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Environmental pollution with heavy metals (HMs) and microplastics (MPs) could 
enhance the global health challenge antimicrobial resistance (AMR). Herein, 
we explore the complicated mechanics of how HMs, MPs, and AMR are interlinked 
within microbial ecosystems, as well as the co-selection and cross-resistance 
mechanisms. Unlike antibiotics, HMs have influenced microbial evolution for billions 
of years, promoting resistance mechanisms that predate antibiotic resistance genes 
(ARGs). At the same time, this conundrum is further complicated by the pervasive 
spread of MPs in the aquatic and terrestrial environments, acting as substrates for 
bacterial pathogenic biofilms and accelerates the horizontal gene transfer (HGT) 
of ARGs and heavy metal resistance genes (MRGs). This review highlights that HMs 
such as lead (Pb), mercury (Hg), arsenic (As), chromium (Cr), cadmium (Cd), and 
nickel (Ni) have persistently selected for resistance traits through efflux systems 
and genetic co-regulation. Together, these interactions are amplified by MPs 
that create genetic exchange hotspots due to biofilm formation. These dynamics 
are modulated by organic matter, which serves both as a nutrient source and 
a mediator of HM bioavailability, directly influencing ARG abundance. Soil and 
water ecosystems, including riverine systems and landfill leachate, are reservoirs 
for ARGs and ARG–MRG combinations, with notable contributions originating 
from anthropogenic activities. This review also emphasizes the urgent need for 
integrated environmental and public health strategies to mitigate pollutant-driven 
AMR. This work seeks to approach HMs and MPs as synergistic drivers of AMR 
such that both HMs and MPs are upstream (causes) levers, a foundation from 
which future research on sustainable environmental management practices and 
health policy (One Health Approach), aimed at curbing the spread of resistance 
determinants can proceed.
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1 Introduction

According to the leading health and agriculture authorities, 
antimicrobial resistance (AMR) is rapidly emerging as one of the most 
serious global health crises, with diseases caused by antibiotic 
resistance bacteria (ARB) projected to surpass cancer as the leading 
cause of human mortality (Fu et al., 2023; Engin et al., 2023; Zieliński 
et  al., 2021). Antibiotic resistance arises through two primary 
mechanisms, the intrinsic resistance and the acquired resistance 
(Nguyen et al., 2023). The intrinsic, or natural resistance, is present in 
bacterial genomes structural genes. Contrariwise, the acquired 
resistance is accumulated through horizontal gene transfer (HGT), 
transformation, transposition, and conjugation (Bunduruș et  al., 
2023). HGT is key in spreading antibiotic resistance among bacterial 
populations, including pathogenic ones, in both environmental and 
clinical settings (Nguyen et al., 2023; Bunduruș et al., 2023). This 
problem adds to environmental pollution, as it increases the 
generation of reactive oxygen species (ROS) that can directly orient 
stress-induced mutations in bacterial chromosomal DNA and thus 
fuel the constant evolution and subsequent outlasting of the resistance 
mechanisms (Nguyen et al., 2023).

Although the role of antibiotics in propagating AMR has been 
extensively studied, emerging evidence highlights the contribution of 
environmental pollutants, such as microplastics (MPs) and heavy 

metals (HMs), to this phenomenon (Figure 1). It turns out that these 
pollutants, previously thought to be passive contaminants, were in fact 
playing an active role in driving the evolution of microbial resistance 
dynamics, amplifying the major threats posed by AMR toward public 
and environmental health (Engin et al., 2023).

Unlike antibiotics, metals have existed biologically since Earth’s 
formation and the Great Oxidation Event approximately 2.4 billion 
years ago (Vats et al., 2022). Interestingly, while antibiotic resistance 
(AR) was identified earlier, evidence suggests metal resistance predates 
it. For instance, mercury (Hg) resistance transposons, resembling 
contemporary Tn21-like transposons, but notably lacking antibiotic 
resistance genes (ARGs), have been isolated from bacteria predating 
the antibiotic era (Vats et  al., 2022). Similarly, whole-genome 
sequencing of “pre-antibiotic era” bacteria, revived from long-term 
storage, has revealed the presence of multiple metal resistance genes 
(MRGs) (Vats et al., 2022; Dunne et al., 2017). These findings strongly 
indicate that metal resistance is an inherent feature of microbial 
communities exposed to heavy metals (HMs) throughout history. 
Moreover, this ancient metal resistance likely shaped the evolutionary 
trajectory of AMR, potentially accelerating its emergence and spread 
in the modern era (Vats et al., 2022). Persistent in Earth’s crust, HMs 
enter microbial ecosystems both as part of natural and anthropogenic 
activities (e.g., mining, fuel combustion, industrial emissions, 
aquaculture, and AG activities) (Koner et al., 2024; Biswas et al., 2021). 

FIGURE 1

Environmental sources of microplastics and heavy metals for bacterial uptake. Designed with Biorender.com.
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Long-term geochemical processes, as for example the volcanic 
eruptions and weathering of basalt bedrock layers, liberates metals like 
arsenic (As), cadmium (Cd), chromium (Cr), nickel (Ni), lead (Pb), 
zinc (Zn), Hg, and copper (Cu) into surrounding soils, favoring 
environmental and health risks (Koner et al., 2024; Biswas et al., 2021). 
At the same time, human activities, such as the agricultural runoff, 
discharge of industrial wastes, and sewage sludge application, also 
contribute to HM accumulation in the natural ecosystems (Biswas 
et al., 2021). Due to their toxic emissions, Cd, Hg, and Pb are among 
the HMs with the most significant impact on the natural environment. 
Data from the European Environment Agency (EEA), encompassing 
33 European countries, indicates a decreasing trend in the emissions 
of these metals since 1990. Due to their toxic emissions, Cd, Hg, and 
Pb are among the HMs with the most significant impact on the natural 
environment (Zieliński et  al., 2021). Data from the European 
Environment Agency (EEA), encompassing 33 European countries, 
indicates a decreasing trend in the emissions of these metals since 
1990 (Zieliński et al., 2021). However, some EEA-associated countries 
continue to face challenges related to high levels of these pollutants. 
Currently, public energy and heat-generating plants are the largest 
sources of Hg, Pb, and Cd emissions. Notably, in 2017, Poland led 
Europe in lead emissions, accounting for approximately 20% of the 
continent’s total. Additionally, Poland, Germany, and Italy were 
responsible for the highest levels of cadmium emissions in Europe 
(Zieliński et al., 2021).

Selectively, the persistence of these metals exerts pressure on 
microbial communities and facilitates the development of resistance 
mechanisms that are not only metal-specific but also cross-resistant 
against antibiotics (Koner et al., 2024; Sodhi et al., 2023; Dickinson 
et al., 2019). For a long time, the vast diversity of ARGs, within the 
environmental resistome, was largely overlooked by the scientific 
community, as studies on antibiotic resistance focused primarily on 
clinical settings (Vats et  al., 2022). However, growing evidence 
highlights that resistance genes driving MDR (Multi Drug Resistant) 
continually derive from non-pathogenic environmental microbes in 
non-clinical environments (Rutgersson et al., 2014; Xiong et al., 2014). 
A notable example is ARGs coding for resistance to aminoglycosides 
and vancomycin, which exhibit similar mechanisms of action in both 
environmental and clinical isolates (Vats et  al., 2022). When 
transferred to human pathogens, these environmental ARGs can 
evolve into clinically significant resistance determinants under the 
selective pressures of antibiotic use in human settings (Vats 
et al., 2022).

Soil microbiomes serve as essential reservoirs of resistance genes, 
which can be  exchanged with pathogenic bacteria through HGT 
(Nguyen et al., 2023). As, Hg, Cu, Cr, Cd, Zn, and Pb are found in 
irregular concentrations in animal feed supplements, plant and animal 
manures (Vats et al., 2022). Among these, Zn and Cu are particularly 
notable as they are extensively accumulated in animal feed, where they 
are used as growth promoters due to their antimicrobial properties 
(Vats et  al., 2022). Metal-contaminated soils, in particular, act as 
selective environments that promote the proliferation of AMR, which 
is broadly enabled by bacterial efflux pumps that not only expel toxic 
metal ions but also provide resistance to antibiotics (Nguyen et al., 
2023). When present in surplus, HMs such as Cd, Pb, and As can 
cause significant oxidative damage in bacterial cells, generating free 
radicals that lead to DNA damage and destabilizing cell membranes 
through lipid peroxidation (Bazzi et al., 2020). Moreover, HM ions can 

interfere with enzymatic functions by forming complexes containing 
enzymes with thiol (R-SH). For instance, metals like Hg2+, Ag+, and 
Cd2+ can covalently bind to sulfhydryl functional groups (R-SH) 
within enzymatic active sites, inducing conformational changes that 
inhibit their functionality (Bazzi et al., 2020). Additionally, HMs can 
act as competitive inhibitors by displacing essential ions from their 
binding sites, further disrupting cellular processes. Beyond the direct 
consequences of HMs and microplastics, dissolved organic matter 
(DOM) plays another important role in modulating microbial 
ecosystems and shaping the dynamics of environmental resistance 
genes. DOM contains a broad range of dissolved organic molecules 
the environment and represents the most complex molecular mixtures 
known to date (Zark and Dittmar, 2018).

The DOM indicator is the primary carbon and energy source for 
microorganisms and, as such, likely has a climactic role in the 
dynamics of ARGs in the environment (Li et al., 2024). DOM supports 
the ecological niches for ARG hosts by providing the conditions that 
support microbial activity and growth (Li et  al., 2024). Landfill 
leachates, with their heightened concentrations of DOM, exemplify 
how this organic matter interacts with contaminants. Beyond its direct 
impact on ARGs, DOM significantly influences the environmental 
behavior of HMs (Li et al., 2024). The bioavailability and toxicity of 
these metals are often altered by the complex or colloidal mixtures 
they form with DOM. HMs can be categorized based on their toxicity 
levels, ranging from less toxic metals like Copper (Cu), and tin (Sn) to 
highly toxic ones such as Hg, As, Cd, Pb, and vanadium (V), which 
lack any biological function (Anedda et al., 2023; Balta et al., 2019). 
HMs are characterized by their high electrical conductivity, 
malleability, metallic luster, and ability to transfer electrons and form 
cations, of which Ni and Cr play essential biological roles, serving as 
cofactors for critical enzymatic activities (Bazzi et al., 2020). Ni is vital 
for the proper functioning of urease, an enzyme involved in nitrogen 
metabolism, while Cr is necessary for the activity of cytochrome P450 
enzymes, which are key to various metabolic pathways (Bazzi et al., 
2020). For instance, Pb exhibits very high adsorption affinity to 
organic matter, and Cr has high positive correlations with dissolved 
organic carbon in landfill leachates. Such interactions can enhance the 
bioavailability of certain HMs, amplifying their correlation with ARG 
abundance (Li et al., 2024). HMs interact dynamically with DOM 
(including humic and fulvic acids) that also compete for microplastic 
adsorption sites (Wu et al., 2024). The complexation between DOM 
and HMs can either reduce or enhance their adsorption, depending 
on the nature of the specific interactions. Polypropylene (PP) and 
polyvinyl chloride (PVC), with larger surface areas and greater 
porosity, also show higher capacities to adsorb Pb, Cu, and Cd (Wu 
et  al., 2024). Also, pH values dramatically affect the adsorption 
efficiency of microplastics toward HMs. Reduced competition of 
hydrogen ions and an increase in negatively charged sites on 
microplastic surfaces at higher pH values leads to improved 
adsorption of metal cations (Wu et al., 2024).

In this context, microplastics add another layer of complexity to 
such diverse environmental conundrum (Wu et al., 2024). Pervasive 
everywhere in aquatic, terrestrial and atmospheric ecosystems, 
microplastics are an ideal substratum for microbial colonization, 
allowing for the establishment of biofilm hotspots in which HGT of 
resistance genes takes place (Engin et  al., 2023; Wu et  al., 2024). 
Meanwhile, HMs, both naturally occurring and anthropogenically 
introduced, present microbial communities with selective pressures 
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that lead to co-selection of heavy metal resistance genes (HMRGs) and 
antibiotic resistance genes (ARGs) (Engin et al., 2023; Wu et al., 2024; 
Hou et al., 2025). The association of these genes mediated through 
chromosomal mutations on mobile genetic elements (MGEs - like 
plasmids and integrons), enables propagation of several of these 
resistance traits and at the same time, increases the ecological and 
health risks from contaminated environments (Dickinson et al., 2019; 
Li et al., 2024; Hou et al., 2025).

It has been demonstrated that sub-inhibitory concentrations of 
HMs, such as Cu2+, Ag+, Cr6+, and Zn2+, can enhance the HGT of 
plasmid-mediated antibiotic resistance among bacteria (Pu et  al., 
2021). This gene transfer relies on cell-to-cell contact through 
conjugation and is more likely to occur within the same species but 
can also extend across genera (Pu et al., 2021). For instance, most 
transconjugants in studies were identified as Escherichia hermannii 
(E. hermannii) and Shigella boydii (S. boydii), accentuating the ability 
of HGT to enable distantly related taxa to share genetic material, 
fostering evolutionary adaptation (Pu et  al., 2021). Alarmingly, 
potential human pathogens were also observed among the 
transconjugants, including Klebsiella pneumoniae, E. hermannii, 
Acinetobacter tandoii, and S. boydii, associated with severe health 
issues such as pneumonia, urinary tract infections, and bacillary 
dysentery (Pu et al., 2021).

Recent studies revealed the profound implications of these 
interactions, where metals (i.e., As, Cd, Cr, Ni, Pb, Zn, and Hg) have 
been shown to upregulate efflux pump genes in bacteria, enhancing 
their ability to resist both metals and antibiotics (Koner et al., 2024; 
Gupta et al., 2023). Bioavailable forms of HMs also better predict the 
abundance of ARG compared with total metals concentrations, 
demonstrating that bioavailability of contaminants is a key driver of 
resistance dynamics (Li et al., 2024; Hou et al., 2025). Consequently, 
microplastics not only act as vectors for pollutant transport but also 
act synchronously, serving as a stable substrate for microbial gene 
exchange, forming a nexus where pollutants and resistance 
determinants merge (Nguyen et al., 2023; Komijani et al., 2021).

However, the interplay between DOM and HMs is not always 
mitigating. Despite the complexation process reducing HMs toxicity, 
highly bioavailable forms of metals remain strongly linked with ARG 
proliferation. Among the factors that modulate the evolution of ARGs 
in DOM-enriched environments are mechanisms such as electrostatic 
interactions, hydrophobic interactions, hydrogen bonding and the 
changes in the microbial community structure (Li et  al., 2024). 
Therefore, DOM serves a dual role as a supporter of microbial growth 
and as a mediator of pollutant behavior—accentuating its binding role 
in shaping resistance dynamics in contaminated ecosystems (Li 
et al., 2024).

