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SUMMARY

The One Health approach musters growing concerns about antimicrobial resistance due to the increased use
of antibiotics in healthcare and agriculture, with all of its consequences for human, livestock, and environ-
mental health. In this perspective, we explore the current knowledge on how interactions at different levels
of biological organization, from genetic to ecological interactions, affect the evolution of antimicrobial resis-
tance. We discuss their role in different contexts, from natural systems with weak selection, to human-influ-
enced environments that impose a strong pressure toward antimicrobial resistance evolution. We emphasize
the need for an eco-evolutionary approach within the One Health framework and highlight the importance of
horizontal gene transfer and microbiome interactions for increased understanding of the emergence and

spread of antimicrobial resistance.

INTRODUCTION

The advent of antimicrobials has vastly benefited the healthcare
and agricultural systems by providing an effective means for
combating microbial infections in humans and livestock, as
well as for protecting crops from a wide diversity of pests.’ Un-
fortunately, the (over)use of antimicrobials in these settings has
concurrently led to the large-scale evolution of antimicrobial
resistance among microbes, strongly impacting the effective-
ness of antimicrobial treatments with worldwide repercus-
sions.”® The trade of agricultural products and human travel
further contribute to the spread of these antimicrobial-resistant
microbes across the globe.”

The emergence, selection, and spread of antimicrobial-resis-
tant microbes threaten the health of livestock and human pa-
tients, who may suffer from prolonged infections, resulting in
higher mortality rates.® Additionally, the presence of antimicro-
bials in the environment can potentially lead to microbiome shifts
in important aquatic and terrestrial habitats, potentially disrupt-
ing ecosystem functions.” This multifaceted problem of antimi-
crobial resistance is therefore approached in a collaborative
effort, using a One Health approach, leveraging the interconnec-
tion between human, animal, and environmental health.®

To fully grasp the role of antimicrobial resistance in the One
Health framework, we must recognize that the functionality of
microbes is part of a complex interplay of genes, hosts, pop-
ulations, communities, and environments. Humans, animals,
and the wider environment exert different selective pressures

on the microbes and the antimicrobial resistance genes they
may carry. In this context, we position antimicrobial resistance
as a property of bacterial host cells, where antimicrobial resis-
tance genes (ARGs) are disseminated through both vertical
transmission (VGT) via clonal expansion and horizontal gene
transfer (HGT) within and between populations and commu-
nities” ' (Figure 1). HGT is an essential adaptive force in evo-
lution where the movement of heritable genetic information is
transferred horizontally between individuals who may or may
not be related.”’ This genetic exchange between bacteria oc-
curs in various ways, including transformation, transduction,
and conjugation.’® HGT is, therefore, a key mechanism that in-
terconnects microorganisms across environments. Here, we
underscore the significance of viewing antimicrobial resis-
tance through the lens of microbial community ecology and
evolution, where species interactions influence HGT. We will
focus on the emergence and subsequent spread of antimicro-
bial resistance via HGT, particularly via conjugation. This is
explored at various levels of biological organization and selec-
tion, from controlled laboratory microcosms to natural sys-
tems where ARGs and antimicrobial resistance naturally occur
under weak antimicrobial selection and anthropogenically
impacted environments where strong antimicrobial selection
drives the spread of antimicrobial resistance. We underline
the importance of HGT as a natural process that fosters
connectivity among organisms across all ecosystems, shed-
ding light on the significance of microbiome interactions in
combating antimicrobial resistance.
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Origin and selection of antimicrobial resistance across
levels of biological organization
Antimicrobial resistance can be encoded on the chromosome or

