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Non-antibiotic compounds associated with humans and the environment 
can promote horizontal transfer of antimicrobial resistance genes

ilyas Alav and Michelle M. c. Buckner

institute of Microbiology and infection, College of Medical and Dental sciences, University of birmingham, birmingham, UK

ABSTRACT
Horizontal gene transfer plays a key role in the global dissemination of antimicrobial resistance 
(AMR). AMR genes are often carried on self-transmissible plasmids, which are shared amongst 
bacteria primarily by conjugation. Antibiotic use has been a well-established driver of the 
emergence and spread of AMR. However, the impact of commonly used non-antibiotic compounds 
and environmental pollutants on AMR spread has been largely overlooked. Recent studies found 
common prescription and over-the-counter drugs, artificial sweeteners, food preservatives, and 
environmental pollutants, can increase the conjugative transfer of AMR plasmids. the potential 
mechanisms by which these compounds promote plasmid transmission include increased 
membrane permeability, upregulation of plasmid transfer genes, formation of reactive oxygen 
species, and SOS response gene induction. Many questions remain around the impact of most 
non-antibiotic compounds on AMR plasmid conjugation in clinical isolates and the long-term 
impact on AMR dissemination. By elucidating the role of routinely used pharmaceuticals, food 
additives, and pollutants in the dissemination of AMR, action can be taken to mitigate their impact 
by closely monitoring use and disposal. this review will discuss recent progress on understanding 
the influence of non-antibiotic compounds on plasmid transmission, the mechanisms by which 
they promote transfer, and the level of risk they pose.

1.  Introduction

A key driver of antimicrobial resistance (AMR) is hori-
zontal gene transfer, which allows for the exchange of 
genetic material, including antibiotic resistance genes, 
between bacteria (Dimitriu 2022; Darby et  al. 2023). 
there are several different mechanisms of horizontal 
gene transfer in bacteria, including transduction, trans-
formation and conjugation (thomas and Nielsen 2005). 
transduction involves the movement of genetic mate-
rial mediated by phage. transformation is the uptake 
of extracellular DNA by bacteria that can either be 
incorporated into the chromosome or co-exist as a 
plasmid (Johnston et  al. 2014). the prerequisite for 
bacteria to undergo transformation is competence, 
which is regulated by genetic and environmental fac-
tors (Seitz and Blokesch 2013). in bacteria, transforma-
tion can play a role in the transfer of clinically relevant 
antibiotic resistance genes in various human patho-
gens (winter et  al. 2021). Genes encoding resistance to 
clinically relevant antibiotics are also commonly carried 

by plasmids, which are self-replicating pieces of DNA 
(San Millan 2018; Helinski 2022). these plasmids also 
often carry diverse functional gene groups, including 
partitioning systems, toxin–antitoxin systems, and con-
jugation machinery, to maintain plasmid stability and 
facilitate transmission amongst bacterial populations 
(Bouet and Funnell 2019; virolle et  al. 2020; Jurėnas 
et  al. 2022). conjugation is the primary, and most 
well-studied mechanism of plasmid transmission 
between cells and requires cell-to-cell contact medi-
ated by conjugative pili or adhesins (thomas and 
Nielsen 2005). Bacterial conjugation is a multi-step pro-
cess initiated by expression of transfer genes, which 
encode components of the type 4 secretion system 
(t4SS), conjugative pili, and the relaxasome. the pro-
cess of conjugation has been reviewed extensively 
elsewhere e.g. (cabezon et  al. 2015; ilangovan et  al. 
2015; Berge et  al. 2017; Koraimann 2018; waksman 
2019; virolle et  al. 2020; Shen et  al. 2022), and is 
beyond the scope of this review.
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Multi-drug resistant (MDR) bacteria often possess 
large conjugative plasmids carrying several antibiotic 
resistance genes conferring resistance to distinct 
classes of antibiotics (Rozwandowicz et  al. 2018; 
Kopotsa et  al. 2019). For example, the blaNDM-1 gene 
confers resistance to carbapenems (Kumarasamy et  al. 
2010). the blaNDM-1 gene and its variants are now dis-
seminated globally across a range of Gram-negative 
bacteria on at least 20 different plasmid types (Johnson 
and woodford 2013; Acman et al. 2022). As a last resort 
antibiotic, colistin is one of the few remaining effective 
treatment options for infections caused by 
carbapenem-resistant enterobacteriaceae (Doi 2019). 
However, in 2015 the mcr-1 gene encoding for colistin 
resistance was identified in the self-transmissible plas-
mid pHNSHP45 (liu et  al. 2016). Since then, ten vari-
ants of the mcr have been identified across virtually 
every continent on multiple plasmid backbones and 
host strains (ling et  al. 2020; wang et  al. 2020a). there 
are now reports of transmissible plasmids carrying 
both blaNDM and mcr genes among other AMR genes 
like tet(X4), which confers resistance to tetracycline 
antibiotics, including the most recently approved tetra-
cycline eravacycline (Zheng et  al. 2016; Sun et  al. 2019; 
Zhou et  al. 2021; lu et  al. 2022b). Bacteria carrying 
such AMR plasmids pose a serious threat to animal 
and human health because of the limited treatment 
options (camargo et  al. 2015).

Some plasmids also carry genes encoding virulence 
determinants (Pilla and tang 2018). For example, the 
large virulence plasmid pwR501 is crucial for Shigella 
spp. to cause dysentery and the pB171 virulence plas-
mid is involved in adhesion of enteropathogenic 
Escherichia coli (Sengupta and Austin 2011). in K. pneu-
moniae, MDR and hypervirulence are generally 
observed in distinct bacterial populations (Arcari and 
carattoli 2022). However, multiple reports of strains 
carrying plasmids with MDR and hypervirulence deter-
minants have been detected across the globe (Gu 
et  al. 2018; Huang et  al. 2018; lam et  al. 2019; Ahmed 
et  al. 2021; Xie et  al. 2021; Biedrzycka et  al. 2022; Jia 
et  al. 2022). therefore, there is an urgent need to iden-
tify the drivers of plasmid transmission to reduce the 
spread and prevalence of antimicrobial resistance and 
virulence genes.

it is well established that sub-inhibitory concentra-
tions of antibiotics in clinical and environmental set-
tings provide selective pressure for bacteria to develop 
AMR (Gullberg et  al. 2011; chow et  al. 2021; Ramsay 
et al. 2021; Sanchez-cid et al. 2022). Antibiotic-mediated 
selection can also modulate conjugation dynamics by 
promoting or preventing plasmid transmission 
(lopatkin et  al. 2016). Multiple studies reported 

sub-inhibitory concentrations of antibiotics can pro-
mote conjugative plasmid transfer (Zhang et  al. 2013; 
lu et  al. 2017; Moller et  al. 2017; Shun-Mei et  al. 2018; 
Xiao et  al. 2022; Ding et  al. 2022a), whereas older stud-
ies reported certain antibiotics, (e.g. ciprofloxacin and 
novobiocin), possess plasmid curing properties 
(McHugh and Swartz 1977; Hooper et  al. 1984; weisser 
and wiedemann 1985; Michel-Briand et  al. 1986).