Microplastics and HMs are ubiquitous in environments such as 
urban wastewater systems and remote agricultural soils, emphasizing 
the need for understanding the roles they play in fostering AMR 
(Komijani et al., 2021). Such pollutants are deposited into ecosystems 
from the agricultural runoff and industrial discharges, and disrupt 
native microbial communities, reduce the biodiversity, and give an 
advantage to resistant pathogenic strains (Koner et al., 2024; Biswas 
et al., 2021). Furthermore, the presence of HMs (e.g., Cr, Cd, Ni, As, 
Cu, and Hg) previously correlated with high abundance of ARG (e.g., 
aadA  - aminoglycoside-3″-adenylyltransferases, blaCTX-M—β-
lactamases, blaSHV—ampicillin resistance, ermB—erythromycin 
resistance, mefA—erythromycin resistance, tetM—tetracycline 

resistance, tetQ—tetracycline resistance efflux pump, sul-1 and 
sul-2—sulphonamide resistance) in landfill leachates interacting 
with dissolved organic matter, complicates the environmental 
behavior of these contaminants by means determining their 
bioavailability and toxicity (Sodhi et al., 2023; Li et al., 2024; Hou 
et al., 2025; Shen et al., 2023). A recent analysis of metagenome-
assembled genomes (MAGs) revealed 1,145 MAGs with 29 bacterial 
phyla that harbored ARGs and MRGs simultaneously (Hou et al., 
2025). Among these, bacteria from the phylum Pseudomonadota 
were identified as the carriers of ARG-MRG combinations. Notably, 
this phylum exhibited high co-occurrence of specific ARG-MRG 
pairings, including β-lactam-Pb, multidrug-As, polymyxin-Cd and 
quinolone-Cd, suggesting a coexistence and potential dissemination 
of resistance traits across environmental microbial communities 
(Hou et al., 2025).

This review seeks to clarify the complex interplay between 
microplastics, HMs and AMR, with a focus on the mechanisms 
driving the uptake and propagation of resistance. The environmental 
dimensions of this phenomenon must be considered as they become 
more relevant in the context of the intensifying general crisis of 
AMR. Therefore, this review seeks to bridge this knowledge gap in 
pollutant-driven resistance mechanisms to contribute to the 
development of integrative solutions in the future that balance 
environmental and antimicrobial stewardship to protect ecosystem 
health and human well-being.

2 Emerging pollutants: microplastics 
and antimicrobial resistance

Microplastics have been identified as hubs that enrich antibiotic-
resistant bacteria and pathogens in municipal activated sludge and 
other aquatic and terrestrial environments (Buelow et  al., 2021). 
Recent studies assessing the impact of plastic mulch in agriculture 
have revealed additional potential drawbacks, such as reduced crop 
yields due to high levels of plastic residue in fields, an increased 
abundance of mycotoxigenic fungi, and elevated levels of the 
mycotoxin deoxynivalenol (Micallef et al., 2023). Microplastics have 
been shown to accumulate pollutants and support biofilms that are 
enriched with ARGs in bacterial pathogens. In natural environments, 
biofilms represent the preferred lifestyle of bacteria, supporting high 
bacterial densities, facilitating gene transfer, and becoming enriched 
with ARGs in polluted environments. These biofilms provide optimal 
conditions for the transfer and evolution of ARGs within bacterial 
populations (Buelow et al., 2021).

In this context, microplastics are conventional plastic particles 
with dimensions smaller than 5 mm. Microplastics have been 
proposed as hotspots for horizontal gene transfer in water sources and 
are relatively new factors in the evolution of environmental microbial 
communities (Magnano San Lio et  al., 2023). Consequently, 
metagenomic sequencing methods could be employed to assess the 
impacts of microplastics on the spread of ARGs in various 
environmental settings, including water, soil, and air (Magnano San 
Lio et  al., 2023). Mixed pollutants adhered to microplastics and 
produce favorable conditions for co-selection, especially in landfill 
leachate, which is known to contain free DNA, a significant source of 
resistance genes in microplastics (Zhang et  al., 2024). The 
co-occurrence of disinfectants, metals and antibiotics on microplastics 
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exerts environmental pressure on microbes, leading to the generation 
and spread of multi-resistant bacteria (Zhang et al., 2024).

Several critical food safety issues at the farm level persist in low- 
and middle-income countries (Seyoum et  al., 2024). These issues 
include the lack of veterinary services for sick animals, poor adherence 
to good farming practices (such as inadequate hygiene), and 
inappropriate farm equipment, such as milk plastic containers, 
contributing to foodborne pathogen contamination (Seyoum et al., 
2024). Plastics or microplastics pollution impose severe consequences, 
through their ability to act as a “Trojan horse,” adsorbing chemicals 
and microorganisms from the surrounding environment via biofilm 
formation (Tuvo et  al., 2023). This biofilm ecosystem formed on 
plastic debris is often called the “plastisphere” (Tavelli et al., 2022). 
Bacteria present in this plastisphere are embedded in a self-secreted 
exopolymeric substance (EPS), which can have various functions and 
structures (Tavelli et al., 2022). For example, in the EPS of the food 
pathogen Salmonella enterica, cellulose and O-antigens have been 
identified as governing components for facilitating attachment and 
biofilm formation, and also for ensuring biofilm persistence on plastic 
surfaces (Tavelli et  al., 2022). The microbial composition of the 
plastisphere depends on numerous factors, including geographical 
location, season, and the type of polymer (Tavelli et al., 2022). The 
composition of the plastisphere is also affected by geographical and 
seasonal factors (e.g., polypropylene, polyvinyl chloride and high-
density polyethene) impacting on the bacterial composition and 
specifically on the presence of foodborne pathogenic bacteria such as 
L. monocytogenes, E. coli, and Enterobacter spp. and viruses (Witsø 
et  al., 2023). The diversity and taxa of the plastispheres are also 
influenced by the time plastics spent in the river, the season and the 
geographical location. The bacterial diversity in the plastisphere varied 
significantly between June and September, with generally higher 
diversity observed during June (Witsø et al., 2023).

The risk associated with food-borne exposure to microplastics for 
human health is a pressing concern. The particles themselves present 
several hazards such as a physical hazard due to their size, a chemical 
hazard from unbound monomers, sorbed chemicals, additives from 
the environment, and a biological threat from the microorganisms 
that may bind and colonize on microplastics (biofilms) (Tuvo et al., 
2023). The spread of ARGs and micro/nano plastics in soil 
environments exacerbates the migration of ARGs into the food chain, 
increasing the concerns related to their probable threat to human 
health via food consumption (Tuvo et al., 2023).

Soil has unpredictably transformed into a powerful microplastic 
reservoir as increasing amounts enter soil ecosystems (Zhu et  al., 
2023). These plastics create a new niche for soil microbes, allowing a 
diverse range of microorganisms to colonize the plastic surface to 
create a “plastisphere” (Zhu et al., 2023). A plastisphere can entrap 
numerous foodborne pathogens, including species of our interest such 
as Campylobacter spp., E. coli, Vibrio spp., C. perfringens, B. cereus, and 
others (Tavelli et  al., 2022). Data has shown that the plastisphere 
contains more potential human pathogens, such as P. aeruginosa and 
Vibrio fluvialis, than the surrounding soil (Zhu et al., 2023). Moreover, 
the plastisphere acts as a hotspot for HGT, potentially accelerating the 
transfer of genes encoding virulence factors and AMR (Zhu et al., 
2023). Therefore, the plastisphere community is a novel vector for 
transmitting human pathogens, especially if the plastic is exposed to 
fecal contamination from sources such as wastewater, organic manures 
and livestock feces (Quilliam et al., 2023).

The abundance of potential human pathogens in the plastisphere 
rises greatly with soil moisture. Of late, the Vibrio genus, which 
includes several fish and human pathogens, has been identified as an 
early colonizer of microplastics (Tavelli et  al., 2022), acting as a 
pioneer by commencing the colonization of microplastics and 
promoting the adhesion of other bacterial species. In addition to being 
key players in early microplastic colonization, Vibrio spp. are 
repeatedly primary components of the plastisphere community 
(Tavelli et al., 2022). Specifically, V. parahaemolyticus, V. cholerae, and 
V. vulnificus have been found on the surfaces of predominantly 
polyethylene and polypropylene particles (Tavelli et  al., 2022). 
Meanwhile, Campylobacter spp. and Pseudomonas spp. have been 
found to prevail mostly on polyethylene microplastics. While the 
pathogenicity of Campylobacter spp. is well-documented as a 
foodborne agent, P. aeruginosa may also play an underestimated role 
in food safety (Tavelli et al., 2022).

3 Heavy metals as drivers of 
antimicrobial resistance

As our climate warms, the concentrations of heavy metals in soil 
and water, and the possibility of increased bacterial absorption is more 
probable and can trigger AMR through co-resistance mechanisms 
(Magnano San Lio et al., 2023). Heavy metals are also widely prevalent 
in the environment due to anthropogenic actions such as mining, 
industrial processes, and agricultural practices (Buelow et al., 2021). 
These metals often originate from historical industrial pollution and 
tend to bioaccumulate in lakes, riverbeds, and estuaries, especially in 
industrial areas which are enriched with heavy metals or PTEs 
(potentially toxic elements) (Buelow et al., 2021).

The correlation between metal contamination and AR proliferation 
was initially observed in heavily polluted areas (Knapp et al., 2021). 
These include the outflows of inadequately treated wastewater and 
biosolids, agricultural waste sites, industrially contaminated regions, 
and through direct exposure experiments (Knapp et al., 2021). The 
presence of AR in these scenarios often indicates exposure to high 
levels of metal pollution. Heavy metal accumulation and environmental 
spread are associated with industrial pollution (Knapp et al., 2021). In 
the environment, metals or PTEs can play a dual role in microbial 
cellular health (Knapp et al., 2021). As micronutrients, they contribute 
to essential biological functions, but at elevated concentrations, they 
induce stress responses and foster the development of resistance 
mechanisms. Copper, commonly present in animal feed, along with 
pollutants like arsenic and mercury that infiltrate the food chain, can 
facilitate the co-selection of ARG (Rebelo et al., 2023). This occurs 
because these elements often share genetic contexts for metal tolerance 
genes and ARGs on various mobile genetic elements (Rebelo et al., 
2023). A notable example of this is the adaptation of bacteria to high 
copper levels in metal-rich soils, where they develop specific copper-
resistance mechanisms (Knapp et al., 2021). Contrariwise, metals like 
chromium and mercury offer minimal biochemical benefits and 
primarily cause oxidative stress (Knapp et al., 2021). A concerning 
aspect is that genes conferring metal resistance are often located near 
ARGs on mobile genetic elements, facilitating the co-selection and 
spread of AMR (Knapp et  al., 2021). The co-selection of metal 
resistance and AR (or other resistance mechanisms against toxic 
organics or disinfectants) can occur through two primary processes: 
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co-resistance and cross-resistance (Knapp et al., 2021). Co-resistance 
happens when the selection of one resistance phenotype simultaneously 
selects for other genes located on the same genetic element (Knapp 
et  al., 2021). Conversely, cross-resistance occurs when both the 
antibiotic and the metal share similar biochemical pathways or cellular 
targets (Knapp et  al., 2021). In this case, the resistance response 
triggered by one agent provides defense against both the metal and the 
antibiotic. Thus, the environment serves as both a reservoir of 
resistance traits and a bioreactor with chemical stressors, fostering 
opportunities for genetic exchange (Knapp et al., 2021).

High temperatures are not only linked to heavy metal accumulation 
in crops but also the chemical contamination of crops (Yeni and Alpas, 
2017). For instance, drought combined with high temperatures can lead 
to wildfires, and incomplete combustion during these fires might 
generate organic pollutants that contaminate food products via 
depositing into water or soil. Alongside metals, certain persistent organic 
compounds, such as pesticides, polychlorinated biphenyls (PCBs), and 
disinfectants, co-select for antimicrobial (including antibiotic) resistance 
genes (Knapp et  al., 2021). Additionally, polycyclic aromatic 
hydrocarbons (PAHs), which are widespread environmental pollutants, 
have the ability to increase the abundance of AMR in microbial 
communities (Knapp et al., 2021). Climate change-induced alterations 
in microbial community composition may bring previously disparate 
bacterial species closer to humans and animals (Knapp et al., 2021). This 
increased proximity can directly enhance levels of HGT, which has been 
linked to the causation and dispersion of ARGs in the environment.

4 Implication of HMs and antibiotics in 
bacterial survival and dissemination of 
AMR

4.1 Co-resistance and cross-resistance

The co-occurrence of heavy metal resistance and AMR is primarily 
governed by two mechanisms such as co-resistance and cross-
resistance (Zieliński et al., 2021; Anedda et al., 2023; Wu et al., 2024). 
In co-resistance, MRGs and ARGs are located on the same MGE 
(mobile genetic elements), such as plasmids, transposons, integrative-
conjugative elements or integrons (Zieliński et al., 2021; Rilstone et al., 
2021). This physical linkage facilitates their simultaneous transfer 
between bacterial populations, amplifying the spread of resistance 
traits. In Serratia marcescens, resistance to antibiotics such as 
chloramphenicol, kanamycin, and tetracycline is genetically linked to 
resistance genes for HMs, including As and Hg, suggesting a shared 
genetic basis for multi-resistance traits (Bazzi et al., 2020). Similarly, 
whole-genome sequencing analyses of Salmonella typhi have uncovered 
genetic associations between Hg resistance and resistance to a broad 
spectrum of unrelated antimicrobial agents, including ampicillin, 
chloramphenicol, streptomycin, sulfonamide, and trimethoprim 
located on a conjugative plasmid named pHCM1 (Vats et al., 2022; 
Bazzi et al., 2020). Hg resistance genes were previously genetically 
linked to ARGs on plasmids, allowing co-transfer during bacterial 
conjugation between Enterobacteriaceae and recipient strains (Vats 
et al., 2022). Earlier findings demonstrated this by identifying plasmids 
in Salmonella abortus that conferred co-resistance to ampicillin and As, 
Cd, Hg, and Cr (Vats et al., 2022; Rilstone et al., 2021; Ghosh et al., 
2000). Removal of these collective plasmids resulted in strains sensitive 

to antibiotics and HMs, confirming that the resistance genes were 
carried on plasmids. In contrast, Enterococcus faecalis continued to 
exhibit resistance to amikacin, aztreonam, gentamicin, and Pb2+ even 
after plasmid removal (Rilstone et al., 2021).

For instance, the tetracycline resistance gene tetA has been 
positively linked with the Cu resistance gene copB and the Hg 
resistance gene merR, illustrating the influence of HMs on the 
prevalence of ARGs (Zou et al., 2021). Further studies demonstrated 
that when E. coli DH5α acquired plasmids from B. megaterium and 
Shewanella oneidensis, the resulting strains resisted metals and 
antibiotics, showcasing the genetic connectivity between the metal 
and AMR (Xu et  al., 2017). Others identified significant positive 
correlations between Ni and tetO and between Zn, Cu and sul1 (Yan 
et al., 2020). Equally, Cd and Cr were negatively correlated with sul1. 
The study also revealed that HM-resistant bacterial phyla, such as 
Actinobacteria and Proteobacteria, play a pivotal role in disseminating 
ARGs through co-resistance and cross-resistance mechanisms.