extrachromosomal mobile genetic elements (MGEs) carried by
the bacterial hosts. MGEs are segments of DNA that mediate
the movement of DNA within genomes (intracellular mobility) or
between bacterial cells (intercellular mobility).'® Conjugative plas-
mids are a subset of MGEs and are responsible for many
outbreaks of antimicrobial resistance, especially when appro-
priate infection control measures are breached in hospital set-
tings.'®'® Antimicrobial resistance genes are often located on
other MGEs, such as integrons, transposons, or between inser-
tion sequences.'® Such MGEs can move within and between ge-
nomes, '’ bacterial host species, or cross-species barriers.'®2° A
prominent example of this is the case of colistin resistance in an-
imals and humans. Colistin is a polymyxin antimicrobial with
broad-spectrum activity against Gram-negative bacteria. The
resistance, previously found to be conferred by chromosomal mu-
tations, was found to be encoded by the mcr-1 gene, which was
mobilized by an ISApl1 transposon to a plasmid transmitted by
conjugation and maintained in Enterobacteriaceae such as Kleb-
siella pneumoniae and Escherichia coli, as well as Pseudomonas
aeruginosa.?'"?* The different levels of organization of the genetic
architecture, from mutations to genes to (parts of) the genetic
backbone of bacteria or the type of MGE, may impact the spread
and selective benefit of antimicrobial resistance.

Genetic and environmental interactions mediate fitness
costs and benefits associated with antimicrobial
resistance

Both the presence of MGE and antimicrobial resistance are com-
mon phenomena in the microbial world, playing a crucial role in
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Figure 1. Horizontal gene transfer at
different levels of organization, from genes
to communities

To grasp the importance of the dissemination and
transmission of antimicrobial resistance in the
context of One Health, it is crucial to address the
role of HGT in disseminating ARGs across several
levels of organization. HGT is affected by in-
teractions at the genetic, cell, population, and
community levels. At the genetic level, antimicro-
bial resistance can evolve via mutations in the
chromosome and transfer vertically, from parent
to offspring (yellow arrows), as well as by the
acquisition of plasmids carrying antimicrobial
resistance genes through HGT (green arrows). At
the cell level, antimicrobial resistance enables
survival and proliferation under antimicrobial se-
lection, yet the genetic background of the bacte-
rial host (epistasis) and pleiotropy can affect the
level of resistance. At the population and com-
= munity level, microbial interactions can affect
resistance and conjugation efficiency. Addition-
ally, at the community level, HGT can contribute to
microbiome stability and succession.

the evolution of microorganisms.?>2°

Yet, for an antimicrobial resistance trait

to be selected, the gene(s) encoding anti-
microbial resistance must be functionally embedded and pro-
vide a benefit in the genetic background and environment of
the bacterial host species.?® This is illustrated by the globally
distributed epidemic plasmid pOXA-482" with a broad host
range of replication, which encodes for enzymes that can hydro-
lyze PB-lactam antibiotics®® and last-resort carbapenems.”’
Recent studies have shown that pOXA-48 has species and
strain-specific variability in plasmid-associated antimicrobial
resistance levels and conjugation dynamics,*® with Klebsiella
spp. strains showing higher pOXA-48-mediated AMR and conju-
gation frequencies than E. coli strains.®' This shows that the ge-
netic background of the bacterial host affects the phenotypic
level of resistance and conjugation efficiency of plasmids con-
taining antimicrobial resistance genes.

The carriage of MGEs, such as plasmids, may lead to fitness
costs, thus leading to negative selection in the absence of antimi-
crobials. In such a case, antimicrobial resistance can be dimin-
ished in the population when the selective agent is not present
anymore, e.g., after antimicrobial treatment is halted.*>>° This
fitness cost may also depend on the genetic background of the
bacterial isolate carrying resistance, such as in the case of
pOXA-48 plasmid in K. pneumoniae and E. coli.>' Moreover,
numerous studies have shown that genomic compensatory mu-
tations, as well as transcriptional changes, can alleviate the costs
associated with antimicrobial resistance plasmid carriage,*?°
allowing for the persistence of the antimicrobial trait in the popu-
lation long after exposure to the antimicrobial has ceased.
Another way to overcome this negative selection is by the trans-
fer of “silent antimicrobial resistance genes” that encode a plas-
tic phenotype, conferring the phenotypic trait of antimicrobial
resistance,®’ e.g., efflux pumps that may be activated in some
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environments but not in others.*®2° This may, in fact, be adaptive
if resistance is costly and the antimicrobial is present only in some
environments.