Although most studies have investigated the impact 
of antibiotic use as a driver of AMR, the effect of 
non-antibiotic compounds on the spread of AMR genes 
has only recently attracted interest. there is a growing 
body of evidence suggesting non-antibiotic com-
pounds, such as clinically approved drugs, food addi-
tives, and environmental pollutants can also promote 
AMR plasmid transmission (liu et  al. 2020). in this 
review, the evidence for the role of non-antibiotic com-
pounds in promoting plasmid transmission and their 
reported mechanisms of action will be discussed. we 
have used the available data to assess the risks posed 
by different compounds for increasing plasmid trans-
mission. lastly, we aim to highlight unanswered ques-
tions regarding the neglected role that non-antibiotic 
compounds play in the dissemination of AMR plasmids.

2.  Impact of clinically approved drugs on 
plasmid transmission

commonly prescribed drugs, including antidepressants, 
analgesics, anticancer drugs, lipid-modifying agents, and 
β-blockers, have all been reported to promote the trans-
fer of AMR plasmids (table S1). Antidepressants are one 
of the most prescribed drugs, used for the treatment of 
clinical depression, anxiety disorders, and sometimes 
chronic pain (Joint Formulary committee 2022). 
Antidepressants reported to promote plasmid transmis-
sion at clinically relevant concentrations include selective 
serotonin reuptake inhibitors (sertraline, fluoxetine, and 
escitalopram), the serotonin-norepinephrine reuptake 
inhibitor duloxetine and the norepinephrine-dopamine 
reuptake inhibitor bupropion (table S1). Ding et  al. found 
sertraline was the most effective at increasing the conju-
gative transfer of incP plasmid RP4 and incc plasmid 
pMS6198A. exposure to 1 and 10 µg/ml sertraline 
increased pMS6198A transmission by four-fold and RP4 
transmission by greater than six-fold, respectively (Ding 
et  al. 2022b).

A different study by the same group found ser-
traline was the most potent at increasing plasmid 
transformation. exposure to 0.01 µg/ml sertraline 
increased the transformation ratio of the non-conjugative 
pwH1266 plasmid into Acinetobacter baylyi ADP1 upon 
exogenous addition by greater than 1.5-fold compared 
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to the untreated control (lu et  al. 2022a). However, 
pwH1266 is a cloning vector, not a clinically or envi-
ronmentally derived plasmid, hence it is not represen-
tative of real world settings (Hunger et  al. 1990). the 
atypical antidepressant agomelatine did not have any 
significant impact on plasmid conjugation/transforma-
tion (lu et  al. 2022a; Ding et  al. 2022b).

Analgesic drugs, including non-steroidal 
anti-inflammatory drugs (ibuprofen, naproxen, and 
diclofenac) and paracetamol (acetaminophen), are 
widely used to treat fever and pain (Joint Formulary 
committee 2022). wang et  al. showed that exposure to 
50 µg/ml diclofenac or naproxen significantly increased 
the transformation ratio of pwH1266 into A. baylyi ADP1 
by greater than two-fold compared to untreated control 
(wang et al. 2020d). in a different study, the same group 
showed naproxen was the most potent analgesic drug 
at increasing conjugation. exposure to 0.005 µg/ml 
naproxen increased the conjugative transfer of RP4 from 
E. coli to P. putida by four-fold and pMS6198A in E. coli 
by greater than two-fold (wang et  al. 2021). this is well 
below the reported peak plasma concentrations of 
naproxen (Davies and Anderson 1997). in a follow-up 
study, wang et  al. investigated uptake of a GFP-tagged 
RP4 plasmid from P. putida by microbes in an activated 
sludge community, following treatment with 
non-antibiotic pharmaceuticals (wang et  al. 2022). in 
the ibuprofen-dosed group, Corynebacterium, 
Cutibacterium, Pseudomonas and Sphingomonas, and in 
the naproxen-dosed group, Legionella, Pseudomonas and 
Stenotrophomonas, were found in higher abundance in 
the transconjugant pool and the corresponding recipi-
ent community compared to untreated controls (wang 
et  al. 2022). these genera include several pathogenic 
species, such as C. diphtheriae, C. acnes, L. pneumophila, 
P. aeruginosa and S. maltophilia, and wang et  al. specu-
lated the ability of these genera to readily acquire AMR 
plasmids upon exposure to non-antibiotic pharmaceuti-
cals could have wider implications. in E. coli, 50 µg/ml 
paracetamol significantly increased the conjugation of 
mcr-1 and tet(X4) containing clinical AMR plasmids by 
greater than two- and 1.5-fold, respectively (Jia et  al. 
2021). However, this is significantly above the reported 
maximum plasma concentration of paracetamol (Brett 
et  al. 2012).

Other clinically approved drugs that promoted plas-
mid conjugation or transformation included the 
lipid-lowering drug gemfibrozil, the β-blocker propran-
olol, the anti-epileptic drug carbamazepine, and the 
anti-cancer drug paclitaxel (table S1). wang et  al. 
found that 0.05 µg/ml gemfibrozil and propranolol 
increased the transformation frequency of the 
non-conjugative cloning plasmid pwH1266 into  

A. baylyi by greater than two-fold (wang et  al. 2020d). 
A different study by the same group found 0.05 µg/ml 
gemfibrozil increased the conjugation frequency of 
RP4 from E. coli to P. putida by greater than seven-fold 
and pMS6198A between E. coli by greater than two-fold 
(wang et al. 2021). these concentrations are well below 
the reported human peak plasma concentrations 
(Mohanalakshmi et  al. 2021).

the anti-epileptic drug carbamazepine is also potent 
at increasing conjugative plasmid transfer. exposure to 
0.05–5 µg/ml carbamazepine increased the conjugative 
transfer of RP4 between E. coli and P. putida by greater 
than four-fold (wang et al. 2019). the maximum plasma 
concentration of carbamazepine is between 4 to 12 µg/
ml, (Nolen et  al. 1988), meaning it may pose a risk for 
the spread of AMR genes in clinical settings. At 50 µg/
ml, carbamazepine increased the conjugation fre-
quency of GFP-tagged RP4 from mcherry-tagged  
P. putida to an activated sludge community by greater 
than seven-fold (wang et  al. 2022). However, this is sig-
nificantly above carbamazepine concentrations in 
wastewater treatment plants (0.0037–0.0063 µg/ml) 
(Zhang et  al. 2008), suggesting carbamazepine is 
unlikely to promote the spread of AMR genes in the 
environment. Recently, 0.1 µg/ml of the chemothera-
peutic drug paclitaxel was found to increase the con-
jugative transfer of tet(X4)-carrying plasmids in E. coli 
by greater than two-fold (yang et  al. 2022). this is well 
below the peak plasma concentration of paclitaxel 
(Stage et  al. 2018).