Cross-resistance, on the other hand, arises when a single resistance 
mechanism, such as a multi-drug efflux pump, can protect bacteria 
from both HMs and antibiotics by actively expelling these compounds 
out of the cell (Zieliński et al., 2021; Anedda et al., 2023). In Listeria 
monocytogenes, the MdrL efflux pump confers resistance to various 
substances, including Cr, Co, and Zn, as well as antibiotics such as 
clindamycin, erythromycin, and josamycin (Bazzi et al., 2020). Again, 
the DsbA-DsbB (disulfide bond) efflux system in Burkholderia cepacia 
mediates cross-resistance to β-lactams, erythromycin, kanamycin, 
novobiocin, and ofloxacin, as well as the metal ions Zn2+ and Cd2+ 
(Bazzi et al., 2020). Furthermore, in Campylobacter jejuni, resistance 
to antimicrobial agents alongside Co and Cu is linked to the activity of 
the CmeABC efflux pump (Bazzi et al., 2020; Lin et al., 2002). Bacteria 
isolated from HM-contaminated mining sites often develop antibiotic 
resistance, as previously shown in Burkholderia dabaoshanensis, 
showed drastic Cd tolerance with a minimum inhibitory concentration 
(MIC) of 22 mmol/L (Zou et al., 2021). Additionally, resistance testing 
indicated this strain can thrive in the presence of ampicillin, 
kanamycin, and streptomycin. A recent study highlighted that metals 
significantly impact the ARG profile more than antibiotics themselves 
(Mazhar et al., 2021). The cnr (nickel-cobalt resistance) and czc (cobalt-
zinc-cadmium resistance) determinants showed substantial homology 
in their encoded structural proteins and the cations they potentially 
export. Furthermore, certain metals, such as As, Zn, Mb, Co, and Ag, 
as well as antibiotics (i.e., ciprofloxacin, tetracycline, chloramphenicol, 
and beta-lactams), share structural and functional similarities (Mazhar 
et  al., 2021). These similarities often involve mechanisms such as 
reduced membrane permeability, which facilitates cross-resistance. It 
has been reported that ARGs were found to cluster significantly with 
Cd, while Zn was present in high abundance, indicating shared 
resistance determinants between these two HMs that were strongly 
correlated with ARGs, particularly with tet genes, proposing that these 
genes were enriched through co-selection (Mazhar et al., 2021).

4.2 Co-regulation, co-selection, and 
biofilm formation

Bacterial biofilm formation is a critical stage in the bacterial life-
cycle being co-regulated along with virulence and antibiotic resistance 
(Sinha et al., 2022). For example, a potential mechanism could include 
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horizontal gene transfer which occurs faster within biofilms leading to 
the development of MDR bacteria following transfer of ARGs (Mendes 
et  al., 2023). Co-regulation and biofilm formation amplify the 
co-selection of AMR and heavy metal resistance (Zieliński et al., 2021; 
Anedda et  al., 2023). This interconnected regulation enables the 
expression of resistance genes in response to exposure to a single agent 
(Wu et al., 2024). Metal exposure has been shown to upregulate the 
expression of ARGs, enhancing bacterial survival under antibiotic 
stress (Vats et al., 2022). For instance, exposure to HMs can activate the 
czc operon, which encodes a metal efflux system designed to expel 
toxic metal ions (Wu et al., 2024; Perron et al., 2004). Remarkably, this 
activation can simultaneously induce the expression of the mex operon, 
which confers resistance to specific antibiotics (Wu et al., 2024; Perron 
et  al., 2004). Such co-regulation highlights the intricate molecular 
interplay that allows bacteria to adapt and survive in environments 
containing diverse stressors, contributing significantly to the 
co-selection of AMR (Wu et  al., 2024). Co-regulation, the least 
common mechanism of co-selection, occurs when a shared regulatory 
protein controls resistance genes for antimicrobial agents and HMs 
(Bazzi et al., 2020; Pal et al., 2017). A well-studied previous example of 
this mechanism is the CzcS-CzcR dual-component regulatory system 
in Pseudomonas aeruginosa (Perron et al., 2004). This system confers 
resistance to Zn2+, Cd2+, and Co2+ by activating the expression of the 
czcCBA efflux pump. At the same time, it contributes to resistance 
against the carbapenem antibiotic imipenem by repressing the 
expression of the oprD porin-encoding gene, which reduces the 
antibiotic’s uptake into the bacterial cell (Perron et al., 2004). In the 
Enterobacteriaceae bacteria LSJC7, exposure to arsenate significantly 
increases the expression of multiple ARGs, including emrD and the 
tetracycline resistance gene tet34 (Chen et  al., 2015). This effect 
occurred even at environmentally relevant concentrations of arsenate, 
indicating the potential ecological risks associated with HMs 
contamination. Likewise, oxidative stress caused by ions such as Cd2+, 
Cu2+ and dichromate (Cr₂O₇2−) upregulates the expression of the 
universal response regulator protein SoxS in E. coli and Salmonella spp. 
(Vats et  al., 2022; Kaur et  al., 2021). SoxS, in turn, activates the 
multidrug efflux pump AcrAB, which conferred resistance to a wide 
range of antibiotics. Additionally, Cd2+ and Cu2+ ions served as inducers 
that derepress the MarRAB regulatory operon, a key player in multiple 
antibiotic resistance, in E. coli and Salmonella (Vats et al., 2022).

Co-selection of metal and antibiotic resistance arises from similar 
resistance mechanisms. Co-selective pressure can harbor AMR in 
microbial communities, even without antibiotics (Arya et al., 2021). The 
first case of heavy metal resistance in bacteria was recorded by Moore in 
1960, who found Hg-resistant Staphylococcus aureus during a hospital 
outbreak (Moore, 1960). Richmond and John later in 1964 noted the 
genetic link between mercury resistance and high penicillinase activity 
in S. aureus isolated from wounds (Richmond and John, 1964). Timoney 
and collaborators in 1978 discovered Bacillus strains in sewage sludge 
with combined Hg and ampicillin resistance, indicating that sludge 
environments could select for both resistance types simultaneously 
(Timoney et al., 1978). Research on pathogens like S. aureus and E. coli 
shows that plasmids with ARGs often carry MRGs, highlighting the 
potential for simultaneous selection and spread of these traits due to 
overlapping selective pressures (Vats et  al., 2022; Hobman and 
Crossman, 2015). Sequenced bacterial genomes and plasmids show a 
high prevalence of plasmids in significant genera like Escherichia, 
Klebsiella, Salmonella, and Staphylococcus (Vats et  al., 2022). Many 

plasmids contained antibiotic and HM resistance genes, accentuating the 
potential for co-selection via co-resistance. This indicates the pervasive 
impact of HM-induced antibiotic resistance in clinical pathogens, a 
largely unexplored area. A study on Salmonella enterica serovar Typhi 
confirmed the connection between metal and antibiotic resistance (Kaur 
et al., 2018). Cadmium supplementation made sensitive isolates resistant 
and raised the MICs of antibiotics—ampicillin, ciprofloxacin, 
chloramphenicol, and ceftizoxime—in resistant isolates. This effect 
resulted from a co-regulatory mechanism of co-selection, emphasizing 
the role of heavy metals in exacerbating AMR in clinical pathogens.

Biofilms are complex microbial multispecies communities covered 
in a protective extracellular nutritive matrix providing a survival 
advantage under stress conditions, including HMs exposure. The 
biofilm matrix can bind HM ions, preventing their diffusion and 
reducing their toxicity, therefore promoting genetic mutations and the 
persistence of ARGs. While co-regulation occurs when the presence of 
HMs induces changes in ARG expression, further promoting AMR 
dissemination (Anedda et al., 2023; Wu et al., 2024). The propagation 
and persistence of AMR in primary food production system is strongly 
linked to HMs present in the environment. Their influence goes 
through several transmission routes such as through soil, water, and 
food, and affecting plants, animals and humans (Anedda et al., 2023). 
Young monoculture pathogenic biofilms (P. aeruginosa, E. coli, and 
S. aureus) cultured for ~2–6 h exhibited ~2–600 times more resistance 
to Pb2+ and Cu2+ than their planktonic counterparts (Rilstone et al., 
2021). However, this advantage was reported to decline after 24 h, likely 
due to increased energy demands of resistance mechanisms like efflux 
pumps during exponential growth compared to the stationary phase.

For example, iron oxides are vital for metal adsorption in drinking 
water distribution systems (DWDSs) (Rilstone et  al., 2021). They 
absorb arsenic (As3+ and As5+) in a specific form and bind Pb2+ at the 
interface of Burkholderia cepacia biofilms and hematite (Fe3+ oxide), 
initiating complex biomineral formation. Similarly, biogenic Mn2+ 
oxides select Pb2+ in Leptothrix discophora biofilms and Zn2+ in 
Pseudomonas putida biofilms. While Ni2+ selectively adheres to 
silicate-rich sheaths, showing no significant binding to biofilm 
bacteria or extracellular substances (Rilstone et al., 2021). In terms of 
AMR in DWDS biofilms, arsenic-induced ARB can persist up to 4 
days without antibiotics or metals, raising concerns about ARB and 
ARG spread in drinking water (Zhang et al., 2020). Pathogenic genera 
such as Escherichia, Klebsiella, Shigella, and Salmonella, pose 
significant health risks if AMR develops within them (Rilstone et al., 
2021; Li et al., 2017). The five most common ARG types in DWDS 
biofilms confer resistance to β-lactams, macrolide-lincosamide-
streptogramins, bacitracins, aminoglycosides, and tetracyclines (Li 
et  al., 2017). Of the 23 identified MRG types, the prevalent ones 
provide resistance to Zn, Cu, Ni, Mn, and Hg (Li et al., 2017).

Metals exert their toxicity on bacteria via several recently 
described mechanisms, including the inactivation of proteins and 
enzymes by inappropriate binding sites, the generation ROS, and 
interference with nutrient uptake and cellular structures (Anedda 
et al., 2023). To counteract these toxic effects, bacteria have developed 
sophisticated resistance mechanisms via the sequestration of toxic 
metals through complex formation, the detoxification of intracellular 
ions through reduction processes, and the active extrusion of toxic 
ions utilizing the efflux systems. These adaptations are mediated by 
HMRGs, which are present both in the core genomes of bacteria and 
on MGEs (Anedda et al., 2023).
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Efflux pumps are bacteria’s primary mechanisms to resist heavy 
metal toxicity, extruding metal ions via ATP hydrolysis or proton 
gradients (Bazzi et  al., 2020). There are five major efflux pump 
families: ATP Binding Cassette (ABC) family expels metal ions using 
ATP; Resistance-Nodulation-Cell Division (RND) family pumps out 
cations and antibiotics with proton motive force; Small Multi-Drug 
Resistance (SMR) family operates like RND, using chemiosmosis; 
Multi-Drug and Toxic Compound Efflux (MATE) transporters expel 
various substrates; and Major Facilitator Superfamily (MFS) utilizes 
proton gradients for ion removal (Bazzi et al., 2020). Basal activity 
alone does not confer significant resistance, but mutations in promoter 
regions or changes in regulators can enhance pump overexpression, 
increasing resistance (Bazzi et al., 2020). ABC transporters and RND/
SMR families are vital in bacterial defense, emphasizing their role in 
resistance trait spread. The whole-genome analysis of Pseudomonas 
putida KT2440 earlier revealed the presence of an RND-type efflux 
pump, which confers resistance to tetracycline, Rb+, and Cr₂O₇2−, 
suggesting the versatility of RND-type efflux systems in mediating 
resistance to both antibiotics and HMs (Rilstone et al., 2021).

The subsequent resistance mechanism is the intracellular 
sequestration of metal ions, a bacterial resistance mechanism that 
involves binding these ions to specific metal-binding proteins, including 
metallothioneins, glutathione, and metallochaperones (Bazzi et al., 2020; 
Ianeva, 2009). Metallothioneins, which are cysteine-rich polypeptides, 
effectively trap toxic heavy metals such as Cd, Hg, Pb, and Zn, enabling 
bacteria to tolerate high concentrations of these metals. For instance, 
Synechococcus, Pseudomonas, and Anabaena spp. rely on 
metallothioneins to survive in HM-contaminated environments (Bazzi 
et al., 2020; Naik et al., 2012). Conversely, glutathione functions as an 
alternative chelator that scavenges and detoxifies heavy metals through 
its thiol (-SH) group (Bazzi et  al., 2020). This mechanism plays a 
significant role in Cd tolerance, as observed in Rhizobium leguminosarum, 
where GSH binds to and neutralizes Cd ions, reducing their toxic effects 
on cellular components (Lima e Silva et al., 2012). Metallochaperones, a 
class of proteins that assist in the transport of metal ions within cells, 
further enhance bacterial metal tolerance by binding, transporting, and 
delivering metal ions to metalloenzymes, thereby minimizing their 
poisonous impact on cellular compartments. Copper-binding 
metallochaperones such as CusF and periplasmic chaperones like PcoC 
and PcoE protect bacterial cells by managing copper ions in both their 
Cu1+ and Cu2+ forms (Bazzi et al., 2020; Pal et al., 2017). This targeted 
sequestration ensures proper metal homeostasis within the cell while 
preventing oxidative damage. In addition to protein-based mechanisms, 
some bacteria sequester heavy metals through precipitation. For 
example, Bacillus spp., Staphylococcus aureus, Shewanella spp., 
Providencia spp., and Vibrio harveyi precipitate Pb as phosphate salts, 
while Ni complexes with phosphate ions (PO₄3−) form intracellular 
precipitates (Bazzi et al., 2020). These combined strategies allow bacteria 
to adapt to and survive in environments contaminated with HMs, 
effectively neutralizing their toxicity and maintaining cellular function.

4.3 HMs pollution and its role in AMR 
spread across soil and water systems

As discussed, the presence of HMs (Pb, Hg, As, Cr, Cd, Ni) and 
other elements in soil and water environments plays a crucial position 
in shaping microbial community dynamics and the distribution of 

ARGs as well as MRGs via complex ecological pressures. These 
pressures can co-select microbial populations with ARGs and MRGs, 
accelerating AMR spread through HGT and genetic exchanges. Soil 
and water environments, including agricultural soils, serpentine 
ecosystems, rivers, and landfill leachates, act as reservoirs and 
pathways for HMs transmission (Koner et al., 2024; Li et al., 2024; 
Gupta et al., 2022).

4.3.1 Soil environments
According to the recent soil studies, it was highlighted that Cr and 

Ni contamination often induces resistance mechanisms, particularly 
tetracycline resistance (e.g., tetM, tetA) (Koner et al., 2024; Li et al., 
2024; Gupta et  al., 2022). The formation of metal complexes, like 
insoluble Cd-sulfides, can decrease toxicity, yet persistent low 
bioavailability continues to exert selective pressure (Li et al., 2024; 
Zhao et al., 2020). In neutral soils, As and especially Cr have been 
shown to exert a stronger influence on bacterial community 
(Acidothermus, Acinetobacter, Anaeromyxobacter, Delftia, Citrobacter, 
and Stenotrophomonas) structure and ARG abundance (Ma et al., 
2020). Metals like As, Sb, Cd, and Zn positively correlate with bacterial 
genera like Arthrobacter, Gaiella, and Sphingomonas (Ma et al., 2020).

In acidic soils, As, Cd, and Zn have a more pronounced mobility 
effect correlating positively with bacterial genera such as Streptomyces, 
Arthrobacter, Flavobacterium, and others (Ma et al., 2020). Cr shows 
negative correlations, inhibiting specific bacterial populations, yet 
some bacteria (e.g., Lamia, Acidothermus, Lysobacter, etc.) thrive 
under Cr stress. In landfill environments, metals such as Pb, Cr, and 
Cd frequently co-occur and form complexes with organic matter, 
colloids, and other soil constituents (Li et al., 2024). These relationships 
are crucial because metal speciation and bioavailability influence 
microbial responses (Gadd, 2004). For instance, Cd, Zn, Cu, and Pb 
can precipitate with sulfides under anaerobic conditions, reducing 
their solubility in certain settings, while As can exist in more mobile 
and toxic forms under similar redox conditions (Li et al., 2024; Zhao 
et al., 2020). A lower soil pH impacts Cd and Pb bioavailability, which 
increases with organic matter presence, often leading to the 
co-selection of ARGs, such as sulI and tetM (Li et al., 2024; Gupta 
et  al., 2022). In serpentine soils, Cr, Ni, and Co favored the 
proliferation of ARB (e.g., Pseudomonas, Staphylococcus, Rubrobacter) 
having strong vancomycin and β-lactamase resistance genes, i.e., 
aacA, ampC, aph, hyg, oxA, otr(C), penP, strB, tet(A/B), tet(M/O/Q), 
van(A/B/D) and vanJ dominate, driven by elevated HM stress (Koner 
et  al., 2024). Similarly, Firmicutes, Actinobacteriota, and certain 
Proteobacteria have also been identified as prominent groups thriving 
in native microbiomes such as serpentine soils.