Pleiotropy and linkage can affect the selection for
antimicrobial resistance

Antimicrobial resistance can also evolve in the absence of anti-
microbial exposure, and adaptation to specific environments
can result in decreased susceptibility to a number of different
antimicrobial classes.’® For instance, mutations improving
growth rate under specific conditions, e.g., the rpoB gene,
have pleiotropic effects that alter bacterial physiology and coin-
cidentally lead to antibiotic resistance.****

Antimicrobial resistance genes can also spread by hitch-hik-
ing, along with other, beneficial traits, either via genetic linkage
on plasmids (e.g., linked to pathogenicity islands** or by linkage
with a beneficial bacterial chromosomal genetic background).
Several recent studies show a convergence of virulence or other
growth-enabling factors related to antimicrobial resistance,
particularly in lineages causing disease in humans. Plasmids en-
coding such virulence or antimicrobial-resistance traits may alter
gene-expression levels in bacterial host cells*® in the human
reservoir,”®*” which may only favor growth and survival in that
particular host. This suggests that such antimicrobial resis-
tance-carrying bacterial lineages may be specialists in humans
or animals and that HGT or vertical transfer to other environ-
ments, such as soil or water, may not necessarily enhance the
spread of resistance,*® whereas generalist lineages, plasmids,
or lineage-plasmid associations may actually contribute to an in-
crease in resistance dissemination.*

The spread of antimicrobial resistant bacteria and the rate of
horizontal and vertical transfer of antimicrobial resistance genes
in bacterial lineages is thus determined by a combination of
several factors and properties: the genetic makeup and physi-
ology of the bacterial host species, the interaction of the bacterial
host with the (mobile) genetic element,® the niche that they
inhabit or are transferred to, and the ecological interactions
with other bacteria in those niches®'**? (Figure 1).

Community interactions affect horizontal gene transfer
and antimicrobial resistance phenotype
Given that bacteria generally coexist in polymicrobial commu-
nities, biotic and abiotic interactions within communities are crit-
ical to understanding how bacteria respond to antimicrobial
exposure and evolve antimicrobial resistance, which can have
important clinical, ecological, and environmental conse-
quences.”®>* In this context, the horizontal transmission of
genes can play a pivotal role in facilitating the transfer of genetic
traits across the microbiome.>® Within these complex microbial
ecosystems, HGT is involved in shaping the genetic diversity
and adaptation of microbial communities and, hence, in control-
ling the public health problem of antimicrobial resistance.*®
Community interactions can alter the efficacy of antimicro-
bials, the selective pressures, and the evolutionary responses
of bacteria via metabolic cross-feeding,””*? quorum sensing,®”
or other density-dependent interactions,®’ e.g., a population of
bacterial cells at a sufficiently high density can survive an anti-
biotic treatment at doses that are lethal to a low-density popula-
tion. Such collective tolerance or resistance can lead to less
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susceptible phenotypes in mixed populations of resistant and
sensitive bacteria.’> A prominent example of collective resis-
tance is the secretion of B-lactamase enzymes by individual
bacteria that can provide passive resistance to whole bacterial
populations.®*®* The inactivation of p-lactam antibiotics by
resistant cells is, in fact, a cooperative behavior that enables
sensitive cells to survive antibiotic treatment in the popula-
tion.®>% Similarly, it has been demonstrated that in a drug-sen-
sitive E. coli population, a small number of resistant mutants can
improve the survival of the population’s less resistant cells, partly
by indole production. Indole is a signaling molecule generated by
actively growing cells, which enhances the survival of the whole
population in stressful environments, such as in the presence of
antibiotics.®’

Species in a polymicrobial environment can also benefit from
these collective effects. For example, E. coli strains harboring
the pOXA-48 plasmid can detoxify the environment for other
species in the presence of piperacillin and tazobactam, a peni-
cillin beta-lactam antibiotic and a beta-lactamase inhibitor.
Such detoxification processes can alter the microbial commu-
nity structure by enabling increased growth of community
members, leading to more interspecies variation at degraded
antibiotic concentrations.®® Overall, these mechanisms of
collective resistance are increasingly contributing to clinical
resistance.®®"°

Biofilms are another prominent example of structured microbi-
al communities that protect sensitive cells from the antibiotics in
the environment.”" Bacterial communication in such biofilms
(e.g., via quorum sensing) can lead to changes in gene expres-
sion, potentially enhancing virulence and the altered acquisition
of ARGs by HGT.?%">"% Additionally, the lateral transduction of
ARGs has been shown to play a role in such structures.”* Biofilm
formation can, therefore, promote HGT and provide a means by
which bacterial communities can collectively resist the action of
antimicrobials.