However, clinically approved drugs do not only 
increase plasmid transmission. For example, the 
anti-Hiv drugs abacavir and azidothymidine reduced 
transmission of pctctX-M among St131 E. coli and 
pKpQil among K. pneumoniae (Buckner et  al. 2020). 
the antipsychotic drug chlorpromazine can also reduce 
plasmid transmission in E. coli (Mandi et  al. 1975; 
Molnar et  al. 1976; Buckner et  al. 2020), and K. pneu-
moniae (Buckner et  al. 2020). therefore, the influence 
of non-antibiotic pharmaceuticals on plasmid transmis-
sion can vary depending on their physicochemical 
properties and potential biological effects within bac-
teria. the anti-plasmid properties of clinically approved 
drugs and other compounds has been reviewed else-
where (Buckner et  al. 2018; Getino and de la cruz 
2018), and will not be discussed in depth in this review.

3.  Impact of food additives on plasmid 
transmission

As low-calorie or calorie-free alternatives to sugar, arti-
ficial sweeteners are used in numerous food and per-
sonal care products (Bandyopadhyay et  al. 2008). 

https://doi.org/10.1080/1040841X.2023.2233603
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However, artificial sweeteners have come under scru-
tiny for their potential biological footprint, such as 
metabolic and genotoxic effects (Bandyopadhyay et  al. 
2008). Some evidence suggests common food addi-
tives play a role in promoting plasmid transmission 
(table S1). yu et  al. found that of the tested common 
non-nutritive sweeteners, sucralose was the most 
potent at enhancing the transformation frequency of 
several plasmids. At a concentration of 0.3 µg/ml, 
sucralose increased the transformation frequency of 
the non-conjugative pwH1266 plasmid into A. baylyi 
ADP1 by greater than two-fold (yu et  al. 2022). 
Sucralose also had a similar effect on the transforma-
tion frequency of pwH1266 into the Gram-positive 
bacterium Bacillus subtilis and the transformation fre-
quency of GFP-tagged incP-1 plasmid pKJK5 into 
mouse fecal bacteria (yu et  al. 2022). Similarly, 30 µg/
ml acesulfame K increased the intra- and inter-genera 
conjugative transfer of RP4 by greater than three-fold 
(yu et  al. 2021).

Food preservatives are commonly used food addi-
tives and have been linked to enhancing conjugative 
plasmid transfer (table S1). Mc Mahon et  al. found 
food preservation methods, including low pH (pH ~4), 
low (5 °c) or high (47 °c) temperatures, and high salt 
concentration (4% Nacl), significantly increased plas-
mid transfer rates in E. coli and S. enterica (Mc Mahon 
et  al. 2007). For instance, the transfer rate of inci1 plas-
mid tP307 in E. coli increased from 6.8 × 10−12 in lB 
broth to 1.2 × 10−5 in lB broth supplemented with 4% 
sodium chloride (Mc Mahon et  al. 2007). cen et  al. 
found the food preservative sodium nitrite was the 
most potent at increasing the conjugative transfer of 
pcM184-cm in E. coli, causing a greater than two-fold 
increase at 5 µg/ml concentration (cen et  al. 2020). 
However, pcM184-cm is not a self-transmissible plas-
mid. in this system, the donor E. coli strain carrying 
pcM184-cm possessed the transfer genes from the 
RP4 plasmid in its chromosome, enabling transfer of 
the pcM184-cm plasmid.

4.  Impact of environmental pollutants on 
plasmid transmission

like antibiotics, pollutant residues from various sources 
are prevalent in environmental microbial communities, 
and potentially result in the emergence/transmission of 
AMR (Alderton et  al. 2021). common environmental 
pollutants include pharmaceuticals, personal care prod-
ucts, food, agricultural and industrial products, and 
plastics. Once these compounds enter the environ-
ment, they can be bio-accumulative, persistent, and 

constantly replenished due to anthropogenic activities 
(cousins et  al. 2019; Gomes et  al. 2020; Alderton et  al. 
2021). there is now evidence from multiple studies 
suggesting a relationship between some common 
environmental pollutants and horizontal transfer of 
AMR genes (table S2).

Glyphosate is one of the most extensively used 
broad-spectrum herbicides and crop-desiccants for 
agricultural weed control and has the potential to 
leach from agricultural soils into drainage water and 
wastewater (Gillezeau et  al. 2019). 0.6 µg/ml glypho-
sate increased the transmission of an unnamed AMR 
plasmid in E. coli by more than four-fold without affect-
ing cell growth or viability (Zhang et  al. 2021). this is 
within the range of reported glyphosate concentra-
tions of 0.43 µg/ml and 0.7 µg/ml in surface waters of 
the US and Argentina, respectively (Peruzzo et  al. 2008; 
van Bruggen et  al. 2018).

Bisphenols are synthetic chemicals used to manu-
facture plastics, such as polycarbonates and epoxy 
ester resins (liu et  al. 2021). Plastic waste and indus-
trial waste from plastic manufacturing releases bisphe-
nols into the environment including soils, rivers, and 
marine environments (liu et  al. 2021). Recently, Feng 
et  al. reported that 10 and 100 µg/l bisphenol S 
increased the conjugative transfer of RP4 by greater 
than four-fold between E. coli and from E. coli to S. 
enterica, respectively (Feng et  al. 2022). these concen-
trations are within the reported bisphenol concentra-
tions in sediment, surface water, and sludge (Qiu et  al. 
2019) and detected levels in bodily fluids from occupa-
tional exposure (Ribeiro et  al. 2017). Despite their 
widespread presence in the environment, the impact 
of many other herbicides and plastic pre-cursors on 
AMR gene transfer remains unknown.

Disinfection by-products are environmental pollutants 
released into rivers and lakes from wastewater treatment 
plants (Krasner 2009). He et  al. found that exposure to 
10 µg/ml dichloroacetonitrile increased conjugation of 
RP4 in E. coli by more than five-fold (He et al. 2022). Nitric 
oxide (NO) is another by-product of wastewater treat-
ment processes (law et  al. 2012) and is released into riv-
ers, lakes, sediments, and soil during the nitrogen cycle 
(Fowler et  al. 2013). Huang et  al. used sodium nitroprus-
side, an NO donor, to simulate the process of sustained 
NO release during water treatment. A 0.1 mM concentra-
tion of sodium nitroprusside (0.65 µM of released NO) 
increased RP4 conjugation by more than nine-fold 
between E. coli and from E. coli to S. enterica (Huang et al. 
2022). Dyeing wastewater from the cosmetic, food, phar-
maceutical, and textile industries is another source of 
environmental pollution (Al-tohamy et al. 2022). Jiao et al. 
found that the conjugative transfer of RP4 in E. coli was 
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the highest when exposed to 0.8 µg/l o-xylene, which 
was 219-fold higher than that of the untreated control 
(Jiao et  al. 2017). typically, dyeing wastewater is treated 
before release into waterways. However, dyeing 
by-products, such as o-xylene, can still leach into the 
environment and have been detected at concentrations 
of up to 6.8 µg/l in surface waters (Duan et  al. 2017; 
yaseen and Scholz 2019).