4.3.2 Water environments
Water systems, such as rivers and landfill leachates, act as dynamic 

interfaces where transition metals interact with microbial 
communities and resistance genes. For example, raised Pb, Cd, Cr, and 
Ni levels in polluted rivers in the UK and India have significantly 
increased MRGs and ARGs (e.g., carbapenem, tetracycline, 
erythromycin) (Gupta et al., 2022). Network analyses demonstrate 
strong correlations between czcA, rcnA, (Cd, Ni, Co, Zn resilience) 
and beta-lactamase resistance genes, illustrating co-selection via 
integrons such as int1 (Gupta et al., 2022). Riverine communities 
impacted by elevated Ni, Pb, or Cd also display shifts favoring bacteria 
with enhanced resistance capabilities (Zhao et al., 2020). As and Cd 
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exert co-selective pressures in wetland soils, altering microbial 
community diversity and leading to a proliferation of ARGs. Similarly, 
in landfill leachates, the abundance and diversity of ARGs correlate 
positively with different HMs, suggesting that these pollutants serve 
as key drivers of co-selection. In anaerobic environments, sulfur-
reducing bacteria precipitate metals (e.g., Pb, As, Cd) as insoluble 
sulfides (Li et al., 2024; Zhao et al., 2020). However, leachate remains 
a hotspot for ARG diffusion, with sulI and ermB positively associated 
with Cr, Pb, and Cd concentrations (Li et al., 2024; Gupta et al., 2022). 
Experimental evidence shows that Cd addition promoted MDR and 
HMRGs in water, particularly in opportunistic human pathogens 
(Vats et al., 2022). Similarly, subinhibitory concentrations of Cr and 
Cu promote ARG transfer across genera through conjugation (Vats 
et al., 2022). A multivariate statistical analysis conducted by Ram and 
Kumar from Indian river, lakes and sewage where E. coli isolates 
revealed that resistance to streptomycin, kanamycin, and tetracycline 
was strongly correlated with electrical conductivity, finer-sized 
microplastics, Ni and Mn (Ram and Kumar, 2020). In contrast, 
seasonal temperature variations significantly influence 
fluoroquinolone resistance (Levofloxacin, Ciprofloxacin, and 
Norfloxacin). Larger-sized microplastics cluster with salinity, 
oxidation–reduction potential (ORP), and Pb. Fecal contamination 
and ARB emerged to share common sources and processes but 
showed strong correlations only in river samples (Ram and Kumar, 
2020). This discrepancy was explained to be  caused due to the 
dynamic river–human interface, substantial wastewater discharge, 
stagnant water flow, and urbanization impacts, which differ 
remarkably from upstream conditions.

4.4 Co-selection evidence from 
environmental studies

Multiple studies, discussing the co-selection mechanism, have 
shown that exposure to HMs can occur indirectly ARB, even without 
the presence of antibiotic compounds. This process is facilitated by 
mobile genetic elements (MGEs), such as integrons (notably intI1) 
and plasmids, which carry both MRGs and ARGs (Fu et al., 2023). 
Genes codifying resistance to Co, Ni (e.g., rcnA), and Co, Zn, Cd 
(czcA) have been frequently identified as dominant in metal-polluted 
samples, often co-occurring with ARGs conferring resistance to beta-
lactams (e.g., blaCTX-M, blaNDM-1), macrolides (ermA, mefA, 
mphA), tetracyclines (tetA, tetM, tetW), and other antibiotics (Gupta 
et al., 2022). The presence of integrons in metal-rich environments 
further enhances the likelihood of ARG spread, as integrons facilitate 
gene cassette integration and mobilization (Koner et al., 2024; Gupta 
et al., 2022). Similarly, proteins like TetL facilitate tetracycline and Co 
resistance, illustrating the interconnected selection pressures (Koner 
et al., 2024). This integron-mediated co-transmission underlines the 
importance of considering HM pollution as a consequential factor in 
ARG dissemination. Correlation analyses and multivariate statistical 
models consistently show strong positive relationships (r > 0.80, 
p < 0.05) between HMs and the abundance of ARGs, MRGs, and 
integrons (Gupta et  al., 2022). For example, in polluted riverine 
systems, bioavailable Cr, Co, and Ni correlate with tetracycline and 
chloramphenicol resistance genes, while total-Cu and total-Cr 
correlate with macrolide resistance determinants, confirming the 
multifaceted nature of co-selection in natural environments. Under 

anaerobic conditions, toxic As3+ promotes ARG co-selection in paddy 
soils, while Cd solubility can enhance ARG dissemination in landfills 
(Zhang et al., 2020; Zhao et al., 2020).

4.5 Human activities and implications

Human activities, including wastewater discharge, industrial 
runoff, and extensive fertilizer use, continuously introduce Pb, As, Cd, 
Ni, and Cr into soils and waters (Zhao et al., 2020; Ram and Kumar, 
2020; Peng et al., 2022) and they are most associated with toxicity 
(Shin et  al., 2013). Agricultural soils receiving fertilizer may 
accumulate HMs that enhance ARG prevalence. Similarly, sewage 
effluent and landfill leachates serve as hotspots for metal–organic 
complexes and nutrient-rich conditions that support microbial growth 
and ARG proliferation (Bazzi et al., 2020; Gupta et al., 2022; Peng 
et al., 2022). The co-occurrence of metals like Pb, Zn, and Cu with 
sulfonamide resistance genes (sulI, sulII) and macrolide resistance 
genes (mefA, ermA, ermB) in both refuse and leachate demonstrates 
that these environments are prime grounds for ARG enrichment (Li 
et al., 2024; Gupta et al., 2022).

In river ecosystems, Ni, Co, Zn, Cd, Cr, and Pb correlate with the 
abundance of MRGs and integrons, reinforcing the notion that HMs 
influence the HGT of ARGs. Seasonal and hydrological conditions 
and varying pH and redox states can further modulate these 
interactions (Ma et  al., 2020). For instance, lower pH conditions 
increase the solubility and bioavailability of Cd, Pb, Zn, which may 
intensify selective pressure and promote HMRGs and MDR, 
respectively.

4.5.1 Lead (Pb)
Lead (Pb) is a heavy metal with a total estimated abundance in 

earth’s crust of ~0.0013%, with a dense and pliable soft texture, with a 
silver-bluish hue, which has been and continues to play an integral 
part in human industrial and technological development (Sevak et al., 
2021; Pandey, 2012). Pb is predominantly in two oxidative states, Pb2+ 
and Pb4+, where the contamination in the environment is mainly 
attributed to human activities such as mining, smelting, battery 
production, paint manufacturing, and the combustion of fossil fuels 
(Sevak et al., 2021). Furthermore, previous presence of Pb in toys, 
medicines, explosives, jewelry, paper, metallurgy, automobile sectors 
have been major contributors to its pollution (Bazzi et al., 2020; Sevak 
et  al., 2021). Despite its low geochemical mobility, anthropogenic 
activities have propelled Pb to toxicologically relevant concentrations, 
with 98% of environmental Pb pollution stemming from human 
enterprises (Sevak et al., 2021). Pb contamination comes mainly from 
industries such as Pb-acid battery manufacturing, which uses 
approximately 85% of the world’s Pb (Zhang et al., 2024).

Pb pollution is not specific only to industrial zones as it can 
be spread and influence air, soil and water quality (Ma et al., 2020). 
Acidic waters can leach Pb out of plastic PVC pipes into the drink 
water supply, accompanied by natural processes which can erode Pb 
into the atmosphere and sediments (Ma et al., 2020; Sevak et al., 2021). 
Pb also forms compounds [PbCO₃, Pb₂O, Pb(OH)₂, and PbSO₄] 
which can precipitate in surface and groundwater and absorb onto 
mineral surfaces (Sevak et al., 2021). As a result, the concentration and 
bioavailability of Pb in these water systems are affected by various 
factors, including dissolved salts, mineral composition, and pH levels. 
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Pb is a persistent, non-degradable HM that can traverse distant 
ecosystems. Of particular concern is the widespread Pb contamination 
in agricultural regions worldwide, where it can enter the food chain, 
jeopardizing global food security and public health (Zhang et  al., 
2024). According to estimates, more than a billion people globally are 
exposed to hazardous levels of Pb, resulting in intellectual disabilities 
for over 600,000 children per year (Zhang et al., 2024). The cumulative 
effects of Pb toxicity highlight significant long-term public health 
risks, as it can remain in bones for decades and later re-enter the 
bloodstream, nevertheless was reported to be excreted via feces and 
urine (Vats et al., 2022; Sevak et al., 2021). Pb is toxic at multiple levels 
on a cellular basis, known to induce oxidative stress by yielding ROS 
that damage DNA, proteins and enzymes and interfere with calcium 
metabolism, leading to metabolic processes compromising with 
systemic tissue destruction (Bazzi et  al., 2020). Furthermore, it is 
especially toxic to children, which can absorb ~40–50% of ingested Pb 
compared with only 3–10% in adults (Sevak et al., 2021). Intelligence 
deficits in children have been associated with blood Pb levels 
exceeding the concentrations of 75 mg/L and is linked with the 
developmental abnormalities (WHO and EFSA acceptable limit for 
Pb is 25 mg per kg of body weight) (EFSA Panel on Contaminants in 
the Food Chain, 2010). In addition, Pb is also a classified teratogen 
and mutagen and is comprehended to cause miscarriages, infertility, 
induce renal damage and genetic abnormalities in developing fetuses 
(Matta and Gjyli, 2016; Naik and Dubey, 2013). Its effects, however, 
are not just limited to its own sequestration site but go as far as the 
skeletal system, where it interferes with bone formation and acts like 
a long-lived toxicity stored here for 15–20 years (Vats et al., 2022; 
Sevak et al., 2021).

Furthermore, Pb pollution can also disrupt the ecological systems, 
thereby greatly changing the microbial community dynamics because 
soil microbial communities are Pb-sensible, which is extremely 
important for maintaining soil health and quality (Ma et al., 2020; 
Sevak et al., 2021; Fajardo et al., 2019; Li et al., 2020). Although Pb 
pollution reduces the abundance of soil microbes, it shifts these 
communities’ functional and phylogenetic composition and impairs 
soil physicochemical properties, thus degrading soil productivity and 
the resilience of ecosystems. Bacteria previously isolated from a 
Pb-polluted sight (e.g., Acinetobacter junii Pb1, Bacillus subtilis X3, 
Delftia tsuruhatensis, Halomonas sp., Pseudomonas aeruginosa N6P6) 
have developed Pb-resistant mechanisms, and were indicated to offer 
potential biotechnological applications for Pb bioremediation (Sevak 
et al., 2021). On the other hand, Pb pollution has its role in co-selecting 
AMR (Vats et al., 2022; Gupta et al., 2022) and studies have shown that 
lead can influence the prevalence of ARGs by creating selective 
pressures in microbial communities such as increased nasal 
colonization by the methicillin-resistant Staphylococcus aureus 
(MRSA) (Vats et al., 2022; Eggers et al., 2018).

4.5.2 Mercury (Hg)
Mercury (Hg) is one of the most toxic naturally occurring 

elements posing a risk to ecosystems and human health (Ward et al., 
2010; EFSA Panel on Contaminants in the Food Chain, 2012). 
Mercury is a widespread environmental contaminant released into the 
environment by natural geological processes (e.g., volcanic eruption 
or soil erosion) and human practices (e.g., mining, fuel combustion or 
industrial discharge) (Bazzi et  al., 2020). Moreover, the region’s 
prevalence of mercury is further compounded by localized or regional 

crises, such as war, in the Middle East, which have caused conflict-
induced pollution of especially high levels of contamination (Gworek 
et al., 2017).

Chemically, it comes in two main forms: inorganic (Hg 2+) and 
organic (methylmercury, CH3-Hg+), both being very toxic and can 
cause severe deleterious effects in humans even at low trace 
concentrations (e.g., neurological damage, kidney failure, and 
developmental defects) (Bazzi et  al., 2020). Although Hg has no 
biological utility, it exerts ongoing selective pressure on microbe 
communities, forcing highly sophisticated resistance mechanisms to 
evolve (Vats et al., 2022; Sodhi et al., 2023). Their adaptations focus on 
the mer operon, a plasmid-encoded genetic cluster that enables 
bacteria to detoxify and resist Hg toxicity (Bazzi et al., 2020). The 
operon, responsive to the MerR protein, comprises a plethora of 
proteins, including the enzyme mercury (II) reductase (MerA), which 
converts the toxic form Hg2+ to its less toxic elemental form (Hg0). Of 
note, the mer operon has been found in numerous bacterial genera, 
including Pseudomonas, Enterobacteriaceae, and Shewanella, and is 
frequently borne on transposable elements to promote HGT (Vats 
et al., 2022; Sodhi et al., 2023). In avian E. coli strains, researchers have 
observed the co-location of Hg resistance genes with ARGs on MGEs, 
such as the Tn21 transposon, which provides the genetic linkage 
required for the co-transfer of resistance traits, with Hg exposure 
indirectly selecting for ARB (Vats et al., 2022; Biswas et al., 2021; 
Sodhi et  al., 2023). For example, the co-selection of streptomycin 
resistance based on acquisition during exposure to Hg compounds has 
been previously detected. The transfer of Hg, β-lactams, and quinolone 
resistance was studied in ESBL-containing isolates from the Yamuna 
River, India, where plasmid recipients showed a co-resistance 
mechanism (Gillieatt and Coleman, 2024). Conjugation from 
Hg-resistant and As-resistant isolates into E. coli led to the acquisition 
of metal and antibiotic resistance, with transconjugants receiving 
ESBL, merB, merP, and merT, including qnrS (Gillieatt and 
Coleman, 2024).

Other studies demonstrate that Hg as well as other HMs 
contamination can aggravate AMR in complex microbiomes, such as 
wastewater and soils, by triggering increased abundance of integrons 
and ARGs in environmental microbiomes, thereby accelerating the 
HGT of AMR traits (Frossard et al., 2018; Yazdankhah et al., 2018; 
Balcha et al., 2023). Additionally, it is possible that, with increasing 
global temperatures, methylmercury bioaccumulation in aquatic 
ecosystems may grow, increasing selective pressure via microbial 
communities (Jeong et  al., 2024). With rising temperatures, the 
dissolved oxygen content in water declines, thus causing hypoxia, 
which favors the activity of anaerobic bacteria that cause Hg 
methylation and, therefore, advances methylmercury (CH3-Hg+) 
production (Jeong et al., 2024).