Community interactions affect conjugation efficiency
Community interactions can also directly affect the conjugation
efficiency. In microbial communities, the ability of plasmids to
move horizontally can be impacted by community composition
and diversity. Studies have revealed that the diversity of bacteria
can restrict the horizontal transfer of plasmids and the efficiency
at which plasmids are transferred between co-infected host cells
that carry different conjugative plasmids. This could be due to a
“dilution effect,” whereby living alongside less proficient host
species reduces the expected infection risk for a focal host spe-
cies.”> Community interactions may also promote conjugation at
low bacterial densities. For instance, Enterococcal species have
been shown to increase the conjugation rate of pOXA-48 be-
tween uropathogenic E. coli.*°

Even though antibiotics can promote the rate of MGE acquisi-
tion under particular (e.g., stressful) circumstances,’®’” the
presence of antibiotics may also reduce the frequency of conju-
gation by reducing the population sizes of those populations that
donate or receive the plasmid, potentially negating the effect of
positive selection for the transconjugant.78 On the other hand,
resistant populations may also benefit from competitive release,
which is the case if most of its competitors have been killed by
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antibiotics.”® The nature of the (a)biotic environment can thus
promote or inhibit the spread of ARGs in bacterial communities.
Community interactions affect plasmid loss and
persistence

Community interactions can determine the costs and persistence
of conjugative plasmids. For instance, interspecific competition
can lead to the increased carriage cost of the plasmid, resulting
in plasmid loss in a microbial community.® As mentioned above,
fitness costs of plasmid carriage are, in theory, a barrier to HGT;
however, when specific genetic conflicts cause such costs,
they may be ameliorated by single compensatory mutations, as
discussed above,* thus enabling the long-term maintenance of
plasmids in bacterial genomes.?’ However, when the rate of
plasmid loss in a multi-species community is promoted by
conjugation inhibition, plasmid-mediated antibiotic resistance
between members of microbial communities decreases, hence
supporting the reversal of antibiotic resistance.®” Thus, plasmid
loss critically affects the level of plasmid maintenance in the
population.

On the other hand, there can be situations where the presence
of antibiotics in the environment has only marginal effects on
plasmid loss and persistence. If plasmids provide fitness bene-
fits or do not provide costs to community members, they can
persist in the absence of conjugation. This is the case for plasmid
pOXA-48 in the human gut microbiota,®' but also in or on other
hosts such as the phytosphere,®® and in earthworms.®* Even un-
der non-selective conditions, such as in the absence of antibi-
otics, community-level persistence of plasmids is sustained as
long as plasmid fitness benefits exist in multiple phylotypes.®®
This is exemplified by biofilms, where cells are already metabol-
ically inactive, and growth rates are low,*° they can act as
plasmid reserves, even without antibiotics.®”**® Overall, interac-
tions between the members in polymicrobial communities can
have important effects on the acquisition and spread of antimi-
crobial resistance by altered selective pressure and changes in
the conjugation and plasmid loss rates. An interplay of these fac-
tors is, therefore, thought to be responsible for the spread of anti-
microbial resistance in the microbiome.®°

Antimicrobial resistance genes under weak selective
pressure in natural environments: The example of soil
microbial communities

Although the use of antibiotics in natural environments, such asin
clinical and veterinary settings, has accelerated the spread of
antimicrobial resistance, antibiotic-producing genes, as well as
those that confer resistance, existed in the environment long
before the application of antimicrobials for human purposes, as
they are part of the natural microbial warfare.’® Soils, for
instance, harbor a large diversity of microbial species and repre-
sent an important environmental source for antibiotic discovery:
vancomycin was found in soil-dwelling bacteria that use this anti-
biotic to defend against other microbes®'; streptomycin, used to
treat tuberculosis and other bacterial infections, is produced by
the soil bacterium Streptomyces griseus.®” These antibiotics
are natural components of chemical warfare regulating microbial
interactions, which depends on the balance between antibiotic
production and antimicrobial resistance. Studies have shown
that soil bacteria harbor a wide range of ARGs, including those
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that confer resistance to multiple classes of antibiotics,®® con-
firming that the mechanisms that underlie antimicrobial resis-
tance are ancient and predate the use of antibiotics by the human
population.®*