engineered nanomaterials, such as nanoalumina, 
have a diverse range of applications including drug 
delivery, materials manufacturing, cosmetic fillers, and 
catalysis, owing to their unique electronic, mechanical, 
and thermal properties (Baig et  al. 2021). Qiu et  al. 
reported that exposure to 5 mM nanoalumina increased 
the conjugative transfer of RP4 between E. coli by 
greater than 100-fold compared to untreated control 
(Qiu et  al. 2012). like nanomaterials, ionic liquids are 
another group of compounds with emerging applica-
tions in chemistry, chemical engineering, environmental 
science, materials science, and medicine (Kaur et  al. 
2022). Several ionic liquids can enhance plasmid trans-
mission (table S2). At 1 mg/ml concentration, the ionic 
liquid BMiM-PF6 was effective at increasing the conjuga-
tive plasmid transfer of RP4 and the incP plasmid RK2 
by 60-fold compared to untreated control (wang et  al. 
2015; 2020c). Additionally, ionic liquids enriched for 
transconjugants including pathogenic species like A. 
baumannii and S. enterica (wang et  al. 2020c). Recently, 
a study reported that bacteria exposed to 10 µg/ml car-
bon nanotubes showed greater than a five-fold increase 
in the conjugative transfer of incP-1 plasmid pB10 (table 
S2) (weise et  al. 2022). Several studies demonstrate 
marine microplastics provide a platform for microbial 
colonization, biofilm formation, and horizontal gene 
transfer (Arias-Andres et  al. 2018). For instance, the con-
jugation frequency of GFP-tagged pJKJ5 from E. coli to 
Pseudomonas sp. increased from 2.5 ± 2.9 × 10−6 in 
untreated water to 8.2 ± 9.0 × 10−3 in microplastic treated 
water (table S2) (Arias-Andres et  al. 2018). Biofilm for-
mation has been suggested to promote plasmid trans-
mission owing to the proximity of cells to one another 
(Hennequin et  al. 2012; Stalder and top 2016; element 
et  al. 2023), therefore, biofilms on microplastics could 
promote horizontal gene transfer.

5.  Impact of heavy metals on plasmid 
transmission

Heavy metals occur naturally in the environment at 
very low concentrations. However, sources of heavy 
metal pollution, such as mining, petrochemical plants, 
pesticide production, and untreated sewage, can cause 
environmental accumulation (Jin et  al. 2020). Heavy 

metal resistance determinants are present in virtually 
all bacterial species and potentially provide 
cross-resistance to clinically relevant antimicrobials (Pal 
et  al. 2017). Mobile genetic elements, such as trans-
poson tn21, can carry heavy metal resistance genes 
alongside AMR genes, which can be mobilized onto 
plasmids (liebert et  al. 1999). these can accumulate 
and become widely disseminated in Gram-negative 
populations through horizontal gene transfer (Partridge 
et  al. 2018; yang et  al. 2018).

there are several lines of evidence for the potential 
role of various heavy metals in facilitating plasmid trans-
mission (table S2). Mercury has been consistently 
reported in several studies to enhance the conjugative 
transfer of different plasmids (table S2). One study found 
that 1.36 µg/ml mercury chloride increased the conjuga-
tive transfer of GFP-tagged pKJK5 from E. coli to a sludge 
bacterial community by more than two-fold (lin et  al. 
2019). Similarly, 0.1 µg/ml mercury chloride enhanced the 
conjugative transfer of RP4 in E. coli by more than five-fold 
(li et  al. 2022). At 100 µg/ml, the iron minerals hematite 
and ferrihydrite increased conjugative transfer of cole1 
replicon pRK2013 plasmid in E. coli by more than three- 
and four-fold, respectively (table S2). On the other hand, 
at higher concentrations (≥1 mg/ml) iron minerals signifi-
cantly reduced conjugative transfer of pRK2013 (tang 
et  al. 2022). However, the effect of the iron minerals on 
bacterial growth was not tested, therefore the reduction 
in conjugation frequencies at higher concentrations could 
also be due to growth inhibition. Recently, a study 
showed that 5 µg/ml arsenic increased the conjugative 
transfer of several carbapenemase/extended spectrum 
β-lactamase encoding AMR plasmids by at least four-fold 
(table S2) (Kothari et  al. 2023).

However, the effect some heavy metals have on 
plasmid transmission is not clear-cut. For example, cad-
mium and copper have been reported to increase the 
conjugation frequency of different plasmids (table S2) 
(Zhang et  al. 2018; 2019; wang et  al. 2020b; Pu et  al. 
2021). whereas other studies reported exposure to 
cadmium and copper at similar concentrations resulted 
in a significant reduction in conjugative plasmid trans-
fer (Suzuki et  al. 2012; lin et  al. 2019; Buberg et  al. 
2020). therefore, the effect of some heavy metals on 
plasmid transmission may depend on the bacterial 
species and plasmid type.

6.  How do non-antibiotic compounds increase 
plasmid transmission?

targeting plasmid transmission using anti-plasmid 
compounds is a potential strategy to reduce the dis-
semination and prevalence of AMR genes (Buckner 
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et  al. 2018; Getino and de la cruz 2018). therefore, it is 
important to understand the mechanism of how cer-
tain compounds alter plasmid transmission to allow 
potential targets for inhibition to be identified. Studies 
have proposed various mechanisms of how 
non-antibiotic compounds may enhance plasmid trans-
mission in Gram-negative bacteria (Figure 1). these 
compounds affect various aspects of bacterial physiol-
ogy and remove barriers to conjugation to increase 
plasmid transmission/transformation. there is currently 
a lack of data on the mechanistic details of such com-
pounds in Gram-positive bacteria. Hence, the mecha-
nisms discussed herein focus on Gram-negative 
bacteria.

6.1.  Increased cell membrane permeability

One of the most reported mechanisms of increased 
plasmid transmission by non-antibiotic compounds is 
increased membrane permeability accompanied by cell 
membrane damage (Qiu et  al. 2012; Zhang et  al. 2018; 
wang et  al. 2019; cen et  al. 2020; wang et  al. 2020d; 
2021; yu et  al. 2021; cui et  al. 2022; He et  al. 2022; 
yang et  al. 2022; lu et  al. 2022a; Ding et  al. 2022b). 
the cell membrane presents a barrier for conjugation, 
which requires close contact between the donor and 
recipient cells to allow for plasmid transmission 
(Samuels et  al. 2000; thomas and Nielsen 2005). 

transient increase in membrane permeability induced 
by non-antibiotic compounds could be conducive to 
plasmid transfer between different bacteria. However, 
the impact and role of changes in membrane permea-
bility on conjugative plasmid transfer has not been 
fully established.

