only be used when prescribed by qualified
healthcare professionals, and treatment courses should be
completed as directed to prevent the survival of partially
resistant bacteria. In livestock production, antibiotics should be
restricted to therapeutic use only, with strict regulation against
non-therapeutic applications such as growth promotion. Effective
antibiotic stewardship programs help reduce selective pressure
that drives the emergence of resistant strains [7,6].

Improved food hygiene and sanitation practices

Proper food hygiene is essential in preventing the
contamination of ready-to-eat (RTE) foods with antibiotic-
resistant bacteria. Food handlers should maintain strict personal
hygiene, including regular handwashing with clean water and
soap, proper cleaning of utensils, and safe food storage practices.
Cross-contamination between raw and cooked foods should be
avoided by using separate preparation surfaces and equipment. In
addition, access to clean water and sanitation facilities is critical in
reducing microbial contamination in food vending environments
[40].

Strengthening food safety regulation and surveillance

Governments and regulatory bodies play a key role in
controlling antibiotic resistance by enforcing food safety
standards and monitoring antibiotic use in agriculture. Regular
inspection of food production, processing, and vending sites can
help identify and reduce sources of contamination. Surveillance
systems should also be strengthened to track antibiotic resistance
patterns in foodborne bacteria, enabling early detection and
response to emerging threats [5].
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Environmental management and waste control

Proper management of environmental waste is essential in
reducing the spread of antibiotic-resistant bacteria. Hospital,
industrial, and agricultural wastes containing antibiotics and
resistant microorganisms should be properly treated before being
discharged into the environment. Safe disposal of animal manure
and wastewater treatment can reduce contamination of soil and
water sources used in food production. This helps break the cycle
of transmission from the environment to the food chain [7].

Education and public awareness

Increasing awareness among food handlers, consumers,
farmers, and healthcare workers is critical in controlling antibiotic
resistance. Education programs should focus on the dangers of
antibiotic misuse, the importance of food hygiene, and safe food
handling practices. When individuals understand how resistant
bacteria spread through food, they are more likely to adopt safer
behaviors that reduce contamination risks [6].

One health approach implementation

A comprehensive strategy for controlling antibiotic resistance
requires a One Health approach, which integrates human health,
animal health, and environmental management. This approach
recognizes that antibiotic resistance spreads across all three
sectors and therefore requires coordinated action. Collaboration
between veterinarians, medical professionals, environmental
scientists, and food safety authorities is essential for developing
effective and sustainable interventions [5].

Promotion of safe food processing technologies

The use of improved food processing technologies such as
pasteurization, irradiation, and proper thermal treatment can
help reduce bacterial contamination in food products. Even
though RTE foods are often consumed without additional cooking,
implementing safer processing and packaging methods can
reduce initial contamination levels and extend food safety. Proper
cold chain maintenance during storage and transportation also
helps inhibit bacterial growth. Controlling antibiotic resistance
in foodborne bacteria requires a multi-sectoral and integrated
approach. Key strategies include rational antibiotic use, improved
hygiene practices, strong regulatory systems, environmental
management, public education, and the implementation of a one
Health framework. These combined efforts are essential to reduce
the spread of resistant bacteria in ready-to-eat foods and protect
public health [5].

Conclusion

Antibioticresistance in foodborne bacteria, particularly within
ready-to-eat (RTE) foods, represents a growing and complex public
health challenge that links food safety, environmental health, and

clinical medicine. This review has shown that RTE foods serve as
important vehicles for the transmission of antibiotic-resistant
bacteria due to their direct consumption without further heat
treatment. As a result, any contamination occurring along the
food chain from production to consumption can directly expose
humans to resistant pathogens. The nature of antibiotic resistance
is driven by multiple biological and genetic mechanisms, including
enzymatic drug inactivation, alteration of target sites, efflux pump
activity, reduced membrane permeability, biofilm formation, and
horizontal gene transfer. These mechanisms enable bacteria not
only to survive antibiotic exposure but also to spread resistance
traits across different species and environments. Furthermore, the
genetic basis of resistance, involving plasmids, transposons, and
integrons, facilitates rapid dissemination of multidrug resistance
within food systems.

The review also highlights that multidrug-resistant (MDR)
bacteria are increasingly being detected in food systems globally,
including RTE foods. This development limits available treatment
options, increases disease severity, and contributes significantly
to global morbidity and mortality. Environmental contamination,
agricultural practices, poor hygiene, and weak regulatory
systems all contribute to the persistence and spread of resistant
bacteria along the food chain. From a public health perspective,
antibiotic resistance in foodborne bacteria leads to treatment
failures, prolonged illness, increased healthcare costs, and higher
mortality rates. It also imposes economic burdens on individuals,
healthcare systems, and national economies, while reducing
consumer confidence in food safety systems. The global nature of
food trade further exacerbates the problem by enabling the cross-
border spread of resistant organisms.

Antibiotic resistance in foodborne bacteria is not an isolated
issue but a multifactorial global health threat that requires
urgent and coordinated action. Effective control depends on the
implementation of antibiotic stewardship, improved food hygiene
practices, strengthened surveillance systems, environmental
management, and a One Health approach that integrates human,
animal, and environmental health strategies. Addressing these
challenges is essential to safeguarding public health and ensuring
the safety of ready-to-eat foods in both current and future food
systems.
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