Microbial warfare is especially important in soil communities
where microbial species are less motile and subjected to interac-
tions in soil aggregates (Figure 2). In fact, the ability to synthesize
or resist antimicrobials is widely considered an important driver
of microbiome community assembly during soil development.
By studying the functionality of the soil microbiome along a pri-
mary succession gradient, Dini-Andreote et al.® showed that
genes associated with antibiotic resistance and antibiotic pro-
duction were linked to ecological trade-offs. In salt marshes, it
has been shown that these genes are enriched in mature, well-
developed soils. In contrast, young soils were primarily enriched
in genes associated with cell matility, which is more relevant in
the early stages due to the daily flooding of the salt marshes.?*
The natural occurrence of antimicrobial resistance in soil micro-
biomes, including resistance to a wide range of antibiotics used
in clinical settings and other antimicrobials produced by soil mi-
croorganisms, has important consequences for the One Health
approach. Yet, the exposure to the naturally produced antimi-
crobials that contribute to the structuring of soil communities
likely leads to relatively local and weak selective pressures on
the microbial populations when compared to selection imposed
by the overuse of antibiotics by the clinical or veterinary sector,
as discussed later in discussion.

Anthropocentric disturbances lead to increased
selective pressures for antimicrobial resistance

Human activities can cause significant disturbances to the soil
microbiome and exert selective pressures that impact its diver-
sity, stability, and resilience (Figure 2). Although the presence of
antimicrobials in natural communities may result in weak selec-
tion, anthropogenic disturbances can easily strengthen selec-
tion. For instance, exposure creates a selective pressure that fa-
vors the survival of bacteria carrying natural ARGs,”” affecting
the soil microbiome at both the micro and macro scales. At
the micro-scale, the soil microbiome often occurs in biofilms in-
side aggregates, being subjected to different evolutionary pro-
cesses, including a higher rate of HGT than planktonic popula-
tions when facing selection®® (Figure 2). At the macro scale,
anthropogenic disturbances in soil and water,’® such as expo-
sure to antibiotics and other biocides, can lead to the co-selec-
tion of antimicrobial resistance due to co-resistance or cross-
resistance. The latter occurs when resistance to one class of
antimicrobials confers resistance to other classes that target
the same cellular process.'°

Co-resistance occurs when resistance genes for two or more
antimicrobial agents are located on the same MGE, such as a
plasmid or transposon. For instance, bacteria harbor resis-
tance or tolerance genes toward both antibiotics and other
compounds, such as biocides and metals,'®' on the same
MGE. If two or more resistance mechanisms are genetically
linked on the same MGE, selecting one of these resistances
in a particular context favors the spread of the other resistance
types simultaneously'%? via co-selection.'®® This increases the
likelihood of co-selecting ARGs by pesticides, % biocides, and
metals. Regarding the latter, human activities such as mining
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Figure 2. Soil as a source of ARG and antimicrobial resistance
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Soil represents a natural source of antimicrobial resistance, as antibiotics are an important component of chemical warfare between microbes. At the micro-
scale, the soil microbiomes are found in micro-aggregates,®® forming biofilms that protect against predation, desiccation, and antibiotic exposure while
improving nutrient and oxygen availability and providing a niche for HGT.® At the macro scale, the soil microbiomes are subjected to various selective pressures,
such as climate change, pollutants, agriculture, and the introduction of contaminated water.

could have contributed to the spread of these elements as
heavy metals such as copper, zinc, and arsenic, commonly
used in ancient mining, can co-select for ARGs'%® due to the
physical proximity of heavy metal resistance genes and ARGs
on mobile genetic elements such as plasmids and multi-resis-
tance integrons.'%® Heavy-metal contaminated soils are en-
riched in efflux pump genes encoded on MGEs, leading to an
increased richness of antibiotic resistance and antibiotic-resis-
tant bacteria in those environments.'®” This co-selection is
evident in bacteria present within wastewater treatment
plants'® but can also be found in agriculture. According to a
study conducted by Heydari et al., antibiotic and heavy metal
resistance genes were more common in soil bacteria from agri-
cultural rather than non-agricultural areas. The study also found
a significant correlation between heavy metals and antibiotic
resistance in soil bacteria.'°° Regardless of the type, co-selec-
tion can lead to the spread of antibiotic resistance among
bacterial populations in one specific environment or across
environmental reservoirs, highlighting the importance of ad-
dressing co-selection and co-resistance in the context of One
Health.