6.2.  Reduced cell-to-cell distance

Another effect by non-antibiotic compounds is reduced 
cell-to-cell distance. Using transmission electron micros-
copy, Qiu et  al. found cells exposed to nanoalumina 
had altered morphology; cells were arranged more 
densely and were drawn closer to each other (Qiu 
et  al. 2012). wang et  al. also reported similar findings 
when cells were exposed to diclofenac, gemfibrozil, 
ibuprofen, naproxen, and propranolol (wang et  al. 
2021). Specifically, the average distance between adja-
cent cells decreased from 0.49 μm in untreated cells to 
0.23 μm when exposed to these drugs (wang et  al. 
2021). Multiple studies reported reduced distance and 
increased contact between donor and recipient cells 
when treated with disinfection by-products (dichloro-
acetonitrile and trichloromethane), sodium nitroprus-
side (NO donor), food preservatives (sodium nitrite, 
sodium benzoate, and triclocarban), and the anti-cancer 
drug paclitaxel (cen et  al. 2020; He et  al. 2022; Huang 
et  al. 2022; yang et  al. 2022). Since conjugation is a 

Figure 1. reported mechanisms by which non-antibiotic compounds promote the conjugative transfer of plasmids in gram-negative 
bacteria. increased membrane permeability can be mediated by 1) upregulation of genes encoding outer membrane proteins, or 
2) inhibition of lPs synthesis. 3) Upregulation of transfer genes on conjugative plasmids, including plasmid transfer and replica-
tion, type 4 secretion system, and 4) pilin-formation genes, can promote mating pair formation and stabilization to increase 
plasmid transfer. 5) overproduction of reactive oxygen species (ros) leads to oxidative stress and the upregulation of the sos 
response genes. this may enhance plasmid transmission by facilitating increased plasmid entry. 6) Perturbed levels of metabolites, 
such as amino acids, have also been linked to enhanced plasmid transmission by affecting the expression of transfer genes. lPs, 
lipopolysaccharides; oMP, outer membrane protein; t4ss, type 4 secretion system. Created with biorender.com.
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contact-dependent process (thomas and Nielsen 2005), 
reduced cell-to-cell distance presumably increases the 
chances of a donor and recipient cell coming into con-
tact for plasmid transfer. this is supported by evidence 
that higher conjugation frequencies are associated 
with biofilms, where cells are more densely distributed, 
compared to planktonic cells (Stalder and top 2016; 
element et  al. 2023). However, the link between cell-to-
cell distance and conjugation frequency has not been 
directly studied.

6.3.  Expression of outer membrane proteins

Studies have also described increased expression of 
outer membrane protein (OMP) genes with exposure 
to compounds that promote conjugation, which is 
indicative of cell membrane remodeling (Rosas and 
lithgow 2022). in donor bacteria, carbamazepine sig-
nificantly upregulated expression of multiple OMP 
genes, including ompA and ompN, and increased abun-
dance of OMPs, such as OmpF and Ompc (wang et  al. 
2019). Similarly, food preservatives (sodium nitrite, 
sodium benzoate, and triclocarban), the anti-cancer 
drug paclitaxel, heavy metals (copper, chromium, silver, 
and zinc), the herbicide glyphosate, and disinfection 
by-products (dichloroacetonitrile and trichloromethane) 
significantly upregulated the expression of several OMP 
genes, such as ompA, ompC and ompF, in both donor 
and recipient bacteria (Zhang et  al. 2018; cen et  al. 
2020; wang et  al. 2020b; Zhang et  al. 2021; He et  al. 
2022; yang et  al. 2022). Proteomic analysis of mating 
systems treated with diclofenac, gemfibrozil, ibuprofen, 
naproxen, or propranolol revealed the abundance of 
Ompc and OmpF proteins in donor E. coli cells, and 
OmpA, OprH, Oprl and OprQ proteins in recipient  
P. putida cells were significantly increased (wang et  al. 
2021). RNA-seq analysis confirmed the corresponding 
OMP genes were significantly upregulated compared 
to untreated control (wang et  al. 2021). iopromide, 
which did not affect conjugative plasmid transfer, had 
no significant effect on cell membrane permeability or 
expression of OMP genes (wang et  al. 2021). Ding 
et  al. found antidepressants increased expression of 
porin proteins (lamB, Ompc, and OmpF) and the outer 
membrane channel tolc in donor E. coli cells (Ding 
et  al. 2022b). in the recipient P. putida cells, the abun-
dance of OMPs, such as OprD, Opre, Opdc, and FecA, 
were also significantly higher (Ding et  al. 2022b).

One possible mechanism by which increased abun-
dance of OMPs could enhance plasmid transmission is 
through mating-pair formation. low et  al. demon-
strated that mating-pair formation is stabilized by 
interactions between variants of the plasmid-borne 

OMP traN of the donor cell and outer membrane 
receptors on the recipient cells (low et  al. 2022). For 
example, the traNβ protein encoded by incFii plasmid 
pKpQil in the donor interacted with the porin OmpK36 
(Ompc homolog in E. coli) in the recipient (low et  al. 
2022). therefore, the upregulation of OMP genes and 
increased abundance of OMPs may also enhance plas-
mid transmission by stabilizing mating pair formation 
between donor and recipient cells.

6.4.  Reduced lipopolysaccharide synthesis

lipopolysaccharides (lPS) on the outer membrane of 
Gram-negative bacteria also present a permeability 
barrier for conjugation due to steric hinderance (Bertani 
and Ruiz 2018). early studies found the structure of 
lPS on the recipient’s surface is important for bacterial 
conjugation (Hoekstra and Havekes 1979; Sanderson 
et  al. 1981; Duke and Guiney 1983). Huang et  al. found 
that with exposure to the nitric oxide (NO) donor 
sodium nitroprusside, the membrane permeability of 
donor and recipient E. coli was significantly increased, 
but there was no change in the expression of OMP 
genes (Huang et  al. 2022). instead, the amount of lPS 
in both donor and recipient cells was reduced to 
21-25% of untreated cells. this was correlated with sig-
nificantly lower expression of lPS biosynthesis genes, 
such as waaG, waaH, and waaJ (Huang et  al. 2022). 
this suggests increased permeability induced by NO 
was due to lPS deficiency.

6.5.  Increased expression of transfer genes

Self-transmissible plasmids, including many AMR plas-
mids, carry all the genes encoding proteins required for 
the conjugation process (Norman et  al. 2009; Smillie 
et  al. 2010; virolle et  al. 2020). these genes are involved 
in the coordinated processes of plasmid replication, par-
titioning and conjugation (virolle et  al. 2020). therefore, 
the rate of conjugation is regulated by the expression of 
transfer genes (Smillie et  al. 2010). Multiple studies 
found that non-antibiotic compounds that increase plas-
mid transmission also upregulate the expression of var-
ious transfer genes in donor bacteria. Qiu et  al. reported 
that increasing concentrations of nanoalumina signifi-
cantly repressed the expression of major global regula-
tory genes trbA and korA in RP4, resulting in upregulation 
of the mating pair formation gene trbBp and the DNA 
transfer and replication gene trfAp (Qiu et  al. 2012). 
Similarly, food preservatives (sodium nitrite, sodium 
benzoate, and triclocarban), disinfection by-products 
(dichloroacetonitrile and trichloromethane), and several 
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clinically approved drugs (diclofenac, gemfibrozil, ibu-
profen, naproxen, and propranolol) downregulated the 
expression of global regulatory genes (korA, korB and 
tbrA), resulting in the upregulation of RP4 transfer genes 
(cen et  al. 2020; wang et  al. 2021; He et  al. 2022). 
Specifically, the expression of conjugative transfer tran-
scriptional regulator genes, such as traG and trbD, mat-
ing pair apparatus genes, such as trbA, trbK and trfA2, 
and the replication regulator gene traC1 were signifi-
cantly upregulated in RP4 (wang et  al. 2021). the 
anti-cancer drug paclitaxel did not affect the expression 
of korA or korB, but instead upregulated the expression 
of kilA and kilB from RP4 (yang et  al. 2022). the kilA and 
kilB genes are host-lethal determinants repressed by 
korA and korB, respectively (Goncharoff et  al. 1991). 
Mating pair apparatus genes (traF and trbBp) and DNA 
transfer and replication genes (trfAp and traJ) were 
upregulated with exposure to paclitaxel during conjuga-
tion (yang et  al. 2022). Accordingly, the authors sug-
gested that the increased expression of kilA and kilB 
antagonized the functions of korA and korB, resulting in 
the de-repression of RP4 transfer genes (thomson et  al. 
1993; yang et  al. 2022).

