
Metals are overlooked in the evolution of antibiotic resistance

Yi Zhao1,2,*, Rui Xu1,2, Siobhan F. Cox3, Min Qiao4, Huaming Guo1,2

1 State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences (Beijing), Beijing 100083, China
2 Key Laboratory of Groundwater Conservation of MWR & School of Water Resources and Environment, China University of Geosciences (Beijing),

Beijing 100083, China
3 School of Natural and Built Environment, Queenʼs University of Belfast, David Keir Building, Stranmillis Road, Belfast BT9 6AX, United Kingdom
4 Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

* Corresponding author. E-mail: y.zhao@cugb.edu.cn (Y. Zhao)
Received February 1, 2024; Revised March 1, 2024; Accepted March 10, 2024

© Higher Education Press 2024

ABSTRACT
●   Metals  are  increasingly  important  risk  factors  for  the  evolution  of  antibiotic
resistance in environments.

The rapid development of antibiotic resistance is occurring at a global scale. We
therefore stride into the post-antibiotic era and have to battle antibiotic resistance
in  the Anthropocene.  Metals  are widely  used and their  pollution is  widespread
worldwide.  More  importantly,  metal-induced  co-selection  greatly  expands  the
environmental  resistomes and increases the health risk of  antibiotic  resistance
in  environments.  Here,  we  reviewed  the  metal-induced  co-selection  and  their
increasingly  important  roles  in  the  development  of  antibiotic  resistance.  In
particular,  we highlight the metal-rich environments that maintain reservoirs for
high-risk antibiotic resistance genes with horizontally transferable potentials. We
also  call  for  considerations  and  further  investigations  of  other  co-selective
agents  and  the  efficacy  of  metal-based  interventions  to  better  manage  and
combat the global antibiotic resistance crisis within the One Health framework.

Keywords  antibiotic resistance, metals, co-selection, mobile genetic elements,
One Health

 
 1 Introduction

The  rapid  development  of  antibiotic  resistance  is  occurring
at  a  global  scale  and  has  become  a  global  health  crisis
(Larsson  and  Flach,  2022).  About  1.27  million  people  died
globally as a result of antibiotic resistance in 2019, and this
is  expected  to  increase  to  10  million  people  annually  by
2050 (Kwon and Powderly, 2021). It is evident that overuse
and misuse of antibiotics have been the main drivers in the
emergence and development  of  antibiotic  resistance genes
(ARGs) via their selection pressure on bacterial communities
(van  Boeckel  et  al.,  2014).  As  we  enter  the  Anthropocene,
we also  are  entering  a  post-antibiotic  era,  during  which  we
will  have  to  respond  to  antibiotic  resistance  (Kwon  and
Powderly,  2021).  However,  metals  and  their  co-selection
remain  one  of  the  biggest  challenges  to  combat  antibiotic
resistance.

 2 Metals are widespread

Metals are widely used to support animal and human health
and well-being as feed additives,  antimicrobials,  and active
pharmaceutical  ingredients.  Pharmaceutical  products  for
humans such as thimerosal, thiazide diuretics, and antacids
often contain  mercury  (Hg)  or  aluminum (Al)  (WHO, 2015),
while  many  regular  commodities  including  deodorants,
cosmetics,  and  household  cleaning  products  also  usually
frequently  contain  metals  such  as  Al,  lead  (Pb),  selenium
(Se),  arsenic  (As),  or  copper  (Cu).  Added  to  this,  recent
bans on the use of antibiotics as in-feed growth promoters in
many countries have meant that metals such as Cu and zinc
(Zn)  have  acquired  growing  attention  as  alternative  feed
supplements  and  are  therefore  being  used  in  increasing
concentrations  in  livestock  farming  (Poole,  2017).  Metal
contaminations  are  widespread  in  environments  and  affect
millions  of  people  worldwide  (Nriagu,  1996).  Millions  of
contaminated  sites  were  identified  across  the  world  with
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over 35% of these presented with metal pollution. Metals are
common  environmental  stressors  that  drive  microbial
community  reassembly  and evolution  (Lemire  et  al.,  2013).
With  extensive  anthropogenic  activities  such  as  farming,
mining,  and  wastewater  discharges,  the  exposure  of  envi-
ronmental  microbiomes  to  metals  at  toxic  levels  has  been
accelerating over recent decades.

