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ABSTRACT

The widespread use of emerging contaminants (ECs) may be compounding the problem of antibiotic
resistance. Various non-antibiotic pollutants have been shown to alter bacterial responses to antibiotics
and increase horizontal transfer of antimicrobial resistance (AMR) genes. ECs include components of
medicines, foods, disinfectants, personal care products and agrichemicals. ECs concentrate in some en-
vironments such as in wastewater, where the pollutants and pathogenic microorganisms mix. We
investigated the effects on antibiotic resistance and gene transfer of nine ECs and one commercial
product formulation (Roundup). We used the bacterium Salmonella enterica serovar Typhimurium and
the antibiotics ampicillin and gentamicin as indicators of the effects of antibiotic-EC co-exposures. We
measured intra- (Escherichia coli) and interspecies (E. coli x S. enterica) conjugation frequencies during
exposure to ECs. Interestingly, the observed effect could change at different antibiotic concentrations.
Exposures to increasing concentrations of ECs was associated with increased conjugative transmission
within species, but rarely increased interspecies transmission. We report the first test ever of clotri-
mazole on AMR and horizontal gene transfer and a newly described effect of dimethyl sulfoxide (DMSO),
often used as a solvent for organic compounds.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

of natural or synthetic origins, such as pesticides, pharmaceuticals,
components of personal care and household products [6,7]. Many

The rise of antimicrobial resistance (AMR) is a public health
hazard, reducing the ability to prevent and treat commonplace
infections [1,2]. The contribution of antibiotics to the development
and spread of AMR has been extensively studied [1,3]. However,
other chemical compounds have been linked to AMR [3—8], and are
under investigation.

Emerging contaminants (ECs) are a diverse group of chemicals
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are recalcitrant [9,10], and bio-accumulative [11,12]. ECs have been
detected in terrestrial and aquatic environments [9,10,13,14] and
are also found as residues in foods, such as honey and shellfish
[10,15]. There is evidence for toxicity of various ECs to both pro-
karyotes and eukaryotes [9,11,12,16]. The contribution of ECs to the
AMR crisis may be overlooked as recently reported [3].

Classes of ECs that have been shown to modulate AMR include,
pesticides [16—19], pharmaceutical agents [7,8,20,21], pre-
servatives [6,18], and disinfectants [5]. Exposures to ECs could
result in increased tolerance or susceptibility to antibiotics
[16,18,19]. Although the effects on antibiotic tolerance were in
different directions depending on antibiotic and EC, both an in-
crease in resistance or an increase in susceptibility accelerated the
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rate of resistance evolution [16]. In addition, ECs have been shown
to increase the frequency of horizontal gene transfer (HGT) of AMR
genes, particularly conjugation, a plasmid-mediated HGT
[5—7,21,22].

The toxicity of any particular EC, such as an antibiotic, may be
countered by a dedicated resistance mechanism. The outcome is
usually high level resistance. The focus of our work is on changes to
the effectiveness of an antibiotic arising from other chemical ex-
posures and which generally have a much smaller effect on resis-
tance. Those changes commonly arise from induction of the
adaptive resistance response [23].

The adaptive response is an innate form of resistance that is
conditionally expressed [16,24]. Molecules of very different
chemical properties are capable of inducing the response, even if
the inducer is itself of low or negligible toxicity to the bacterium.
Once induced, however, the bacteria can respond to many different
molecular species leading to an incremental change in suscepti-
bility to toxins including clinical antibiotics.

A change in efflux or influx due to changes in membrane
permeability are examples of the adaptive response [19]. Mem-
brane pumps have broad specificities. Therefore, once a particular
pump is expressed, the bacterium can display cross-resistance (or
heightened susceptibility) to a variety of different agents. Exposure
to low toxicity ECs can raise or lower the concentration of an
antimicrobial agent that causes a change in fitness [16].

Wastewater treatment plants are places where high concen-
trations of human pathogenic organisms and ECs can be found.
Following treatment, the residues, such as sludge, may be
concentrated in disposal sites or used as fertilizer. We focused on
ECs found in wastewater and wastewater impacted environments
for this study. The ECs we chose have all been detected in aquatic
environments, including those found in Aotearoa New Zealand
[9,10,14,25,26]. Our first aim was to investigate whether these ECs
can induce AMR in a human pathogen also found in wastewater:
Salmonella enterica serovar Typhimurium. Our second aim was to
investigate whether the presence of these ECs could accelerate the
rate at which bacteria may gain AMR genes through conjugation.