As a contact-dependent process, bacterial conjuga-
tion requires mating-pair formation between the donor 
and the recipient cells (Neil et  al. 2021). Moreover, 
mating-pair stabilization is necessary for the donor and 
recipient cells to be in proximity long enough to 
enable successful plasmid transmission (Neil et  al. 
2021). these crucial steps are mediated by either 
adhesins displayed at the cell surface or conjugative 
pilus associated with the t4SS (Hospenthal et  al. 2017). 
the t4SS-associated pilus also functions as a channel 
for the transfer of plasmid from the donor to the recip-
ient cell (Samuels et  al. 2000; Grohmann et  al. 2018; 
virolle et  al. 2020). Unsurprisingly, some compounds 
that increased plasmid transmission also upregulated 
the expression of pilin-related genes in donor bacteria 
and conjugative plasmids. For example, carbamazepine 
exposure during conjugation significantly upregulated 
most pilin formation genes (traA, traB, traH, traL, and 
traP) on RP4 in donor cells (wang et al. 2019). likewise, 
another study reported that with exposure to 
diclofenac, gemfibrozil, ibuprofen, and naproxen, the 
expression of pilin-related genes on RP4 were signifi-
cantly upregulated in donor cells (wang et  al. 2021). 
Artificial sweeteners that promoted RP4 transmission in 
E. coli also significantly increased the expression of sev-
eral pilin formation genes (traA, traB, traF, and traP) 
and adhesion-relevant operons, when compared to 
untreated control (yu et  al. 2021). this could also 
enhance plasmid transmission by facilitating adhesion 
of donor and recipient cells (Hospenthal et  al. 2017).

Antidepressants that promoted conjugative transfer 
of RP4 had differential effects on the expression of 
transfer genes. For example, while duloxetine and flu-
oxetine upregulated the expression of most transfer 
genes in RP4, bupropion and escitalopram exerted lim-
ited de-repression of transfer genes (Ding et  al. 2022b). 
Sertraline upregulated the expression of RP4 transfer 
genes, including those involved in plasmid replication, 
pilus assembly, mating-pair formation and relaxasome 
assembly (Ding et  al. 2022b), which correlated with 
sertraline having one of the highest conjugation 
enhancing effects out of the antidepressants.

6.6.  Reactive oxygen species, oxidative stress, and 
the SOS response

Reactive oxygen species (ROS) are a natural by-product 
of bacterial metabolism. However, environmental stress 
can substantially increase production of intracellular 
ROS in bacteria and cause oxidative stress (Fasnacht 
and Polacek 2021). this activates bacterial SOS 
response, induces DNA repair and mutagenesis 
(McKenzie et  al. 2000). the SOS increases genetic vari-
ability which improves the chances of survival for bac-
teria in stressful conditions (McKenzie et  al. 2000). 
Accordingly, studies have suggested a link between 
the SOS response and the horizonal transfer of AMR 
genes (Beaber et  al. 2004; Baharoglu et  al. 2010; 
Mohanraj and Mandal 2022). Most of the compounds 
that enhanced plasmid transmission have also been 
reported to increase ROS production, induce oxidative 
stress, and upregulate the SOS response genes.

clinically approved drugs (carbamazepine, diclofenac, 
gemfibrozil, ibuprofen, naproxen, and propranolol) that 
increased plasmid transmission elevated the levels of 
measured ROS in donor and recipient cells (wang et  al. 
2019; 2021). this was accompanied by significant 
upregulation of ROS production-related genes, such as 
hydroperoxide reductase (ahpC and ahpF), oxidative 
demethylase (alkB), superoxide dismutase (sodB and 
sodC) and superoxide response (soxS) (wang et  al. 
2019; 2021). Additionally, activities of the alkyl hydrop-
eroxide reductase (AhpF) and superoxide dismutase 
(Sodc) enzymes significantly increased when treated 
with the clinically approved drugs, which was reversed 
by the addition of the ROS scavenger thiourea. the 
addition of thiourea with the drugs reversed the 
ROS-mediated increase in plasmid transmission, sug-
gesting increased ROS plays an important role increas-
ing plasmid transmission (wang et  al. 2021).

Antidepressants duloxetine, fluoxetine, and ser-
traline promoted conjugation by triggering ROS over-
production in donor and recipient cells, whereas 
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bupropion promoted plasmid transmission without 
inducing ROS (Ding et  al. 2022b). consequently, addi-
tion of thiourea during conjugation reversed the 
ROS-mediated elevated plasmid transmission by dulox-
etine, fluoxetine, and sertraline, but not bupropion. 
the authors suggested that the conjugation promot-
ing effect of bupropion was primarily mediated by 
increased membrane permeability rather than ROS 
overproduction (Ding et  al. 2022b). Paracetamol is 
another clinically approved drug that has been 
reported by two different studies to cause ROS over-
production in both donor and recipient cells (Jia et  al. 
2021; cui et  al. 2022).

increased ROS production in donor and recipient 
bacteria is also implicated in enhanced plasmid trans-
fer by environmental pollutants, including disinfection 
by-products, the herbicide glyphosate, and heavy met-
als (Zhang et  al. 2018; 2021; He et  al. 2022). Sodium 
nitroprusside does not affect the expression of genes 
involved in the SOS response, but instead upregulates 
the nitrative stress response genes (Huang et  al. 2022). 
the authors suggested that NO boosted plasmid trans-
mission through other mechanisms rather than the 
widely reported SOS response (Huang et  al. 2022). the 
food preservatives sodium nitrite, sodium benzoate, 
and triclocarban also do not affect ROS production 
(cen et  al. 2020). However, the three compounds sig-
nificantly upregulated the expression of oxidative stress 
and SOS response-related genes, and the stress-response 
sigma factor gene rpoS (cen et  al. 2020). this suggests 
with exposure to the food preservatives, induction of 
the RpoS regulon and the SOS response plays a bigger 
role in enhancing plasmid transmission than ROS 
production.

it is likely that environmental stresses, trigger ROS 
production and/or the SOS response may facilitate 
conjugation. Accordingly, a sublethal intensity of elec-
trical current increased the conjugative transfer of 
pKJK5 in P. putida by inducing ROS generation and 
overexpression of core oxidative stress genes (li 
et  al. 2023a).