Excessive metal accumulation in environments can lead to
cell  toxication  or  death  from  enzyme  inactivation,  protein
disruption  or  formation  of  chelates  or  precipitates  from
metabolites  (Lemire  et  al.,  2013).  Microbes  have  rapidly
adapted to high metal burdens via a variety of chromosomal
and  mobile  genetic  element  (MGE)  mediated  metal  resis-
tance  mechanisms  (Hao  et  al.,  2021).  Metal  resistance
mechanisms  mainly  include  (1)  efflux  pump,  which  can
exclude  the  metals  out  of  the  cell,  (2)  reducing  uptake,
which can reduce the concentration of metals uptake by cell
with  a  permeability  barrier,  (3)  enzymatic  detoxification/
biotransformation, which can alter metal redox states to less
toxic forms, (4) intracellular sequestration, which can protect
metal-sensitive targets by protein binning, and (5) extracellu-
lar  sequestration,  which  can  trap  or  precipitate  metals  in
extracellular  environments.  Moreover,  microbes  can  switch
to  a  slow  growth  strategy,  form  biofilms,  or  acquire  metal
resistance  via  mutation  or  horizontal  gene  transfer  to
develop a tolerance for toxic metals. Horizontal gene transfer
via  mobile  genetic  elements  (MGEs)  serves  as  a  critical
tache for the evolution and succession of microbial commu-
nities  and  therefore  contributes  to  community  stability  and
the  self-coordination  ability  of  the  ecosystem.  However,
widespread metal contamination and its persistent selection
pressure create hotspots for the development of metal resis-
tance and drive the evolution of microbiomes.

 3 Metal-induced co-selection

Co-selection  is  one  of  the  biggest  challenges  in  combating
antibiotic resistance, as it is very difficult to reverse antibiotic
resistance once it is established in the environmental micro-
biome.  One  antibiotic  class  can  co-select  for  resistance
conferring  to  another  antibiotic  class.  More  importantly,
widespread  metals  can  provide  selection  pressure  and
persistently  co-select  for  antibiotic  resistance,  causing  an
accumulation  of  mutations  that  incidentally  also  confer
decreased antibiotic susceptibility without antibiotic exposure
(Knöppel  et  al.,  2017).  Therefore  stopping  antibiotic  use
might  not  reverse  antibiotic  resistance  in  environments
where there is a growing co-selection of metals.

Metal-induced co-selection mainly occurs via mechanisms
including  (1)  co-resistance,  in  which  resistance  genes  of
metals and antibiotics are physically located together on the
same  MGE  or  in  the  same  cell,  (2)  cross-resistance,  in

which  resistance  genes  can  confer  resistance  to  both
antibiotics and metals via one single mechanism, and (3) co-
regulation,  in  which  one  regulatory  gene  can  regulate
expression  of  different  resistance  genes  for  antibiotics  and
metals (Fig. 1) (Baker-Austin et al., 2006). There are numer-
ous studies have reported the potential co-selection of resis-
tance between metals and antibiotics via different co-selec-
tion mechanisms (Li et al., 2017; Roberto et al., 2019).

 

 
Fig. 1    Molecular mechanisms of metal-induced co-selection.

 
Close location and co-occurrence of metal resistance and

antibiotic  resistance  genes  have  been  frequently  detected,
suggesting  the  importance  of  co-resistance  mechanisms  in
metal-induced co-selection (Pal et al., 2015; Li et al., 2017).
Moreover,  the co-occurrence was found to be stronger and
more frequent in human pathogens than in bacteria that are
associated  less  frequently  with  humans,  highlighting  the
potential risk to humans associated with co-selection via co-
resistance  of  both  environmental  and  clinical  relevance  (Li
et al., 2017).