Anthropocentric disturbances lead to altered microbial
network interactions in soil

The impact of human activities results in disturbances that
directly affect the diversity and resilience of the microbiome, as
shown in Figure 2. These disturbances can create a cycle where
microbial populations carrying antimicrobial resistance genes

become more abundant due to external pressures. This can
lead to the acquisition of additional antimicrobial resistance
genes by the soil microbiome through HGT, particularly for
genes on mobile genetic elements with high transfer rates.’"°
Such stressful conditions have also been shown to increase
the rate of HGT."""

Ultimately, the loss of microbial diversity, especially in the
context of anthropogenic influences, which are usually mono-
sourced and drastic, imposes a limit on the capacity of the com-
munity to resist or be resilient, i.e., to return to the original stage
after disturbance."'? For instance, soil contamination with poly-
cyclic aromatic hydrocarbons (PAHSs) leads to the selection of
PAH-degrading bacterial populations,’'® reducing the overall
diversity of the soil microbiome. As a consequence, this com-
munity is likely more sensitive to antibiotic spills''* or other
strong selection pressures, as compounded perturbations
reduce microbiome resilience."’® Under the presence of a
combination of exacerbating anthropogenic factors, such as
antimicrobial agents, contaminants, and pesticides, the local
soil microbiome and the natural environmental factors are dras-
tically affected, with important consequences for the microbial
network and soil health."'® Finally, the presence of resistance
genes can also affect soil stability. However, the extent of their
impact on community dynamics depends on factors such as
ecological interactions within the communities and the rate
of mobility of the ARGs within the network. For instance,
increasing ecological stability was influenced by the presence

iScience 28, 111534, January 17, 2025 5




¢? CellP’ress iScience
OPEN ACCESS
*
Food
HGT in th t sl
Q) > ad VGT: outbroak of £ .coll '
Animal farms'
disinfection spreads Copper based

ARG to environment

ARG spread in
animals

Manure
enriched in ARG

compounds trigger
co-selection

Plant colonization by
beneficial or pathogenic
microbes carrying ARGs

Figure 3. ARGs in One Health - dissemination and selection across environments and reservoirs

Humans, animals, and the environment are intertwined components of One Health, contributing to the spread of antimicrobial resistance through different routes.
For instance, the use of antibiotics in clinical settings and animal husbandry contributes to the selection of ARGs that further spread via waterways and in WWTPs.
Likewise, the use of biocides, such as copper and disinfectants, in agriculture and animal husbandry might contribute to the co-selection of ARGs. The use of
wastewater for irrigation, or ARG-enriched manure, can further promote the spread of ARGs in soils and crops. Finally, residues of antimicrobials or other biocides
in food products can lead to stronger selective pressure in the human gut, promoting the spread of ARGs via clonal expansion (VGT) or through HGT.

of ARGs in the focal communities, whereas intense competition
causes decreasing stability.""”

Transmission of antimicrobial resistance across
environmental reservoirs

Antimicrobial resistance in the One Health context spans several
levels of organization, from individual populations to commu-
nities, but it also flows through different environmental reser-
voirs. For instance, ARGs can spread through different systems,
linking components such as water systems and the food industry
(Figure 3). Wastewater treatment plants (WWTPs) receive waste-
water containing various pollutants, including antibiotics and
chemicals from different sources, representing both a source
of ARGs and a conducive environment for spreading antimicro-
bial resistance. Raw and treated wastewater carries more anti-
biotic-resistant bacteria than surface water, requiring advanced
treatment processes.''® For instance, chemical disinfection only
marginally affected the composition of the phage communities,
including human fecal related phages and those tested positive
for harboring ARGs, suggesting the potential to facilitate the HGT
of ARGs.""® Once in the WWTP, phages can infect the local bac-
teria, promoting the transfer of genetic material between bacte-
ria during the lytic cycle.'?® Alternatively, ARGs of phage origin
can also be spread through conjugation if inserted in transpos-
able elements or conjugative plasmids, further contributing to
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the spread of ARGs. Untreated WWTPs represent important hot-
spots of HGT and ARG dissemination, which can spread further
into the environment if wastewater is used for the irrigation of
agricultural areas. In that case, ARG-enriched water is likely to
facilitate the movement of these genes into the soil and plant
microbiome.'*’