6.7.  Changes in the intracellular metabolite levels

A recent study by Huang et  al. reported that sodium 
nitroprusside promoted plasmid transmission by affect-
ing the transcription of metabolism genes (Huang 
et  al. 2022). the mtr gene encoding the 
tryptophan-specific transport protein was downregu-
lated and HPlc analysis confirmed in both donor and 
recipient the intracellular concentration of tryptophan 
was significantly elevated. conversely, intracellular lev-
els of methionine were significantly reduced with 

exposure to sodium nitroprusside due to the upregula-
tion of genes involved in the catabolism and transport 
of sulfur containing amino acids. interestingly, the 
exogenous addition of tryptophan into the conjuga-
tion system caused a further downregulation of korA 
and korB genes than sodium nitroprusside alone. 
Furthermore, the corresponding expression of transfer 
genes were dramatically upregulated. conversely, exog-
enous addition of methionine was found to inhibit the 
NO-mediated repression of korA and korB genes, result-
ing in the downregulation of transfer genes. this sug-
gests the increased tryptophan and reduced methionine 
levels induced by the NO donor sodium nitroprusside 
contributes to enhanced plasmid transmission. this 
unique mechanism has not been reported with any of 
the other compounds discussed in this review.

Plasmid acquisition and carriage alters different cel-
lular processes within the host cell (Billane et  al. 2022). 
Acquisition of several plasmids in P. aeruginosa, includ-
ing the conjugative incP-1β plasmid pAKD1, signifi-
cantly affected the expression of several chromosomal 
genes encoding proteins involved in amino acid 
metabolism, such as aspartate-semialdehyde dehydro-
genase and glutamine synthetase (San Millan et  al. 
2018). A recent study reported Haemophilus influenzae 
carrying the mobilizable cole1 plasmid pB1000 dis-
played changes in amino acid metabolism to compen-
sate for plasmid carriage (Ares-Arroyo et  al. 2022). 
Specifically, genes involved in tryptophan transport 
were downregulated and genes involved in tryptophan 
biosynthesis were upregulated (Ares-Arroyo et al. 2022), 
suggesting increased intracellular pool of tryptophan. 
Genes involved in the catabolism and transport of sul-
fur containing amino acids was downregulated or 
mutated (Ares-Arroyo et  al. 2022), suggesting reduced 
intracellular levels of methionine and serine. therefore, 
changes in amino acid metabolism could be involved 
in plasmid compensation to ameliorate or overcome 
the fitness cost of plasmid carriage, thereby increasing 
the number of transconjugant bacteria (Billane 
et  al. 2022).

7.  What level of risk do non-antibiotic 
pharmaceuticals and environmental pollutants 
pose to the spread of AMR plasmids?

the potential level of risk posed by non-antibiotic 
pharmaceuticals and environmental pollutants in the 
dissemination of AMR plasmids is dependent on their 
effect concentration, range of activity and mechanism 
of action (table S3 and S4). Non-antibiotic pharmaceu-
ticals, including antidepressants (escitalopram, fluoxe-
tine, and sertraline), the anti-epileptic drug 

https://doi.org/10.1080/1040841X.2023.2233603
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carbamazepine, and non-steroidal anti-inflammatory 
drugs (diclofenac and ibuprofen), promoted plasmid 
transfer (wang et  al. 2019; 2021; 2022; Ding et  al. 
2022b) and induced antibiotic persistence/tolerance in 
bacteria at clinically relevant concentrations through 
similar mechanisms, such as ROS overproduction, acti-
vation of SOS response, and cell membrane damage 
(wang et  al. 2020e; Ou et  al. 2022; wang et  al. 2023; li 
et  al. 2023b). Artificial sweeteners at recommended 
daily use concentrations also promoted conjugative 
transfer of plasmids in the mouse gut microbiota (yu 
et  al. 2023). therefore, such compounds are likely to 
pose a high risk in spreading AMR genes in clinical or 
daily settings (table S3). On the other hand, drugs like 
paracetamol increased conjugative transfer of AMR 
plasmids at concentrations that are significantly higher 
than clinically and environmentally relevant concentra-
tions (Jia et  al. 2021), suggesting a lower level of risk 
(table S3).

Despite being classified as non-antibiotic pharma-
ceuticals, most high-risk compounds that promoted 
transfer of AMR plasmids also possess a degree of anti-
microbial activity. For example, sertraline and fluoxe-
tine inhibited growth of some gut microbiota-associated 
and pathogenic bacteria at clinically relevant concen-
trations (Munoz-Bellido et  al. 2000; McGovern et  al. 
2019; Rukavishnikov et  al. 2023). Similarly, ibuprofen 
also inhibited growth of cystic fibrosis-associated 
Gram-negative pathogens (Shah et  al. 2018) and 
diclofenac had antibacterial activity against several dif-
ferent Gram-positive and Gram-negative pathogens 
(Dutta et  al. 2007). therefore, the potential risk posed 
by non-antibiotic pharmaceuticals in the dissemination 
of AMR plasmids could be predicted based on their 
antimicrobial activity and ability to trigger stress 
responses in bacteria.

environmental pollutants, including herbicides (gly-
phosate), disinfection-by-products, nanomaterials 
(nanoalumina), and heavy metals (arsenic, copper, lead, 
and mercury) are likely to pose a high level of risk for 
disseminating AMR genes because they increased con-
jugative transfer of AMR plasmids at very low concen-
trations that have been reported in the environment 
(table S4). the co-location of heavy-metal resistance 
and AMR genes on plasmids further increases the risk 
of these compounds increasing transmission, as they 
can provide a selective advantage for bacteria (vats 
et  al. 2022). certain emerging pollutants such as ionic 
liquids and some metallic nanomaterials are not cur-
rently used widely so there is insufficient data on their 
environmental presence. However, based on their abil-
ity to promote conjugative transfer of AMR plasmids, 
their environmental footprint should be closely 

monitored. in addition, global locations associated with 
high levels of AMR genes and high levels of pollution 
should be of particular concern. to date there is insuf-
ficient data to determine if high levels of pollution in 
such locations has been one of the contributing fac-
tors to high levels of AMR. But future research should 
take into consideration the potential of such pollutants 
to drive AMR transmission within bacteria.