Co-resistance potential  and their  corresponding co-occur-
rence structures varied among different scenarios, related to
the type, speciation, toxicity, bioavailability, and concentration
of  metal(loid)s  (Cantón  and  Ruiz-Garbajosa,  2011).  Co-
resistance  was  also  greatly  influenced  by  gene  transfer
potentials,  MGE  profiles,  microbial  community  and  their
interspecific  interactions  (Li  et  al.,  2015).  Cross-resistance,
associated  with  microbial  efflux  systems,  also  emerges  as
an  essential  role  in  metal-induced  co-selection.  Efflux
pumps are widespread and “cost-effective” for  microbes as
they are often non-specific and can confer resistance to vari-
ous  metals  and  antibiotics,  which  eventually  leads  to  the
development  of  resistance  to  one  antimicrobial  agent
accompanied to another agent (Du et al.,  2018). The conti-
nuous  stimulation  of  widespread  metals  thus  can  facilitate
the  activation  of  membrane-bound  efflux  systems  and
promote the multidrug phenotype.

Mobile genetic elements (such as integrons, transposons,
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or plasmids) play important roles in metal-induced co-selec-
tion  (Frost  et  al.,  2005).  MGEs  carrying  both  ARGs  and
metal  resistance  genes  (MRGs)  are  enriched  via  metal-
induced co-selection  with  co-resistance  as  the  mechanism,
thus  increasing  the  horizontal  gene  transfer  of  ARGs  and
providing  a  higher  possibility  for  the  spread  of  high-risk
ARGs (Frost  et  al.,  2005; Zhang et  al.,  2022).  Detection  of
MGEs therefore not  only  implies  the potential  of  ARG hori-
zontal  transfer,  but  also  the  potential  for  co-resistance.  For
instance,  integrons  are  essential  elements  for  microbial
evolution  as  they  act  like  toolboxes,  with  a  variety  of
captured active genes such as MRGs and ARGs assembled
inside  to  help  microorganisms  to  cope  with  environmental
stress (Gillings, 2014). Thus integrons are often considered
as  ARG  and  MRG  capture  platforms.  Although  integrons
themselves are not  mobile,  they are easily  disseminated in
environments  with  the  aid  of  transposons  or  plasmids  and
are therefore proposed as a proxy for anthropogenic pollution
(Gillings et al., 2015).

Transposons,  also  known  as  the “jumping  genes”,  can
mobilize DNA sequences and genes within the chromosome,
between chromosomes and plasmids, and between different
bacterial genomes (Babakhani and Oloomi, 2018). Therefore
they  often  co-occur  with  ARGs  and  MRGs  on  plasmids  or
integrons.  Plasmids  are  important  MGEs in  co-selection  as
they  can  carry  both  metal  and  antibiotic  resistances  and
therefore provide advantages to their host bacteria under co-
selection pressures.

 4 Metals are overlooked in the evolution of
antibiotic resistance

Metal-contaminated  environments  are  hotspots  for  ARGs,
where  they  persist  via  co-selection.  Unlike  other  selective
agents, metals do not degrade and can easily accumulate in
environments,  and  therefore  provide  a  persistent  selection

pressure on microbiomes. Metals are widespread in environ-
ments  from  both  geogenic  and  anthropogenic  sources,
however  due  to  the  alarming  increase  of  anthropogenic
metal  pollution  in  the  environment,  co-selection  has  been
frequently  reported in  environments  affected by agriculture,
livestock  farming,  aquaculture,  and  urbanization  (Table  1)
(Seiler and Berendonk, 2012; Zhao et al., 2018, 2019, 2021;
Mazhar  et  al.,  2021).  Environments  represent  potential
sources of contamination by metals of moderate to high toxi-
city including Hg, Cd, Cu, and Zn, which warrant considera-
tion as important co-selective agents (Seiler and Berendonk,
2012).  Moreover,  as antibiotics have been banned in many
countries  as  in-feed  growth  promoters,  Cu  and  Zn  are
emerging  as  alternative  feed  additives  for  animal  growth
promotion, which will require continuous attention to ensure
an integrated consideration of impacts on humans, animals,
and the environment under the One Health framework.

Apart  from  anthropogenic  inputs,  environments  with  high
geogenic  levels  of  metal  burdens  are  also  overlooked  as
reservoirs  for  co-selecting  antibiotic  resistance  (Table  1)
(Knapp  et  al.,  2011; Wang  et  al.,  2022).  Given  the  ubiqui-
tousness of trace elements including metals and metalloids
in  Earth’s  lithosphere,  hydrosphere,  biosphere,  and  atmo-
sphere,  these  natural  background  geogenic  sources  of
metals  also  play  an  important  role  in  the  maintenance  of
antibiotic resistance in environments.