4.5.3 Arsenic (As)
The term “arsenic” often provokes fear in many individuals. This 

reaction has been derived from its historical use as a poison—both 
deliberate and accidental—against humans (Hughes et  al., 2011). 
Generally, arsenic (As) is sourced from natural and human activities 
using pesticides and herbicides, including agriculture (Bazzi et al., 
2020). This trace element, is naturally found in the Earth’s crust at 
about 5 μg/g, comprising ≈ 245 minerals, and is often associated with 
HMs like Pb, Cu, Zn, and Au in sulfidic ores (Shen et al., 2013). The 
most hazardous and biologically active inorganic As forms are arsenite 
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(As3+) and arsenate (As5+), whereas As3+ is more soluble and toxic due 
to its ability to bond with protein thiol groups (Chillé et al., 2022). 
While less toxic, organic As compounds often result from industrial 
or agricultural activities and can exhibit a wider range of 
toxicity effects.

As have left a significant pathway in history with the main role 
attributed as a weapon in warfare. Its extensive impact on the 
environment and public health was evident through the chemical 
agent Lewisite (C2H₂AsCl3), Adamsite (C12H9AsClN) and the 
herbicide Agent Blue, sizably used during the Vietnam War (Bazzi 
et al., 2020). Drawing from these historical insight, As contamination 
remains a critical problem with global consequences, particularly in 
South Asia (e.g., Afghanistan, Bangladesh, India, Nepal, Pakistan, and 
Sri Lanka), where millions of people are exposed to As concentrations 
in groundwater that exceed safe limits, leading to serious health issues 
such as multiple organ dysfunction, cancers, cardiovascular diseases, 
and neurodevelopmental disorders (Palit et al., 2019; Natasha et al., 
2020; Mohammed Abdul et al., 2015). Furthermore, the utilization of 
these chemical biochemical weapons in the Syrian Civil War 
previously established by United Nations endued in expanded 
bacterial resistance to As mainly caused by oxidation, decreased 
methylation, activation of efflux pumps, and sequestration of cysteine 
-rich peptides (Bazzi et  al., 2020; Shen et  al., 2013). While, in 
agricultural setup, As-based compounds could worsen the AMR crisis 
through poultry feed additives like roxarsone (4-Hydroxy-3-
nitrophenyl arsonic acid), which overuse of this led to increase of As 
content in manure, soil, and water, and was reported to facilitate 
As-resistance and ARB (Oremland and Stolz, 2005; Nachman 
et al., 2013).

As exposure influences AMR by acting as a selective pressure on 
microbial populations, leading to the simultaneous co-selection of 
resistance traits. The ars operon governs As resistance through efflux 
systems that expel arsenite (As3+) from bacterial cells (E. coli and 
Shewanella), mitigating its toxic effects (Silver and Phung, 2005). 
Recent studies indicate that ARB quickly co-selected after exposure to 
0.2–1 mg/L As3+ for only 6 h, alongside augmented ARGs and MGEs. 
Most co-selected ARB persisted for at least 4 days without As3+ and 
antibiotics, suggesting that source water pollution may aid in 
preserving and spreading AMR determinants in the DWTP (Zhang 
et al., 2020). Analysis of bacterial community structure revealed a 
strong link between community shifts and ARB promotion, with the 
respective enrichment of opportunistic bacteria (e.g., Escherichia-
Shigella, Empedobacter sp., and Elizabethkingia) (Zhang et al., 2020). 
Similarly, it was also shown that HMRGs and MGEs increased ARGs 
in As-contaminated soils under sulfamethoxazole stress (Li et  al., 
2023). In their study, copiotrophic Actinobacteriota abundance 
decreased, while oligotrophic Gemmatimonadota abundance 
expanded, indicating a shift in community strategy. Gemmatimonadota 
positively correlated with ARGs, HMRGs, and MGEs, suggesting it 
hosts resistance genes in As and SMX stress environments. The study 
concluded that MGEs play a key role in ARG proliferation via HGT 
and a co-selection mechanism, with bacterial communities indirectly 
influencing MGEs through environmental changes (Li et al., 2023).

4.5.4 Chromium (Cr)
Chromium (Cr) is the 7th most abundant HM in the Earth’s crust 

and exists primarily in two stable oxidation states: trivalent chromium 
(Cr3+) and hexavalent chromium (Cr6+) (Bazzi et al., 2020). It was 

estimated that ~1.29 × 105 t of Cr is discharged yearly into the 
environment and is mainly accumulated in the soil, thus causing 
severe Cr pollution (Ao et al., 2022). While Cr3+ occurs naturally in 
soil, water, and biological systems, Cr6+ is predominantly 
anthropogenic, originating from industrial activities (i.e., mining, 
leather tanning, electroplating, textile dyeing, and steel 
manufacturing) (Bazzi et al., 2020). The Cr6+ is highly soluble, very 
mobile, and approximately a thousand times more toxic than Cr3+ due 
to its strong oxidative capacity and metabolic reprogramming 
(Ahemad, 2014; Deng et al., 2019). Ingestion of Cr-contaminated 
water or food can lead to severe gastrointestinal symptoms, including 
nausea, vomiting, ulcers, and hemorrhage (Reif and Murray, 2024; 
Yan et  al., 2023). The Cr6+ is rapidly absorbed through the 
gastrointestinal tract, and its accumulation in the liver and kidneys 
causes nephrotoxicity and impaired renal function (Wu et al., 2020). 
Chronic exposure has been linked to kidney failure due to its ability 
to disrupt tubular function and induction of oxidative stress (Verma 
et al., 2021).

The toxic nature of Cr6+ creates significant environmental and 
health risks, specifically in industrially contaminated sites. For 
example, elevated Cr-associated compounds have been reported in 
textile wastewater, landfill leachates, road runoffs and other 
industrially contaminated sites, contributing to environmental 
pollution and microbial stress (Tamburini et al., 2023; Ertani et al., 
2017; Quiroz et al., 2023). The ongoing contamination with Cr and 
other HMs is particularly intense in regions with inadequate waste 
management systems, such as South Asia and the Middle East, where 
industrial effluents often remain untreated (Liu et al., 2024; Jiao et al., 
2021). Similarly, other HMs, although not metabolically required, Cr 
exerts selective pressure on microbial populations, contributing to the 
evolution of sophisticated resistance mechanisms. These adaptations, 
often plasmid-mediated, can overlap with antibiotic resistance 
mechanisms, enhancing ARGs’ potential for cross-resistance and 
co-selection. Efflux pumps, particularly CHR family transporters, 
actively export Cr6+ ions out of bacterial cells, reducing intracellular 
toxicity. For example, the chrA gene in P. aeruginosa and Shewanella 
encodes a chromate efflux pump, providing resistance to Cr6+ while 
conferring MDR through cross-regulation (Joutey et al., 2015; Alvarez 
et al., 1999). Furthermore, Bacillus cereus co-contamination with Cr6+ 
and antibiotics was demonstrated to induce overexpression of eight 
assembled genes of the HAE-1 family of efflux pumps, favoring the 
emergence and spread of ARB (Wu et al., 2024).

4.5.5 Cadmium (Cd)
Another toxic HM—Cadmium (Cd), with no essential biological 

role, has become a common pollutant all over the globe due to 
various anthropogenic activities. Historically, Cd contamination has 
escalated principally through mining, smelting, battery production, 
and phosphate fertilizers, which pose a consequential risk to 
ecosystems and human health because it is non-biodegradable, 
persistent, and has a bioaccumulative capacity (Chirinos-Peinado 
et al., 2022; Mortensen et al., 2018; Park et al., 2021; Sharma et al., 
2024). Its toxicity has been associated with numerous adverse effects, 
including pulmonary/renal damage or even multiple organ damage, 
flu-like symptoms, and the infamous “itai-itai” disease, a painful 
condition linked to chronic Cd exposure in humans (Pu et al., 2021; 
Fatima et al., 2019). These deleterious effects are also extended to 
plant and animals, while bacterial and fungal agents have evolved and 
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bear a significant resilience to increased Cd concentrations via the 
intricate defending mechanisms (Sharma et al., 2024).

Released into the environment, Cd significantly affects ecological 
compartments and strongly interacts with ARG dynamics (Shu et al., 
2024). While in soils, Cd contamination was reported to alter 
microbial community composition, favoring Proteobacteria, 
Luteimonas, and Bacteroidetes while disrupting the environmental 
balance (Fu et al., 2023; Shu et al., 2024). The observed shift correlated 
with increased ARG abundance, particularly genes such as tetG, tetW, 
sul-1, and sul-2, further reproduced by MGEs like intI-1 and intI-2 
(Anedda et al., 2023). For example, Cd exposure promoted the transfer 
of potential human bacterial pathogens such as Clostridium and 
Burkholderia in lettuce tissue and increased the abundance of ARGs 
(e.g., ermQ, ermX, tetG, tetC, tetW, tetX, sul-1, and sul-2) and the 
integrase gene intI-1 in oxytetracycline-polluted and non-polluted soil 
(Fu et al., 2023; Guo et al., 2021). Other recent experiments with 
bacterial cultures further confirmed that Cd exposure induced the 
activation of transmembrane efflux pump systems, conferring 
additional resistance to Zn and carbapenem antibiotics, emphasizing 
the cross-resistance mechanism (Goswami et al., 2023). In rhizosphere 
soils, the co-contamination of Cd with other HMs, such as Cu, 
worsens the co-selection of ARGs and HMRGs, facilitating the spread 
of MDR (Shu et al., 2024; Pan et al., 2023). Whereas, Cd in water 
environments could interact with other pollutants, including Fe₂O₃, 
creating synergistic effects that amplify its toxicity (Pu et al., 2021). It 
has been demonstrated that co-exposure to Cd2+ and nano Fe2O3 
significantly enhanced the conjugative transfer of ARGs via the RP4 
plasmid from Pseudomonas putida KT2442 to the microbial 
community of water microcosms (Pu et al., 2021). This co-exposure 
was reported to increase cell membrane permeability, elevate 
antioxidant enzyme activity, and upregulate expression of conjugative 
transfer genes, mechanisms that raise concerns about Cd′s role in the 
HGT of resistance traits. The study revealed that the majority of 
transconjugants were identified in human pathogens or opportunistic 
pathogens, including Aeromonas veronii, Acinetobacter tandoii, 
Escherichia hermannii, Shigella boydii, Kluyvera cryocrescens, Vogesella 
perlucida, Klebsiella pneumoniae, Shewanella xiamenensis, Ralstonia 
mannitolilytica, and Serratia marcescens underlining the potential 
risks associated with HMs, nanoparticles, and ARGs dissemination in 
water ecosystems, illustrating how Cd and other pollutants heighten 
AMR (Pu et al., 2021; Stepanauskas et al., 2006). Another example of 
how Cd exposure might indirectly increase methicillin resistance was 
the presence of Cd resistance (czr) and methicillin resistance (mecA) 
genes on the staphylococcal cassette chromosome mec (SCCmec) in 
S. aureus (Vats et al., 2022; Cavaco et al., 2010). Interestingly, Cd can 
change microbial resistance mechanisms in complex and antagonistic 
ways (Li et al., 2016). While higher Cd concentrations can inhibit the 
conjugative transfer of ARGs by inducing protective extracellular 
polymeric substances (EPS) in bacteria, environmentally relevant 
concentrations often drive synergistic interactions with antibiotics (Li 
et al., 2016). For example, the co-existence of Cd and enrofloxacin 
complex (Cd-EFX) has been reported to enrich Cd uptake in 
earthworms, illustrating how complexation reactions can amplify the 
combined toxicity of these pollutants (Li et al., 2016). Thus, Cd is a 
substantial pollutant due to its environmental persistence, biological 
toxicity, and involvement in AMR, as evidenced by pathogens such as 
MRSA and Pseudomonas spp.

4.5.6 Nickel (Ni)
Nickel (Ni) is a naturally occurring HM in soil and while it is 

essential in trace amounts in particular biological functions, it 
poses influential environmental and health challenges when 
present in elevated concentrations (Das et al., 2018; Bartzas et al., 
2021). Expanded industrial activities, particularly mining and 
smelting, have increased Ni pollution in different environments 
(Bartzas et al., 2021). Ni and its compounds are recognized as 
immunotoxic and carcinogenic agents (Guo et  al., 2020), 
contributing to health issues, ranging from respiratory ailments, 
skin conditions to inflammatory conditions (Das et  al., 2018; 
Bartzas et al., 2021; Guo et al., 2020; Genchi et al., 2020). A recent 
study examining the negative environmental impact of Ni 
production in Slovakia accentuated the socio-economic and 
political challenges in addressing the ecological burdens caused 
by Ni pollution (Levická and Orliková, 2024).

Ni could serve as a cofactor for several microbial enzymes 
essential for the virulence of certain pathogens. Notably, 
Ni-dependent enzymes such as urease and hydrogenase contribute 
to the pathogenicity of Helicobacter pylori, as well as S. enterica 
Typhimurium and Staphylococcus spp. which relies on these 
enzymes (Ni-acireductone dioxygenase, Ni-SOD, and Ni-glyoxalase 
I) for colonization and survival in the acidic environment of the 
human stomach (Maier and Benoit, 2019). Efficient Ni transport 
and homeostasis mechanisms are essential for these pathogens to 
balance the availability of Ni for enzyme function while mitigating 
its potential toxicity (Maier and Benoit, 2019). Furthermore, the 
presence of Ni ions can influence bacterial susceptibility to 
antibiotics, as was shown recently (Pavlić et  al., 2022). Ni can 
interact with antibiotics such as ciprofloxacin and ampicillin, 
affecting their efficacy against bacteria like S. aureus, E. faecalis, 
and E. coli. Others have shown recently, the significant associations 
between Ni and bacterial resistance to tetracycline, sulphonamide, 
beta-lactams, aminoglycoside, macrolide, and vancomycin in the 
food producing environments emphasizing the need for new 
comprehensive environmental holistic management strategies 
(Anedda et al., 2023). The overall co-selection of HMs can lead to 
the proliferation MDR, complicating treatment strategies and 
posing significant public health challenges (Gillieatt and 
Coleman, 2024).

5 Conclusion

Taken together, HMs, particularly Pb, Hg, As, Cr, Cd, and Ni, 
are ubiquitous co-selective agents for the ARGs and MRGs in 
varied soil and water environments. Consequently, microbial 
community structures, HGT, and integron-mediated gene 
transfer are all amplified in the spread of AMR. Efforts to 
remediate HM concentrations in the surrounding matrix could 
indirectly reduce the toxic potential of HMs and the proliferation 
of ARGs. AMR proliferation in contact with microplastic 
pollution becomes more reasonable. Microplastics are novel 
substrates that carry and transport MRGS and ARB, allowing the 
localized ‘hot spots’ of gene exchange. The convergence of HMs 
pollution, MPs accumulation and pathogenic AMR bacteria 
constitutes concomitant vectors for spreading resistance, which 
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offers extensive challenges to environmental management and 
public health. Determining metal pollutants should 
be investigated alongside steps to prevent MP contamination to 
ultimately inform integrated broad stroke mitigative efforts to 
protect the ecosystem and reduce AMR threat.