Although antibiotics themselves fit the description of ECs, here
we are not evaluating their effects on antibiotic resistance. We
made a distinction between chemicals used for purposes other than
treating bacterial diseases (what we and others refer to as ECs) and
the antibiotics themselves. One rationale for this approach is that
while antibiotic use could be reduced in many cases, the need for
antibiotics in human and animal medicine is indispensable for
effective treatment at present [1]. However, the use of ECs, many of
which are not essential, could be compounding the problem of
AMR [3], and is therefore worthy of separate consideration and
study.

We tested altered responses of S. enterica to ampicillin and
gentamicin. These two drugs were chosen because of their chem-
ical dissimilarity with distinct mechanisms of action and different
(dedicated) resistance mechanisms but not because of their present
clinical utility for specific bacteria. We evaluated nine ECs and one
formulation of concern for effects on antibiotic resistance and HGT
— carbamazepine, clotrimazole, diclofenac, fluoxetine, ibuprofen,
methyl paraben, Roundup, sodium benzoate, triclocarban and
triclosan.

2. Materials and methods
2.1. Media, chemicals, and strains
E. coli and S. enterica strains (Table 1) were routinely cultured in

Luria—Bertani (LB) broth (Invitrogen, MA, USA) and LB agar (Oxoid,
Nepean, Canada). In liquid medium, strains were grown with
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aeration provided by an orbital shaker set at 180 rpm, unless
otherwise stated. Antibiotics were purchased from Becton Dick-
inson (Franklin Lakes, NJ, USA), Sigma-Aldrich (St. Louis, MO, USA),
Oxoid or Duchefa (Haarlem, Netherlands). Stock solutions were
prepared according to the manufacturers’ instructions. Phosphate
buffered saline (PBS) (Oxoid) was used for making dilutions of
bacterial cultures. Carbamazepine, clotrimazole, diclofenac, fluox-
etine, ibuprofen, methyl paraben, sodium benzoate, triclocarban
and triclosan were purchased from ThermoFisher (Waltham, MA,
USA) or Sigma-Aldrich. Stock solutions were prepared in either
dimethyl sulfoxide (DMSO; Sigma-Aldrich) or sterilised distilled
water. Solvent controls were included where applicable. The com-
mercial glyphosate formulation Roundup (Kiwicare, Christchurch,
New Zealand) was used as a reference toxicant.

Details of the bacterial strains and plasmids used are provided in
Table 1.

2.2. Efficiency of plating assay

Efficiency of plating (EoP) assays [16,18] were used to compare
EC/antibiotic co-exposure effects to antibiotic exposure effects. The
antibiotics used were ampicillin, at concentrations of 0, 0.25, 1.0, 1.5
and 2.0 pg mL~', and gentamicin, at concentrations of 0, 0.25, 1.0,
2.0 and 4.0 pg mL~ L. The EC concentrations were: 0.25 ug mL™! for
triclocarban, methyl paraben, sodium benzoate, ibuprofen, diclo-
fenac, carbamazepine, and fluoxetine, 0.01 pg mL~! for triclosan,
and 5 mM for glyphosate, delivered as part of a Roundup
formulation.

Solid medium was used for EoP assays. The medium was sup-
plemented with antibiotics + an EC. A DMSO control without EC
was added when this solvent was used to ensure that the effect we
report is independent of the solvent used.

The EoP assay was thereafter as per Kurenbach et al. [ 18]. Briefly,
strain NZRM4470 (Table 1) was grown to an ODggg of approxi-
mately 0.05 in LB broth at 37 °C with aeration. Serial dilutions of the
three replicate cultures were prepared in PBS and plated on plates
prepared with and without EC/DMSO. EoP was determined by
dividing the cfu mL~! measured on treatment plates by the cfu
mL~! of the same culture grown without antibiotic/EC (except for
DMSO in the case of the DMSO control series). An EoP greater than
1 therefore indicated increased survival (greater tolerance to the
antibiotic), while an EoP of less than 1 indicated decreased survival.
If the EoP of the plate supplemented with both antibiotic and EC
was higher than the EoP of the plate supplemented only with
antibiotic, the effect of the EC was to increase the bacteria's toler-
ance to the antibiotic, and vice versa. All EoP experiments were
performed independently three times.

2.3. Conjugation experiments

Plasmid RP4 transmission frequencies were measured in either
a liquid or on a solid medium. The media on which the bacteria
mated was supplemented, or not, with either or both the EC and
solvent at concentrations specified in Table 2.