The application of manure from animals treated with antibi-
otics to the soil can also increase the dissemination of ARGs in
agriculture. In animal husbandry, the widespread use of antibi-
otics for growth-promoting and preventing diseases contributes
to the spread of these genes. Up to 30-90% of administered an-
tibiotics are excreted through urine and feces, which leads to the
accumulation of residual antibiotics in the manure. ARGs that
reach the soil can spread to other soil organisms. For instance,
the abundance of certain bacteria associated with the soil fauna
gut is associated with the concentrations of soil pollutants and is
closely related to the abundance of ARGs.'?? The residuesphere,
the area between decaying plant material and soil, was shown to
be a hotspot for bacterial conjugation. Furthermore, the pres-
ence of fungi increased bacterial colonization and facilitated
the transfer of genes, including ARGs, through conjugation. '
These examples highlight how inter- and intra-kingdom interac-
tions might facilitate HGT, from animal gut to plant microbiome
via rhizosphere soil,'** increasing the probability of distributing
ARGs from bacteria to human pathogens.'®> While examining



iScience

the presence of ARGs in distinct reservoirs is essential, the pre-
ceding examples underscore the importance of understanding
the specific processes through which ARGs spread among mi-
crobial populations both within and across these reservoirs. It
is therefore crucial to identify potential transmission routes and
interactions between components, as well as to determine the
selective pressures and barriers to adaptation that may restrict
spillover and, consequently, mitigate the burden of antimicrobial
resistance.

CONCLUSION

The relevance of antimicrobial resistance as a response to the
increased use of antibiotics in clinical or agricultural settings
has direct consequences for environmental health, being at the
core of the One Health context. In this perspective piece, we
explored the ecological and evolutionary constraints on HGT
and antimicrobial resistance at different levels of biological orga-
nization, from mutations to genes to linkage to genetic back-
grounds, and the diverse effects on microbial community ecol-
ogy from confined laboratory settings to the larger natural
environments. These levels of biological organization affect the
costs and benefits associated with HGT and antimicrobial resis-
tance. Hence, we propose that One Health should be studied
from a system perspective, as genetic and ecological interac-
tions can alter the efficacy of antibiotics as well as the spread
of antimicrobial resistance via HGT, either by imposing genetic
constraints or by affecting the selective pressures.

From a community perspective, we showed that several eco-
evolutionary drivers interact, influencing the emergence and
spread of antimicrobial resistance. The evidence that species in-
teractions affect conjugation rates emphasizes the need to
revise antimicrobial resistance and HGT as a community rather
than a population trait. Importantly, this should be addressed
in the context of the costs of maintaining the antimicrobial resis-
tance genes, for instance, when those are located in plasmids,
but also considering their potential to persist in natural commu-
nities as they provide fitness to different members of the commu-
nity, even under non-selective conditions. Exploring how ecolog-
ical interactions affect antimicrobial resistance spread in the
microbiome might help predict its spread via HGT’? and design
strategies that would limit the selective pressure and hence, the
emergence and spread of antibiotic resistance.

In this perspective, we also discussed how the environmental
component of One Health, which is often neglected in studies on
antimicrobial resistance, can contribute to antimicrobial resis-
tance, even under weak selective pressure. As natural compo-
nents of microbial warfare, ARGs are a constant in environments
such as soils, where co-selection can lead to the spread of anti-
biotic resistance among bacterial populations. Anthropogenic
disturbances or even overuse of chemicals such as pesticides
in agriculture can have effects on increasing the likelihood of
co-selecting ARGs, '°* as well as in changing species dynamics
and promoting a reduction in soil microbial diversity, generating
communities that are less resilient to environmental perturba-
tions. Finally, we argue that understanding antimicrobial resis-
tance in the One Health context involves not only tracing its pres-
ence or transmission across different One Health reservoirs but
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also determining the selective pressures and barriers that may
amplify or restrict the spread of resistance to clinically and envi-
ronmentally relevant microbes.
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