Author contributions

IB: Writing  – original draft, Writing  – review & editing. JL: 
Writing – original draft, Writing – review & editing. AG: Writing – 
original draft, Writing – review & editing. IC: Writing – original draft, 
Writing – review & editing. DS: Writing – original draft, Writing – 
review & editing. IP: Writing – original draft, Writing – review & 
editing. LS: Writing – original draft, Writing – review & editing. DM: 
Writing – original draft, Writing – review & editing. AD: Writing – 
original draft, Writing – review & editing. NC: Writing – original 
draft, Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Ahemad, M. (2014). Bacterial mechanisms for Cr(VI) resistance and reduction: an 

overview and recent advances. Folia Microbiol. 59, 321–332. doi: 10.1007/s12223-014-0304-8

Alvarez, A. H., Moreno-Sánchez, R., and Cervantes, C. (1999). Chromate efflux by 
means of the ChrA chromate resistance protein from Pseudomonas aeruginosa. J. 
Bacteriol. 181, 7398–7400. doi: 10.1128/jb.181.23.7398-7400.1999

Anedda, E., Farrell, M. L., Morris, D., and Burgess, C. M. (2023). Evaluating the 
impact of heavy metals on antimicrobial resistance in the primary food production 
environment: a scoping review. Environ. Pollut. 320:121035. doi: 
10.1016/j.envpol.2023.121035

Ao, M., Chen, X., Deng, T., Sun, S., Tang, Y., Morel, J. L., et al. (2022). Chromium 
biogeochemical behaviour in soil-plant systems and remediation strategies: a critical 
review. J. Hazard. Mater. 424:127233. doi: 10.1016/j.jhazmat.2021.127233

Arya, S., Williams, A., Reina, S. V., Knapp, C. W., Kreft, J.-U., Hobman, J. L., et al. 
(2021). Towards a general model for predicting minimal metal concentrations co-
selecting for antibiotic resistance plasmids. Environ. Pollut. 275:116602. doi: 
10.1016/j.envpol.2021.116602

Balcha, E. S., Gómez, F., Gemeda, M. T., Bekele, F. B., Abera, S., Cavalazzi, B., et al. 
(2023). Shotgun metagenomics-guided prediction reveals the metal tolerance and 
antibiotic resistance of microbes in poly-extreme environments in the Danakil 
depression, Afar region. Antibiotics 12:1697. doi: 10.3390/antibiotics12121697

Balta, I., Dragoș, O., Filip, R., Ana Maria, P., Salantai, R., Cotîrță, M., et al. (2019). 
Heavy metals and PHYSICO-chemical composition of maternal breast milk and 
colostrum. Sci. Bull. 91, 91–101.

Bartzas, G., Tsakiridis, P. E., and Komnitsas, K. (2021). Nickel industry: heavy 
metal(loid)s contamination - sources, environmental impacts and recent advances on 
waste valorization. Curr. Opin. Environ. Sci. Health 21:100253:100253. doi: 
10.1016/j.coesh.2021.100253

Bazzi, W., Abou Fayad, A. G., Nasser, A., Haraoui, L.-P., Dewachi, O., Abou-Sitta, G., 
et al. (2020). Heavy metal toxicity in armed conflicts potentiates AMR in A. baumannii 
by selecting for antibiotic and heavy metal co-resistance mechanisms. Front. Microbiol. 
11:68. doi: 10.3389/fmicb.2020.00068

Biswas, R., Halder, U., Kabiraj, A., Mondal, A., and Bandopadhyay, R. (2021). 
Overview on the role of heavy metals tolerance on developing antibiotic resistance in 
both gram-negative and gram-positive bacteria. Arch. Microbiol. 203, 2761–2770. doi: 
10.1007/s00203-021-02275-w

Buelow, E., Ploy, M.-C., and Dagot, C. (2021). Role of pollution on the selection of 
antibiotic resistance and bacterial pathogens in the environment. Curr. Opin. Microbiol. 
64, 117–124. doi: 10.1016/j.mib.2021.10.005

Bunduruș, I. A., Balta, I., Ștef, L., Ahmadi, M., Peț, I., McCleery, D., et al. (2023). 
Overview of virulence and antibiotic resistance in Campylobacter spp. livestock isolates. 
Antibiotics 12:402. doi: 10.3390/antibiotics12020402

Cavaco, L., Hasman, H., Stegger, M., Andersen, P. S., Skov, R., Fluit, A. C., et al. (2010). 
Cloning and occurrence of czrC, a gene conferring cadmium and zinc resistance in 
methicillin-resistant Staphylococcus aureus CC398 isolates. Antimicrob. Agents 
Chemother. 54, 3605–3608. doi: 10.1128/AAC.00058-10

Chen, S., Li, X., Sun, G., Zhang, Y., Su, J., and Ye, J. (2015). Heavy metal induced 
antibiotic resistance in bacterium LSJC7. Int. J. Mol. Sci. 16, 23390–23404. doi: 
10.3390/ijms161023390

Chillé, D., Mollica-Nardo, V., Giuffrè, O., Ponterio, R. C., Saija, F., Sponer, J., et al. 
(2022). Binding of arsenic by common functional groups: an experimental and 
quantum-mechanical study. Appl. Sci. 12:3210. doi: 10.3390/app12063210

Chirinos-Peinado, D., Castro-Bedriñana, J., Ríos-Ríos, E., Mamani-Gamarra, G., 
Quijada-Caro, E., Huacho-Jurado, A., et al. (2022). Lead and cadmium bioaccumulation 
in fresh cow’s milk in an intermediate area of the Central Andes of Peru and risk to 
human health. Toxics 10:317. doi: 10.3390/toxics10060317

Das, K. K., Reddy, R. C., Bagoji, I. B., Das, S., Bagali, S., Mullur, L., et al. (2018). 
Primary concept of nickel toxicity - an overview. J. Basic Clin. Physiol. Pharmacol. 30, 
141–152. doi: 10.1515/jbcpp-2017-0171

Deng, Y., Wang, M., Tian, T., Lin, S., Xu, P., Zhou, L., et al. (2019). The effect of 
hexavalent chromium on the incidence and mortality of human cancers: a meta-analysis 
based on published epidemiological cohort studies. Front. Oncol. 9:24. doi: 
10.3389/fonc.2019.00024

Dickinson, A. W., Power, A., Hansen, M. G., Brandt, K. K., Piliposian, G., Appleby, P., 
et al. (2019). Heavy metal pollution and co-selection for antibiotic resistance: a microbial 
palaeontology approach. Environ. Int. 132:105117. doi: 10.1016/j.envint.2019.105117

Dunne, K. A., Chaudhuri, R. R., Rossiter, A. E., Beriotto, I., Browning, D. F., Squire, D., 
et al. (2017). Sequencing a piece of history: complete genome sequence of the original 
Escherichia coli strain. Microb. Genom. 3:mgen000106. doi: 10.1099/mgen.0.000106

EFSA Panel on Contaminants in the Food Chain (2010). Scientific opinion on Lead 
in food. EFSA J. 8:1570. doi: 10.2903/j.efsa.2010.1570

EFSA Panel on Contaminants in the Food Chain (2012). Scientific opinion on the risk 
for public health related to the presence of mercury and methylmercury in food. EFSA 
J. 10:2985. doi: 10.2903/j.efsa.2012.2985

Eggers, S., Safdar, N., and Malecki, K. M. C. (2018). Heavy metal exposure and nasal 
Staphylococcus aureus colonization: analysis of the National Health and nutrition 
examination survey (NHANES). Environ. Health 17:2. doi: 10.1186/s12940-017-0349-7

https://doi.org/10.3389/fmicb.2025.1550587
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s12223-014-0304-8
https://doi.org/10.1128/jb.181.23.7398-7400.1999
https://doi.org/10.1016/j.envpol.2023.121035
https://doi.org/10.1016/j.jhazmat.2021.127233
https://doi.org/10.1016/j.envpol.2021.116602
https://doi.org/10.3390/antibiotics12121697
https://doi.org/10.1016/j.coesh.2021.100253
https://doi.org/10.3389/fmicb.2020.00068
https://doi.org/10.1007/s00203-021-02275-w
https://doi.org/10.1016/j.mib.2021.10.005
https://doi.org/10.3390/antibiotics12020402
https://doi.org/10.1128/AAC.00058-10
https://doi.org/10.3390/ijms161023390
https://doi.org/10.3390/app12063210
https://doi.org/10.3390/toxics10060317
https://doi.org/10.1515/jbcpp-2017-0171
https://doi.org/10.3389/fonc.2019.00024
https://doi.org/10.1016/j.envint.2019.105117
https://doi.org/10.1099/mgen.0.000106
https://doi.org/10.2903/j.efsa.2010.1570
https://doi.org/10.2903/j.efsa.2012.2985
https://doi.org/10.1186/s12940-017-0349-7


Balta et al. 10.3389/fmicb.2025.1550587

Frontiers in Microbiology 14 frontiersin.org

Engin, A. B., Engin, E. D., and Engin, A. (2023). Effects of co-selection of antibiotic-
resistance and metal-resistance genes on antibiotic-resistance potency of environmental 
bacteria and related ecological risk factors. Environ. Toxicol. Pharmacol. 98:104081. doi: 
10.1016/j.etap.2023.104081

Ertani, A., Mietto, A., Borin, M., and Nardi, S. (2017). Chromium in agricultural soils 
and crops: a review. Water Air Soil Pollut. 228, 1–12. doi: 10.1007/s11270-017-3356-y

Fajardo, C., Costa, G., Nande, M., Botías, P., García-Cantalejo, J., and Martín, M. 
(2019). Pb, cd, and Zn soil contamination: monitoring functional and structural impacts 
on the microbiome. Appl. Soil Ecol. 135, 56–64. doi: 10.1016/j.apsoil.2018.10.022

Fatima, G., Raza, A. M., Hadi, N., Nigam, N., and Mahdi, A. A. (2019). Cadmium in 
human diseases: it’s more than just a mere metal. Indian J. Clin. Biochem. 34, 371–378. 
doi: 10.1007/s12291-019-00839-8

Frossard, A., Donhauser, J., Mestrot, A., Gygax, S., Bååth, E., and Frey, B. (2018). 
Long-and short-term effects of mercury pollution on the soil microbiome. Soil Biol. 
Biochem. 120, 191–199. doi: 10.1016/j.soilbio.2018.01.028

Fu, Y., Zhu, Y., Dong, H., Li, J., Zhang, W., Shao, Y., et al. (2023). Effects of heavy 
metals and antibiotics on antibiotic resistance genes and microbial communities in soil. 
Process Saf. Environ. Prot. 169, 418–427. doi: 10.1016/j.psep.2022.11.020

Gadd, G. M. (2004). Microbial influence on metal mobility and application for 
bioremediation. Geoderma 122, 109–119. doi: 10.1016/j.geoderma.2004.01.002

Genchi, G., Carocci, A., Lauria, G., Sinicropi, M. S., and Catalano, A. N. (2020). 
Human health and environmental toxicology. Int. J. Environ. Res. Public Health 17:679. 
doi: 10.3390/ijerph17030679

Ghosh, A., Singh, A., Ramteke, P., and Singh, V. (2000). Characterization of large 
plasmids encoding resistance to toxic heavy metals in Salmonella abortus equi. Biochem. 
Biophys. Res. Commun. 272, 6–11. doi: 10.1006/bbrc.2000.2727

Gillieatt, B. F., and Coleman, N. V. (2024). Unravelling the mechanisms of antibiotic 
and heavy metal resistance co-selection in environmental bacteria. FEMS Microbiol. Rev. 
48:fuae017. doi: 10.1093/femsre/fuae017

Goswami, A., Adkins-Jablonsky Sarah, J., Barreto Filho Marcelo, M., Shilling 
Michelle, D., Dawson, A., Heiser, S., et al. (2023). Heavy metal pollution impacts soil 
bacterial community structure and antimicrobial resistance at the Birmingham 35th 
avenue superfund site. Microbiol. Spectr. 11, e02426–e02422. doi: 
10.1128/spectrum.02426-22

Guo, H., Liu, H., Jian, Z., Cui, H., Fang, J., Zuo, Z., et al. (2020). Immunotoxicity of 
nickel: pathological and toxicological effects. Ecotoxicol. Environ. Saf. 203:111006. doi: 
10.1016/j.ecoenv.2020.111006

Guo, H., Xue, S., Nasir, M., Gu, J., and Lv, J. (2021). Impacts of cadmium addition on 
the alteration of microbial community and transport of antibiotic resistance genes in 
oxytetracycline contaminated soil. J. Environ. Sci. 99, 51–58. doi: 10.1016/j.jes.2020.04.015

Gupta, S., Graham, D. W., Sreekrishnan, T. R., and Ahammad, S. Z. (2022). Effects 
of heavy metals pollution on the co-selection of metal and antibiotic resistance in 
urban rivers in UK and India. Environ. Pollut. 306:119326. doi: 10.1016/j.envpol.2022. 
119326

Gupta, S., Graham, D. W., Sreekrishnan, T. R., and Ahammad, S. Z. (2023). Heavy 
metal and antibiotic resistance in four Indian and UK rivers with different levels and 
types of water pollution. Sci. Total Environ. 857:159059. doi: 10.1016/j. 
scitotenv.2022.159059

Gworek, B., Dmuchowski, W., Baczewska, A. H., Brągoszewska, P., 
Bemowska-Kałabun, O., and Wrzosek-Jakubowska, J. (2017). Air contamination by 
mercury, emissions and transformations—a review. Water Air Soil Pollut. 228, 1–31. doi: 
10.1007/s11270-017-3311-y

Hobman, J. L., and Crossman, L. C. (2015). Bacterial antimicrobial metal ion 
resistance. J. Med. Microbiol. 64, 471–497. doi: 10.1099/jmm.0.023036-0

Hou, J., Li, Y., Liu, M., Qu, Z., Du, Z., An, Y., et al. (2025). Significant effects of 
bioavailable heavy metals on antibiotic resistome in paddy soils as revealed by 
metagenomic analysis. J. Hazard. Mater. 482:136587. doi: 10.1016/j.jhazmat.2024.136587

Hughes, M. F., Beck, B. D., Chen, Y., Lewis, A. S., and Thomas, D. J. (2011). Arsenic 
exposure and toxicology: a historical perspective. Toxicol. Sci. 123, 305–332. doi: 
10.1093/toxsci/kfr184

Ianeva, O. (2009). Mechanisms of bacteria resistance to heavy metals. Mikrobiol. Z. 
71, 54–65.

Jeong, H., Ali, W., Zinck, P., Souissi, S., and Lee, J.-S. (2024). Toxicity of methylmercury 
in aquatic organisms and interaction with environmental factors and coexisting 
pollutants: a review. Sci. Total Environ. 943:173574. doi: 10.1016/j.scitotenv.2024.173574

Jiao, X., Dong, Z., Kang, S., Li, Y., Jiang, C., and Rostami, M. (2021). New insights into 
heavy metal elements deposition in the snowpacks of mountain glaciers in the eastern 
Tibetan plateau. Ecotoxicol. Environ. Saf. 207:111228. doi: 10.1016/j.ecoenv.2020.111228

Joutey, N. T., Sayel, H., Bahafid, W., and El Ghachtouli, N. (2015). Mechanisms of 
hexavalent chromium resistance and removal by microorganisms. Rev. Environ. Contam. 
Toxicol. 233, 45–69. doi: 10.1007/978-3-319-10479-9_2

Kaur, U. J., Chopra, A., Preet, S., Raj, K., Kondepudi, K. K., Gupta, V., et al. (2021). 
Potential of 1-(1-napthylmethyl)-piperazine, an efflux pump inhibitor against cadmium-
induced multidrug resistance in Salmonella enterica serovar Typhi as an adjunct to 
antibiotics. Braz. J. Microbiol. 52, 1303–1313. doi: 10.1007/s42770-021-00492-5

Kaur, U. J., Preet, S., and Rishi, P. (2018). Augmented antibiotic resistance associated 
with cadmium induced alterations in Salmonella enterica serovar Typhi. Sci. Rep. 
8:12818. doi: 10.1038/s41598-018-31143-9

Knapp, C. W., Turner, R., Salifu, E., Khan, S., Stillings, M., and Tonner, R. (2021). 
“Climate change: any dangers from antimicrobial resistant Bacteria?” in Microbiomes 
and the global climate change. eds. S. A. Lone and A. Malik (Springer Singapore: 
Singapore), 145–171.