8.  Conclusion

the injudicious use and over consumption of antibiot-
ics is a well-established driver of the increasing global 
rates of AMR (Klein et  al. 2018). However, it is becom-
ing increasingly evident that commonly used 
non-antibiotic compounds have a greater impact on 
AMR than previously thought. As discussed in this 
review, a wide range of non-antibiotic pharmaceuticals, 
several food additives, and various environmental pol-
lutants have been demonstrated to promote the trans-
mission of various conjugative plasmids. However, 
most of the studies discussed in this review were con-
ducted using laboratory-adapted E. coli strains (e.g.  
E. coli J53) and model plasmids (e.g. RP4 and RK2). 
therefore, the impact of most non-antibiotic com-
pounds on the transmission of AMR plasmids in clini-
cally relevant isolates and plasmids remains to be 
investigated. Furthermore, there is no data on the 
influence of non-antibiotic pharmaceuticals on plasmid 
transmission in vivo where the conditions experienced 
by bacteria are substantially different (Neil et  al. 2021). 
Nonetheless, certain compounds like naproxen, parac-
etamol, and sertraline increased conjugative transfer of 
plasmids carrying clinically important antibiotic resis-
tance genes (aacA4, blaNDM-1, mcr-1 and tet(X4)), which 
shows that these compounds could pose a risk for dis-
seminating antibiotic resistance in clinical settings. 
However, for paracetamol the concentration tested was 
above the maximum serum concentration. the risk 
posed is likely to be higher with antidepressants, which 
have been recently shown to induce resistance muta-
tions and enhance persistence to multiple antibiotics 
at clinically relevant concentrations and exposure times 
(wang et  al. 2023).

the compounds discussed in this review had com-
mon mechanisms of enhancing plasmid transmission. 
these included increased membrane permeability, ROS 
overproduction, and upregulation of SOS response 
genes in both donor and recipient cells. in donor cells, 
transfer genes on conjugative plasmids were often 
upregulated. Other mechanisms such as altered metab-
olite levels remain elusive and requires further investi-
gation. it is evident from these studies that 
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non-antibiotic compounds have a wide range of 
genetic and physiological effects on bacteria. therefore, 
it is likely that these compounds increase plasmid 
transmission through several different mechanisms 
simultaneously rather than a single mechanism alone.

9.  Outlook and future perspectives

compared to our knowledge of the relationship 
between antibiotic use and AMR, the link between 
non-antibiotic compounds and AMR is poorly under-
stood. Most studies that have suggested a role for 
non-antibiotic pharmaceuticals in promoting horizontal 
gene transfer are recent (wang et  al. 2021; 2022; Ding 
et  al. 2022b). Hence, we anticipate that further studies 
will investigate the impact of other commonly used 
pharmaceuticals and compounds on horizontal transfer 
of AMR genes and use real-world (clinical or environ-
mental) plasmids to test their effects. this could sup-
port clinicians to make more informed decisions 
regarding prescribing of drugs to patients. For exam-
ple, if a certain drug is known to promote the trans-
mission of AMR plasmids, it could exacerbate an 
existing AMR infection by disseminating said plasmids 
to other bacteria within the patient. likewise, a similar 
drug that has minimal or no impact on plasmid trans-
fer could be the preferred drug of choice for the 
patient.

the studies discussed in this review were mostly 
carried out using standard laboratory strains and 
model conjugative plasmids. therefore, the effect of 
non-antibiotic compounds on the horizontal transfer of 
AMR genes needs to be investigated using current 
clinically relevant strains and plasmids. this would bet-
ter reflect the influence of said drugs on the transfer of 
clinically relevant plasmids in problematic pathogens. 
consequently, the impact of using non-antibiotic phar-
maceuticals in hospitals and clinical settings on exist-
ing AMR infections remains to be investigated. if a 
particular drug is identified as a potential driver of pro-
moting transmission of AMR plasmids, its use could be 
more closely monitored and where possible alternative 
drugs could be used.

Noticeably, there is a lack of data on the impact of 
non-antibiotic compounds on conjugative plasmid 
transfer in Gram-positive bacteria. Plasmid mediated 
antibiotic resistance is also a significant problem in 
clinically important Gram-positive pathogens, such as 
Enterococcus faecium and Staphylococcus aureus (Kohler 
et  al. 2019). Furthermore, Gram-positive bacteria are 
important reservoirs of AMR genes in the gut microbi-
ota (Sommer et  al. 2009; Mcinnes et  al. 2020). Hence, 
the impact of non-antibiotic compounds associated 

with humans and the environment on horizontal trans-
fer of AMR genes need be investigated in Gram-positive 
bacteria. there is also a lack of information on com-
pounds which may impact rates of transduction and 
its contribution to HGt, an area which needs fur-
ther study.

Antibiotic use is known to affect the human micro-
biome and host health (Patangia et  al. 2022). However, 
it is becoming increasingly evident that commonly 
used drugs and food additives can also impact the 
composition and metabolic function of the gut micro-
biota (walsh et  al. 2018; Brusselaers 2019; vich vila 
et  al. 2020; weersma et  al. 2020; chassaing et  al. 2022). 
the gut microbiome has been described as a hotspot 
for the horizontal transfer of AMR genes due to the 
high density of micro-organisms (Penders et  al. 2013; 
Mcinnes et  al. 2020; Kessler et  al. 2023). thus, the influ-
ence of non-antibiotic pharmaceuticals and food addi-
tives on the horizontal transfer of AMR genes in the 
gut microbiota remains unknown and warrants further 
investigation. ideally, in vitro, and in vivo models of 
bacterial conjugation that closely recapitulate the gut 
microbiome should be used (Ott and Mellata 2022; 
Kessler et  al. 2023).

the presence of pollutants in the environment can 
have a significant impact on microbial communities 
(chen et  al. 2019). However, this relationship is com-
plex and can be affected by several different factors, 
such as the type of environment, the pollutant load, 
the origin of the pollutant, and the microbial commu-
nity of the environment (Kraemer et  al. 2019). As dis-
cussed in this review, there is evidence to suggest that 
pollutants at environmentally relevant concentrations 
can affect plasmid transmission. However, most of 
these studies were conducted under laboratory condi-
tions. therefore, the impact of pollutants needs to be 
investigated using models that better reflect the micro-
bial communities present in different environmental 
niches (Sørensen et  al. 2005; li et  al. 2019). the pres-
ence of these pollutants in the environment could also 
facilitate the spread of AMR plasmids in environmental 
bacteria, which could be passed along the food chain 
to animals and humans (larsson and Flach 2022). thus, 
AMR is yet another reason why policymakers should 
act to closely monitor and regulate the disposal of 
non-antibiotic drugs and other industrial sources of 
waste into the environment.

Based on the mechanism of how non-antibiotic 
compounds promote plasmid transmission, there are 
several potential strategies to inhibit or reduce plasmid 
transmission. targeting the conjugation apparatus is a 
viable strategy to inhibit bacterial conjugation. Previous 
studies have shown that compounds that target the 
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components of the t4SS apparatus are effective inhib-
itors of bacterial conjugation (Garcillan-Barcia et  al. 
2007; casu et  al. 2016; Getino et  al. 2016; Ripoll-Rozada 
et  al. 2016; Garcia-cazorla et  al. 2018). yet, there are no 
anti-plasmid compounds in clinical development. with 
the increasing availability of high-resolution structures 
of the various t4SSs (low et  al. 2014; liu et  al. 2022; 
Macé et  al. 2022), we anticipate that further promising 
t4SS inhibitors will be identified through 
structure-activity relationship. increased understanding 
of the conjugation process and the structure of the 
t4SS apparatus could present new drug targets for the 
development of anti-plasmid compounds.
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