Metal-induced  co-selection  can  greatly  increase  health
risks from antibiotic resistance due to its greater availability
in clinical settings, animal and human pathogenicity, human
accessibility,  and mobility.  Human and animal  microbiomes
tend  to  harbor  a  higher  proportion  of  microbiota  with  co-
selection potential  compared to  other  environments,  due to
the  widespread  use  of  disinfectants,  antiseptics,  and  other
metal-based  antimicrobial  products  in  health  care  and
animal farming (Li et al., 2017). There is also an increasing
risk  of  infectious  diseases  from  metal  exposure  in  these
settings as metals are considered alternative antimicrobials

   
Table 1    Selected previous studies that provide potential evidence of metal-induced co-selection for antibiotic resistance in soils, water, and
animal microbiomes.
Metals Scenarios References

Cu, Hg, Zn, Cd Agricultural soils Berg et al., 2005; Seiler and Berendonk, 2012; Song et al., 2017;
Kang et al., 2018; Mahbub et al., 2020; Zhao et al., 2021

Cu, Hg, Zn, Cd Agricultural surface water Seiler and Berendonk, 2012

As, Cd, Cu, Pb, Zn Animal farm soils Zhu et al., 2013; Zhou et al., 2016; Mazhar et al., 2021

Al, As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, Zn Urban soils, residential soils Knapp et al., 2011, 2017; Zhao et al., 2019; Ding et al., 2021

Se Wetland, forest soils Shi et al., 2021; Wang et al., 2022

Cd Freshwater, Brackish water Stepanauskas et al., 2006; Pu et al., 2021

Cd, Co, Cr, Cu, Ni, Pb, Zn Urban surface water Roberto et al., 2019; Gupta et al., 2022

As, Co, Cr, Ni, Pb Terrestrial subsurface soils Wang et al., 2021

As, Cd, Cu, Pb, Zn Animal microbiome Zhu et al., 2013; Yazdankhah et al., 2014; Zhou et al., 2016;
Zhao et al., 2018; Mazhar et al., 2021
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for  combating  clinical  antibiotic-resistant  infections  (Frei
et al., 2023).

The presence of ARGs on MGEs is particularly frequent in
clinically important bacteria, therefore enhancing the potential
of  co-selection  and  horizontal  gene  transfer  in  clinical
settings (Pal  et  al.,  2015; Li  et  al.,  2017).  There is  growing
evidence of metal-induced co-selection on ARGs and MGEs
(Pal et al., 2015; Zhao et al., 2019), which presents a high-
risk  scenario  for  MGE-facilitated  mobile  ARGs  horizontally
transferring to human pathogens. If infections are caused by
human  pathogenic  bacteria  with  resistance  to  multiple
metals and antibiotics, there is a significantly higher risk for
human health as access to potentially successful antimicro-
bial  treatments such as antibiotics or  metals  can be signifi-
cantly restricted. Therefore metal-rich environments maintain
reservoirs  of  high-risk  ARGs  with  horizontally  transferable
potentials.

In  the  battle  against  antibiotic  resistance,  global  efforts
have  committed  to  a  Global  Action  Plan  under  the  One
Health framework with the improved management of antibi-
otic use in humans and animals to attain better public health
outcomes. However, we still lack management and legislation
considering co-selective agents, especially metals, to control
antibiotic resistance. Under such scenarios, metals become
increasingly important health risks in the evolution of ARGs
and expansion of the environmental resistome. Future stud-
ies that evaluate the relationship between the concentration/
toxicity/bioavailability  of  different  metals  and  the  co-selec-
tion/persistence of antibiotic resistance in various media and
scenarios  are  needed  to  enhance  current  knowledge.  We
also call  for  consideration and further  investigation of  other
co-selective  agents,  and  the  efficacy  of  metal-based  inter-
ventions to  better  manage and combat  the global  antibiotic
resistance crisis, within the One Health framework.
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