An isogenic pair of E. coli strains, differing only in their resis-
tance to streptomycin or rifampicin (Table 1) [27] was used for
intra-species conjugations. Separate cultures of CMB44_Str®_RP4
and CMB44_Rif® were cultured with aeration to an ODggg of
approximately 0.05 in LB broth at 37 °C. They were mixed at a
recipient:donor 10:1 ratio in 10 mL LB broth with exposures as
described. DMSO without EC was used as a control for solvent ef-
fects. Roundup and sodium benzoate were diluted with sterile
water.

Mating mixes were incubated in liquid medium for 3 h at 37 °C
without aeration. Serial dilutions were prepared in PBS and
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Reference

Table 1
Strains and plasmids.
Strain name Species Genotype
NZRM4470 Salmonella enterica s.
Typhimurium
CMB44 Wild type environmental isolate
CMB44_StrR Escherichia coli

100 pg mL~1)
CMB44_Str®_RP4 Escherichia coli
CMB44_RifR Escherichia coli
SL1344_RP4 Salmonella enterica s.
Typhimurium

Wild type strain isolated from bovine faeces in New Zealand

Spontaneous StrR (spontaneous 100 ug mL™!) derivative of CMB44 (spontaneous

CMB44_Str® + RP4* (KanR, Tet®, AmpR)
Spontaneous Rif® (spontaneous 100 pg mL~") derivative of CMB44.
rpsL, hisG46, Nal®, RP4™ (Kan®, TetR, Amp®)

This study, NZ isolate ERLO9/
2121

van Hamelsveld et al. [27]
van Hamelsveld et al. [27]

van Hamelsveld et al. [27]
van Hamelsveld et al. [27]
Ferguson et al. [28]

2 Isolate taken from the Institute of Environmental Science and Research's New Zealand Reference Culture Collection. Footnote: Str: streptomycin, Kan: kanamycin, Tet:

tetracycline, Amp: ampicillin, Rif: rifampicin, Nal: nalidixic acid.?: Denotes resistance.

Table 2

List of emerging contaminants. E number: Europe number. CAS ID: Chemical Abstracts Service Identification number.

Chemical name Trade name(s) Application CAS ID Concentration(s) found in Reference” Concentrations used for conjugation
or E number the environment? experiments in the present work (ug/mL)
Carbamazepine Carbatrol, Antiepileptic  298-46-4 302 ng/L Tremblay & Northcott [25] 0.05, 0.5, 5, 10
Tegretol drug
Clotrimazole Canesten Antifungal 23593-75-1 0.2—142 ng/L Assress et al. [29] 05,1,2,4
agent
Diclofenac Voltaren Anti- 15307-86-5 19.35 ng/L Tremblay & Northcott [25] 0.005, 0.05, 0.5, 5
inflammatory
Fluoxetine Prozac Antidepressant 54910-89-3 14.7—58.7 ng/L Tremblay et al. [30] 2.5,5,10,15
Ibuprofen Brufen, Anti- 15687-27-1 6.05 ng/L Tremblay & Northcott [25] 0.05, 0.5, 5, 50
Nurofen, Advil inflammatory
Methyl paraben E218 Preservative  99-76-3 0.17—-0.46 ng/L Tremblay & Northcott [13] 0.1, 1, 5, 10
Glyphosate (in Roundup Herbicide 1071-83-6 40-1000 ng/g Tremblay et al. [30] 0.001, 0.002, 0.005, 0.009
Roundup
formulation)
Sodium benzoate E211 Preservative  532-32-1  0.02—10e6 ng/L Wibbertmann et al. [31] 0.1, 1, 5, 10
Triclocarban NA Antimicrobial 101-20-2  40.6—13,700 ng/L Tremblay et al. [30], WERF 10, 100, 1000
Report [32]
Triclosan NA Antimicrobial 3380-34-5 8.90—630 ng/L WERF Report [32], 0.005, 0.01, 0.025, 0.05

Tremblay & Northcott [25]

¢ Environments included wastewater, groundwater, drinking water and landfill leachate.

b References provide information on relevant concentrations in the environment.

transferred to LB agar medium supplemented with antibiotics to
enumerate  recipients and transconjugants (rifampicin,
100 pg mL~1), donors (streptomycin, 100 pg mL™!), and trans-
conjugants (tetracycline, 8 pg mL~! + rifampicin, 100 pg mL™1).
Transmission frequency was cfu mL~! of transconjugants divided
by the cfu mL~! of the least numerous parent (the limiting parent).
In parallel, the experiment was performed with the addition of
DMSO, equal to the highest concentration of DMSO needed to
achieve the equivalent concentration of EC, where applicable.