Komijani, M., Shamabadi, N. S., Shahin, K., Eghbalpour, F., Tahsili, M. R., and 
Bahram, M. (2021). Heavy metal pollution promotes antibiotic resistance potential in 
the aquatic environment. Environ. Pollut. 274:116569. doi: 10.1016/j.envpol.2021.116569

Koner, S., Chen, J.-S., Hseu, Z.-Y., Chang, E.-H., Chen, K.-Y., Asif, A., et al. (2024). An 
inclusive study to elucidation the heavy metals-derived ecological risk nexus with 
antibiotic resistome functional shape of niche microbial community and their carbon 
substrate utilization ability in serpentine soil. J. Environ. Manag. 366:121688. doi: 
10.1016/j.jenvman.2024.121688

Levická, J., and Orliková, M. (2024). The toxic legacy of nickel production and its 
impact on environmental health: a case study. Int. J. Environ. Res. Public Health 21:1641. 
doi: 10.3390/ijerph21121641

Li, Y., Tang, H., Hu, Y., Wang, X., Ai, X., Tang, L., et al. (2016). Enrofloxacin at 
environmentally relevant concentrations enhances uptake and toxicity of cadmium in 
the earthworm Eisenia fetida in farm soils. J. Hazard. Mater. 308, 312–320. doi: 
10.1016/j.jhazmat.2016.01.057

Li, Z., Wang, X., Zhang, B., Li, B., Du, H., Wu, Z., et al. (2023). Transmission 
mechanisms of antibiotic resistance genes in arsenic-contaminated soil under 
sulfamethoxazole stress. Environ. Pollut. 326:121488. doi: 10.1016/j.envpol.2023.121488

Li, L.-G., Xia, Y., and Zhang, T. (2017). Co-occurrence of antibiotic and metal 
resistance genes revealed in complete genome collection. ISME J. 11, 651–662. doi: 
10.1038/ismej.2016.155

Li, Y.-J., Yuan, Y., Tan, W.-B., Xi, B.-D., Wang, H., Hui, K.-L., et al. (2024). Antibiotic 
resistance genes and heavy metals in landfill: a review. J. Hazard. Mater. 464:132395. doi: 
10.1016/j.jhazmat.2023.132395

Li, S., Zhao, B., Jin, M., Hu, L., Zhong, H., and He, Z. (2020). A comprehensive survey 
on the horizontal and vertical distribution of heavy metals and microorganisms in soils 
of a Pb/Zn smelter. J. Hazard. Mater. 400:123255. doi: 10.1016/j.jhazmat.2020.123255

Lima e Silva, A. A. D., Carvalho, M. A., de Souza, S. A., Dias, P. M. T., Silva Filho, R. G., 
Saramago, C. S., et al. (2012). Heavy metal tolerance (Cr, Ag and Hg) in bacteria isolated 
from sewage. Braz. J. Microbiol. 43, 1620–1631. doi: 10.1590/S1517-83822012000400047

Lin, J., Michel, L. O., and Zhang, Q. (2002). CmeABC functions as a multidrug efflux 
system in Campylobacter jejuni. Antimicrob. Agents Chemother. 46, 2124–2131. doi: 
10.1128/AAC.46.7.2124-2131.2002

Liu, L., Wang, J., Zhai, J., Yan, D., and Lin, Z. (2024). Regional disparities and 
technological approaches in heavy metal remediation: a comprehensive analysis of soil 
contamination in Asia. Chemosphere 366:143485. doi: 10.1016/j.chemosphere. 
2024.143485

Ma, Y., Wang, Y., Chen, Q., Li, Y., Guo, D., Nie, X., et al. (2020). Assessment of heavy 
metal pollution and the effect on bacterial community in acidic and neutral soils. Ecol. 
Indic. 117:106626:106626. doi: 10.1016/j.ecolind.2020.106626

Magnano San Lio, R., Favara, G., Maugeri, A., Barchitta, M., and Agodi, A. (2023). 
How antimicrobial resistance is linked to climate change: An overview of two 
intertwined global challenges. Int. J. Environ. Res. Public Health 20:1681. doi: 
10.3390/ijerph20031681

Maier, R. J., and Benoit, S. L. (2019). Role of nickel in microbial pathogenesis. 
Inorganics 7:80. doi: 10.3390/inorganics7070080

Matta, G., and Gjyli, L. (2016). Mercury, lead and arsenic: impact on environment and 
human health. J. Chem. Pharm. Sci. 9, 718–725.

Mazhar, S. H., Li, X., Rashid, A., Su, J., Xu, J., Brejnrod, A. D., et al. (2021). Co-
selection of antibiotic resistance genes, and mobile genetic elements in the presence of 
heavy metals in poultry farm environments. Sci. Total Environ. 755:142702. doi: 
10.1016/j.scitotenv.2020.142702

Mendes, S. G., Combo, S. I., Allain, T., Domingues, S., Buret, A. G., and Da Silva, G. J. 
(2023). Co-regulation of biofilm formation and antimicrobial resistance in Acinetobacter 
baumannii: from mechanisms to therapeutic strategies. Eur. J. Clin. Microbiol. Infect. Dis. 
42, 1405–1423. doi: 10.1007/s10096-023-04677-8

Micallef, S. A., Callahan, M. T., McEgan, R., and Martinez, L. (2023). Soil microclimate 
and persistence of foodborne pathogens Escherichia coli O157:H7, listeria 
monocytogenes, and Salmonella enterica Newport in soil affected by mulch type. J. Food 
Prot. 86:100159. doi: 10.1016/j.jfp.2023.100159

Mohammed Abdul, K. S., Jayasinghe, S. S., Chandana, E. P. S., Jayasumana, C., and De 
Silva, P. M. C. S. (2015). Arsenic and human health effects: a review. Environ. Toxicol. 
Pharmacol. 40, 828–846. doi: 10.1016/j.etap.2015.09.016

Moore, B. (1960). A new screen test and selective medium for the rapid detection of 
epidemic strains of Staph. aureus. Lancet 276, 453–458. doi: 10.1016/S0140-6736(60)91591-9

Mortensen, L. H., Rønn, R., and Vestergård, M. (2018). Bioaccumulation of cadmium 
in soil organisms – with focus on wood ash application. Ecotoxicol. Environ. Saf. 156, 
452–462. doi: 10.1016/j.ecoenv.2018.03.018

https://doi.org/10.3389/fmicb.2025.1550587
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.etap.2023.104081
https://doi.org/10.1007/s11270-017-3356-y
https://doi.org/10.1016/j.apsoil.2018.10.022
https://doi.org/10.1007/s12291-019-00839-8
https://doi.org/10.1016/j.soilbio.2018.01.028
https://doi.org/10.1016/j.psep.2022.11.020
https://doi.org/10.1016/j.geoderma.2004.01.002
https://doi.org/10.3390/ijerph17030679
https://doi.org/10.1006/bbrc.2000.2727
https://doi.org/10.1093/femsre/fuae017
https://doi.org/10.1128/spectrum.02426-22
https://doi.org/10.1016/j.ecoenv.2020.111006
https://doi.org/10.1016/j.jes.2020.04.015
https://doi.org/10.1016/j.envpol.2022.119326
https://doi.org/10.1016/j.envpol.2022.119326
https://doi.org/10.1016/j.scitotenv.2022.159059
https://doi.org/10.1016/j.scitotenv.2022.159059
https://doi.org/10.1007/s11270-017-3311-y
https://doi.org/10.1099/jmm.0.023036-0
https://doi.org/10.1016/j.jhazmat.2024.136587
https://doi.org/10.1093/toxsci/kfr184
https://doi.org/10.1016/j.scitotenv.2024.173574
https://doi.org/10.1016/j.ecoenv.2020.111228
https://doi.org/10.1007/978-3-319-10479-9_2
https://doi.org/10.1007/s42770-021-00492-5
https://doi.org/10.1038/s41598-018-31143-9
https://doi.org/10.1016/j.envpol.2021.116569
https://doi.org/10.1016/j.jenvman.2024.121688
https://doi.org/10.3390/ijerph21121641
https://doi.org/10.1016/j.jhazmat.2016.01.057
https://doi.org/10.1016/j.envpol.2023.121488
https://doi.org/10.1038/ismej.2016.155
https://doi.org/10.1016/j.jhazmat.2023.132395
https://doi.org/10.1016/j.jhazmat.2020.123255
https://doi.org/10.1590/S1517-83822012000400047
https://doi.org/10.1128/AAC.46.7.2124-2131.2002
https://doi.org/10.1016/j.chemosphere.2024.143485
https://doi.org/10.1016/j.chemosphere.2024.143485
https://doi.org/10.1016/j.ecolind.2020.106626
https://doi.org/10.3390/ijerph20031681
https://doi.org/10.3390/inorganics7070080
https://doi.org/10.1016/j.scitotenv.2020.142702
https://doi.org/10.1007/s10096-023-04677-8
https://doi.org/10.1016/j.jfp.2023.100159
https://doi.org/10.1016/j.etap.2015.09.016
https://doi.org/10.1016/S0140-6736(60)91591-9
https://doi.org/10.1016/j.ecoenv.2018.03.018


Balta et al. 10.3389/fmicb.2025.1550587

Frontiers in Microbiology 15 frontiersin.org

Nachman, K. E., Baron, P. A., Raber, G., Francesconi, K. A., Navas-Acien, A., and 
Love, D. C. (2013). Roxarsone, inorganic arsenic, and other arsenic species in chicken: 
a U.S.-based market basket sample. Environ. Health Perspect. 121, 818–824. doi: 
10.1289/ehp.1206245

Naik, M. M., and Dubey, S. K. (2013). Lead resistant bacteria: lead resistance 
mechanisms, their applications in lead bioremediation and biomonitoring. Ecotoxicol. 
Environ. Saf. 98, 1–7. doi: 10.1016/j.ecoenv.2013.09.039

Naik, M. M., Pandey, A., and Dubey, S. K. (2012). Pseudomonas aeruginosa strain WI-1 
from Mandovi estuary possesses metallothionein to alleviate lead toxicity and promotes 
plant growth. Ecotoxicol. Environ. Saf. 79, 129–133. doi: 10.1016/j.ecoenv.2011.12.015

Natasha, , Shahid, M., Imran, M., Khalid, S., Murtaza, B., Niazi, N. K., et al. Arsenic 
environmental contamination status in South Asia. In Arsenic in drinking water and 
food, , and S. Srivastava, , Ed., Springer Singapore: Singapore, (2020); pp. 13–39.

Nguyen, T. H. T., Nguyen, H. D., Le, M. H., Nguyen, T. T. H., Nguyen, T. D., Nguyen, D. L., 
et al. (2023). Efflux pump inhibitors in controlling antibiotic resistance: outlook under a 
heavy metal contamination context. Molecules 28:2912. doi: 10.3390/molecules28072912

Oremland, R. S., and Stolz, J. F. (2005). Arsenic, microbes and contaminated aquifers. 
Trends Microbiol. 13, 45–49. doi: 10.1016/j.tim.2004.12.002

Pal, C., Asiani, K., Arya, S., Rensing, C., Stekel, D. J., Larsson, D. J., et al. (2017). Metal 
resistance and its association with antibiotic resistance. Adv. Microb. Physiol. 70, 
261–313. doi: 10.1016/bs.ampbs.2017.02.001

Palit, S., Misra, K., and Mishra, J. Chapter 5 - arsenic contamination in south Asian 
regions: the difficulties, challenges and vision for the future. In Separation science and 
technology, Ahuja, S., Ed.; Academic Press: (2019); 113–123.

Pan, J., Zheng, N., An, Q., Li, Y., Sun, S., Zhang, W., et al. (2023). Effects of cadmium 
and copper mixtures on antibiotic resistance genes in rhizosphere soil. Ecotoxicol. 
Environ. Saf. 259:115008. doi: 10.1016/j.ecoenv.2023.115008

Pandey, B. (2012). State-of-the art report on technology for producing rare metals in India, 
Technical report. India, Jamshedpur: CSIR-National Metallurgical Laboratory (NML).

Park, H. J., Kim, S. U., Jung, K. Y., Lee, S., Choi, Y. D., Owens, V. N., et al. (2021). 
Cadmium phytoavailability from 1976 through 2016: changes in soil amended with 
phosphate fertilizer and compost. Sci. Total Environ. 762:143132. doi: 
10.1016/j.scitotenv.2020.143132

Pavlić, A., Gobin, I., Begić, G., Tota, M., Abram, M., and Špalj, S. (2022). The effect of 
nickel ions on the susceptibility of bacteria to ciprofloxacin and ampicillin. Folia 
Microbiol. 67, 649–657. doi: 10.1007/s12223-022-00960-x

Peng, S., Zhang, H., Song, D., Chen, H., Lin, X., Wang, Y., et al. (2022). Distribution 
of antibiotic, heavy metals and antibiotic resistance genes in livestock and poultry feces 
from different scale of farms in Ningxia, China. J. Hazard. Mater. 440:129719. doi: 
10.1016/j.jhazmat.2022.129719

Perron, K., Caille, O., Rossier, C., van Delden, C., Dumas, J.-L., and Köhler, T. (2004). 
CzcR-CzcS, a two-component system involved in heavy metal and Carbapenem 
resistance in Pseudomonas aeruginosa*. J. Biol. Chem. 279, 8761–8768. doi: 
10.1074/jbc.M312080200

Pu, Q., Fan, X.-T., Sun, A.-Q., Pan, T., Li, H., Bo Lassen, S., et al. (2021). Co-effect 
of cadmium and iron oxide nanoparticles on plasmid-mediated conjugative transfer 
of antibiotic resistance genes. Environ. Int. 152:106453. doi: 10.1016/j.envint. 
2021.106453

Quilliam, R. S., Pow, C. J., Shilla, D. J., Mwesiga, J. J., Shilla, D. A., and Woodford, L. 
(2023). Microplastics in agriculture – a potential novel mechanism for the delivery of 
human pathogens onto crops. Front. Plant Sci. 14:1152419. doi: 10.3389/fpls.2023. 
1152419

Quiroz, C. E. A., Diaz, E. I. V., Escobar, E. G. L., Rios, J. F. U., and Rosas, S. R. J. (2023). 
Leaching and heat treatment of chrome shavings: stability of chromium (III). Case Stud. 
Chem. Environ. Eng. 8:100481. doi: 10.1016/j.cscee.2023.100481

Ram, B., and Kumar, M. (2020). Correlation appraisal of antibiotic resistance with 
fecal, metal and microplastic contamination in a tropical Indian river, lakes and sewage. 
Npj Clean Water 3:3. doi: 10.1038/s41545-020-0050-1

Rebelo, A., Almeida, A., Peixe, L., Antunes, P., and Novais, C. (2023). Unraveling the 
role of metals and organic acids in bacterial antimicrobial resistance in the food Chain. 
Antibiotics 12:1474. doi: 10.3390/antibiotics12091474

Reif, B. M., and Murray, B. P. (2024). “Chromium toxicity” in StatPearls (United States 
of America: StatPearls Publishing).

Richmond, M., and John, M. (1964). Co-transduction by a staphylococcal phage of 
the genes responsible for penicillinase synthesis and resistance to mercury salts. Nature 
202, 1360–1361. doi: 10.1038/2021360a0

Rilstone, V., Vignale, L., Craddock, J., Cushing, A., Filion, Y., and Champagne, P. 
(2021). The role of antibiotics and heavy metals on the development, promotion, and 
dissemination of antimicrobial resistance in drinking water biofilms. Chemosphere 
282:131048. doi: 10.1016/j.chemosphere.2021.131048

Rutgersson, C., Fick, J., Marathe, N., Kristiansson, E., Janzon, A., Angelin, M., et al. 
(2014). Fluoroquinolones and qnr genes in sediment, water, soil, and human fecal flora 
in an environment polluted by manufacturing discharges. Environ. Sci. Technol. 48, 
7825–7832. doi: 10.1021/es501452a

Sevak, P. I., Pushkar, B. K., and Kapadne, P. N. (2021). Lead pollution and bacterial 
bioremediation: a review. Environ. Chem. Lett. 19, 4463–4488. doi: 
10.1007/s10311-021-01296-7

Seyoum, E. T., Eguale, T., Habib, I., Oliveira, C. J. B., Monte, D. F. M., Yang, B., et al. 
(2024). Pre-harvest food safety challenges in food-animal production in low- and 
middle-income countries. Animals 14:786. doi: 10.3390/ani14050786

Sharma, M., Sharma, S., Paavan, Gupta, M., Goyal, S., Talukder, D., et al. (2024). 
Mechanisms of microbial resistance against cadmium – a review. J. Environ. Health Sci. 
Eng. 22, 13–30. doi: 10.1007/s40201-023-00887-6

Shen, C., He, M., Zhang, J., Liu, J., Su, J., and Dai, J. (2023). Effects of the coexistence 
of antibiotics and heavy metals on the fate of antibiotic resistance genes in chicken 
manure and surrounding soils. Ecotoxicol. Environ. Saf. 263:115367. doi: 
10.1016/j.ecoenv.2023.115367

Shen, S., Li, X. F., Cullen, W. R., Weinfeld, M., and Le, X. C. (2013). Arsenic binding 
to proteins. Chem. Rev. 113, 7769–7792. doi: 10.1021/cr300015c

Shin, M. Y., Cho, Y. E., Park, C., Sohn, H. Y., Lim, J. H., and Kwun, I. S. (2013). The 
contents of heavy metals (cd, cr, as, pb, ni, and sn) in the selected commercial yam 
powder products in South Korea. Prevent. Nutr. Food Sci. 18, 249–255. doi: 
10.3746/pnf.2013.18.4.249

Shu, Y., Li, D., Xie, T., Zhao, K., Zhou, L., and Li, F. (2024). Antibiotics-heavy metals 
combined pollution in agricultural soils: sources, fate, risks, and countermeasures. Green 
Energy Environ. doi: 10.1016/j.gee.2024.07.007

Silver, S., and Phung, L. T. (2005). Genes and enzymes involved in bacterial oxidation 
and reduction of inorganic arsenic. Appl. Environ. Microbiol. 71, 599–608. doi: 
10.1128/AEM.71.2.599-608.2005

Sinha, B., Sengupta, C., Sahoo, P. K., Nath, T., ; Mukherjee, , O. Chapter 3- genetic 
regulations of microbial biofilm. In A complete guidebook on biofilm study, , and D. 
Roy, , Ed.; Academic Press: (2022), 35–58.

Sodhi, K. K., Singh, C. K., Kumar, M., and Singh, D. K. (2023). Whole-genome 
sequencing of Alcaligenes sp. strain MMA: insight into the antibiotic and heavy metal 
resistant genes. Front. Pharmacol. 14:1144561. doi: 10.3389/fphar.2023.1144561

Stepanauskas, R., Glenn, T. C., Jagoe, C. H., Tuckfield, R. C., Lindell, A. H., 
King, C. J., et al. (2006). Coselection for microbial resistance to metals and antibiotics 
in freshwater microcosms. Environ. Microbiol. 8, 1510–1514. doi: 
10.1111/j.1462-2920.2006.01091.x

Tamburini, D., Dyer, J., and Cartwright, C. (2023). First evidence and characterisation 
of rare chrome-based colourants used on 19th-century textiles from Myanmar. Dyes 
Pigments 218:111472. doi: 10.1016/j.dyepig.2023.111472

Tavelli, R., Callens, M., Grootaert, C., Abdallah, M. F., and Rajkovic, A. (2022). 
Foodborne pathogens in the plastisphere: can microplastics in the food chain threaten 
microbial food safety? Trends Food Sci. Technol. 129, 1–10. doi: 10.1016/j.tifs.2022.08.021

Timoney, J., Port, J., Giles, J., and Spanier, J. (1978). Heavy-metal and antibiotic 
resistance in the bacterial flora of sediments of New York bight. Appl. Environ. Microbiol. 
36, 465–472. doi: 10.1128/aem.36.3.465-472.1978

Tuvo, B., Scarpaci, M., Bracaloni, S., Esposito, E., Costa, A. L., Ioppolo, M., et al. 
(2023). Microplastics and antibiotic resistance: the magnitude of the problem and the 
emerging role of hospital wastewater. Int. J. Environ. Res. Public Health 20:5868. doi: 
10.3390/ijerph20105868

Vats, P., Kaur, U. J., and Rishi, P. (2022). Heavy metal-induced selection and 
proliferation of antibiotic resistance: a review. J. Appl. Microbiol. 132, 4058–4076. doi: 
10.1111/jam.15492

Verma, S., Singh, P., Khurana, S., Ganguly, N. K., Kukreti, R., Saso, L., et al. (2021). 
Implications of oxidative stress in chronic kidney disease: a review on current concepts 
and therapies. Kidney Res. Clin. Pract. 40, 183–193. doi: 10.23876/j.krcp.20.163

Ward, D. M., Nislow, K. H., and Folt, C. L. (2010). Bioaccumulation syndrome: 
identifying factors that make some stream food webs prone to elevated mercury 
bioaccumulation. Ann. N. Y. Acad. Sci. 1195, 62–83. doi: 
10.1111/j.1749-6632.2010.05456.x

Witsø, I. L., Basson, A., Vinje, H., Llarena, A.-K., Bringas, C. S., Aspholm, M., et al. 
(2023). Freshwater plastispheres as a vector for foodborne bacteria and viruses. Environ. 
Microbiol. 25, 2864–2881. doi: 10.1111/1462-2920.16536

Wu, L., Dong, J., Shen, Z., and Zhou, Y. (2024). Microplastics as vectors for antibiotic 
resistance: role of pathogens, heavy metals, and pharmaceuticals and personal care 
products. J. Water Process Eng. 67:106124:106124. doi: 10.1016/j.jwpe.2024.106124

Wu, Y. H., Lin, J. C., Wang, T. Y., Lin, T. J., Yen, M. C., Liu, Y. H., et al. (2020). 
Hexavalent chromium intoxication induces intrinsic and extrinsic apoptosis in human 
renal cells. Mol. Med. Rep. 21, 851–857. doi: 10.3892/mmr.2019.10885

Wu, H., Yu, Y., Su, Q., Zhang, T. C., Du, D., and Du, Y. (2024). Combined impact of 
antibiotics and Cr(VI) on antibiotic resistance, ARGs, and growth of Bacillus sp. SH-1: 
a functionl analysis from gene to protease. Bioresour. Technol. 414:131579. doi: 
10.1016/j.biortech.2024.131579

Xiong, W., Sun, Y., Ding, X., Zhang, Y., and Zeng, Z. (2014). Antibiotic resistance 
genes occurrence and bacterial community composition in the Liuxi River. Front. 
Environ. Sci. 2:61. doi: 10.3389/fenvs.2014.00061

https://doi.org/10.3389/fmicb.2025.1550587
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1289/ehp.1206245
https://doi.org/10.1016/j.ecoenv.2013.09.039
https://doi.org/10.1016/j.ecoenv.2011.12.015
https://doi.org/10.3390/molecules28072912
https://doi.org/10.1016/j.tim.2004.12.002
https://doi.org/10.1016/bs.ampbs.2017.02.001
https://doi.org/10.1016/j.ecoenv.2023.115008
https://doi.org/10.1016/j.scitotenv.2020.143132
https://doi.org/10.1007/s12223-022-00960-x
https://doi.org/10.1016/j.jhazmat.2022.129719
https://doi.org/10.1074/jbc.M312080200
https://doi.org/10.1016/j.envint.2021.106453
https://doi.org/10.1016/j.envint.2021.106453
https://doi.org/10.3389/fpls.2023.1152419
https://doi.org/10.3389/fpls.2023.1152419
https://doi.org/10.1016/j.cscee.2023.100481
https://doi.org/10.1038/s41545-020-0050-1
https://doi.org/10.3390/antibiotics12091474
https://doi.org/10.1038/2021360a0
https://doi.org/10.1016/j.chemosphere.2021.131048
https://doi.org/10.1021/es501452a
https://doi.org/10.1007/s10311-021-01296-7
https://doi.org/10.3390/ani14050786
https://doi.org/10.1007/s40201-023-00887-6
https://doi.org/10.1016/j.ecoenv.2023.115367
https://doi.org/10.1021/cr300015c
https://doi.org/10.3746/pnf.2013.18.4.249
https://doi.org/10.1016/j.gee.2024.07.007
https://doi.org/10.1128/AEM.71.2.599-608.2005
https://doi.org/10.3389/fphar.2023.1144561
https://doi.org/10.1111/j.1462-2920.2006.01091.x
https://doi.org/10.1016/j.dyepig.2023.111472
https://doi.org/10.1016/j.tifs.2022.08.021
https://doi.org/10.1128/aem.36.3.465-472.1978
https://doi.org/10.3390/ijerph20105868
https://doi.org/10.1111/jam.15492
https://doi.org/10.23876/j.krcp.20.163
https://doi.org/10.1111/j.1749-6632.2010.05456.x
https://doi.org/10.1111/1462-2920.16536
https://doi.org/10.1016/j.jwpe.2024.106124
https://doi.org/10.3892/mmr.2019.10885
https://doi.org/10.1016/j.biortech.2024.131579
https://doi.org/10.3389/fenvs.2014.00061


Balta et al. 10.3389/fmicb.2025.1550587

Frontiers in Microbiology 16 frontiersin.org

Xu, Y., Xu, J., Mao, D., and Luo, Y. (2017). Effect of the selective pressure of sub-lethal 
level of heavy metals on the fate and distribution of ARGs in the catchment scale. 
Environ. Pollut. 220, 900–908. doi: 10.1016/j.envpol.2016.10.074

Yan, G., Gao, Y., Xue, K., Qi, Y., Fan, Y., Tian, X., et al. (2023). Toxicity mechanisms 
and remediation strategies for chromium exposure in the environment. Front. Environ. 
Sci. 11:1131204. doi: 10.3389/fenvs.2023.1131204

Yan, C., Wang, F., Liu, H., Liu, H., Pu, S., Lin, F., et al. (2020). Deciphering the toxic 
effects of metals in gold mining area: microbial community tolerance mechanism and 
change of antibiotic resistance genes. Environ. Res. 189:109869. doi: 
10.1016/j.envres.2020.109869

Yazdankhah, S., Skjerve, E., and Wasteson, Y. (2018). Antimicrobial resistance due to 
the content of potentially toxic metals in soil and fertilizing products. Microb. Ecol. 
Health Dis. 29:1548248. doi: 10.1080/16512235.2018.1548248

Yeni, F., and Alpas, H. (2017). Vulnerability of global food production to extreme 
climatic events. Food Res. Int. 96, 27–39. doi: 10.1016/j.foodres.2017.03.020

Zark, M., and Dittmar, T. (2018). Universal molecular structures in natural dissolved 
organic matter. Nat. Commun. 9:3178. doi: 10.1038/s41467-018-05665-9

Zhang, J., Li, T., Tao, S., and Shen, M. (2024). Microplastic pollution interaction with 
disinfectant resistance genes: research progress, environmental impacts, and potential 
threats. Environ. Sci. Pollut. Res. 31, 16241–16255. doi: 10.1007/s11356-024-32225-0

Zhang, M., Wan, K., Zeng, J., Lin, W., Ye, C., and Yu, X. (2020). Co-selection and 
stability of bacterial antibiotic resistance by arsenic pollution accidents in source water. 
Environ. Int. 135:105351. doi: 10.1016/j.envint.2019.105351

Zhang, L., Zhu, Y., Gu, H., Lam, S. S., Chen, X., Sonne, C., et al. (2024). A review of 
phytoremediation of environmental lead (pb) contamination. Chemosphere 362:142691. 
doi: 10.1016/j.chemosphere.2024.142691

Zhao, X., Shen, J.-P., Zhang, L.-M., Du, S., Hu, H.-W., and He, J.-Z. (2020). Arsenic 
and cadmium as predominant factors shaping the distribution patterns of antibiotic 
resistance genes in polluted paddy soils. J. Hazard. Mater. 389:121838. doi: 
10.1016/j.jhazmat.2019.121838

Zhu, D., Zhang, Y., and Zhu, Y.-G. (2023). Human pathogens in the soil ecosystem: 
occurrence, dispersal, and study method. Curr. Opin. Environ. Sci. Health 
33:100471:100471. doi: 10.1016/j.coesh.2023.100471

Zieliński, W., Korzeniewska, E., Harnisz, M., Drzymała, J., Felis, E., and Bajkacz, S. 
(2021). Wastewater treatment plants as a reservoir of integrase and antibiotic resistance 
genes – an epidemiological threat to workers and environment. Environ. Int. 156:106641. 
doi: 10.1016/j.envint.2021.106641

Zou, H.-Y., He, L.-Y., Gao, F.-Z., Zhang, M., Chen, S., Wu, D.-L., et al. (2021). 
Antibiotic resistance genes in surface water and groundwater from mining affected 
environments. Sci. Total Environ. 772:145516. doi: 10.1016/j.scitotenv.2021.145516

https://doi.org/10.3389/fmicb.2025.1550587
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.envpol.2016.10.074
https://doi.org/10.3389/fenvs.2023.1131204
https://doi.org/10.1016/j.envres.2020.109869
https://doi.org/10.1080/16512235.2018.1548248
https://doi.org/10.1016/j.foodres.2017.03.020
https://doi.org/10.1038/s41467-018-05665-9
https://doi.org/10.1007/s11356-024-32225-0
https://doi.org/10.1016/j.envint.2019.105351
https://doi.org/10.1016/j.chemosphere.2024.142691
https://doi.org/10.1016/j.jhazmat.2019.121838
https://doi.org/10.1016/j.coesh.2023.100471
https://doi.org/10.1016/j.envint.2021.106641
https://doi.org/10.1016/j.scitotenv.2021.145516

	The interplay between antimicrobial resistance, heavy metal pollution, and the role of microplastics
	1 Introduction
	2 Emerging pollutants: microplastics and antimicrobial resistance
	3 Heavy metals as drivers of antimicrobial resistance
	4 Implication of HMs and antibiotics in bacterial survival and dissemination of AMR
	4.1 Co-resistance and cross-resistance
	4.2 Co-regulation, co-selection, and biofilm formation
	4.3 HMs pollution and its role in AMR spread across soil and water systems
	4.3.1 Soil environments
	4.3.2 Water environments
	4.4 Co-selection evidence from environmental studies
	4.5 Human activities and implications
	4.5.1 Lead (Pb)
	4.5.2 Mercury (Hg)
	4.5.3 Arsenic (As)
	4.5.4 Chromium (Cr)
	4.5.5 Cadmium (Cd)
	4.5.6 Nickel (Ni)

	5 Conclusion

	References