Inter-species crosses were between donor strain SL1344_RP4
and recipient CMB44_Rif® [33] (Table 1). Both parental strains were
cultured to ODggo of approximately 0.05 in 10 ml LB broth with
aeration [34]. Donors were cultured at 43 °C and recipients at 37 °C.
Cells were pelleted by centrifugation, washed in PBS, and resus-
pended in the original volume of PBS. A 10 ul volume of donor and
recipient culture was mixed on solid LB medium containing the EC
at appropriate concentrations and incubated at 37 °C for 3 h. Bac-
teria were washed with 1 mL PBS, diluted, and plated on selective
media to enumerate donors (streptomycin,
100 pg mL~! + tetracycline 15 pg mL™!), recipients and trans-
conjugants (rifampicin, 100 pg mL~!), and transconjugants
(rifampicin, 100 pg mL~! + tetracycline, 15 pg mL™'). DMSO con-
trols containing DMSO at the highest concentration used were
included in the experimental setup. Plates were incubated for 16 h
at 37 °C, before enumeration and calculation of the transmission
frequency.

2.4. Statistical analysis

We used R Studio for all statistical analysis [35]. We used ggplot2
to produce graphical figures [36]. We used a linear model to mea-
sure the effect of ECs on EoP of S. enterica on gentamicin and
ampicillin. Antibiotic concentration was treated as a factor to
evaluate the significance of ECs on EoP at every concentration of the
antibiotic separately. The response variable was EoP, predicted by
the interaction between antibiotic and the presence or absence of
EC. Because we had two controls with and without DMSO, the
model was fitted twice for both data sets (EoP calculated against
control with DMSO and EoP calculated against control without
DMSO). Residual plots were used to check that the data fitted the
assumptions of a linear model. All EoP values were logjo-trans-
formed prior to model fitting to fulfil the model assumptions.

To test for a significant effect of EC on plasmid transmission
frequency (i.e., an increase in the number of transconjugants per
limiting donor in the presence of a given EC), we used Student's T-
tests Data were first checked for normalcy using the Shapiro-Wilk
test [37], and for equal variances. A p-value of <0.05 was consid-
ered significant in all cases. The statistical analyses were performed
using R Studio core package code [35]. We converted p-values into
significance codes according to the R Studio standard as follows:
<’ when the p-value was between 0 and 0.001; ‘**’, when the p-
value was between 0.001 and 0.01; “*’, when the p-value was be-
tween 0.01 and 0.05; and ‘., when the p-value was between 0.05
and 0.1 [35].
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3. Results

3.1. Emerging contaminants alter responses of S. enterica to
antibiotics

All three previously reported antibiotic x EC x species effects
were observed for the combinations we tested. Most ECs decreased
tolerance to ampicillin (Fig. 1). Most ECs increased tolerance to
gentamicin (Fig. 2). Exceptions were an EoP decrease for co-
exposures to gentamicin and carbamazepine, ibuprofen, Roundup,
triclocarban or triclosan. Finally, there was no or only a weak
observable effect for the combinations of ampicillin and diclofenac
and methyl paraben (Fig. 1).

Aside from Roundup, each of the ECs effected a different
response to the two different antibiotics. Clotrimazole accentuated
ampicillin toxicity (Fig. 1) but decreased gentamicin toxicity (Fig. 2).
Roundup significantly decreased EoP when combined with either
ampicillin or gentamicin, except at the lowest concentration of the
herbicide.

Unexpectedly, the EC x antibiotic effect changed direction at
different ampicillin concentrations for two ECs (Fig. 1). The EoP
trend switched from indicating lesser toxicity of ampicillin to
enhanced toxicity between 1.5 pg mL~! and 2 pg mL~" ampicillin
(Fig. 1). This was also observed for triclocarban between the same
two concentrations of ampicillin. The same outcome was observed
for triclocarban x gentamicin. The lower concentration of genta-
micin (2 ug mL~1) appeared to be made less toxic by the addition of
triclocarban, but the toxicity of the highest concentration of
gentamicin (4 pg mL™') was enhanced by triclocarban (Fig. 2).

EoP increased for co-exposures with clotrimazole, fluoxetine,
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methyl paraben, sodium benzoate triclocarban and triclosan at
4 pg mL~! gentamicin (Fig. 2). EoP decreased for co-exposures to
either carbamazepine or Roundup at 4 pg mL~! gentamicin.
Gentamicin concentrations of 2 pug mL~! also increased EoP on
clotrimazole, diclofenac, methyl paraben sodium benzoate, triclo-
san and triclocarban. Conversely, EoP decreased on carbamazepine,
ibuprofen, Roundup, triclocarban and triclosan.

3.2. DMSO alters responses to antibiotics

Our methodology included a control for the solvent DMSO, used
to dissolve most of the ECs (Figs. S1 and S2). Solvent controls for
DMSO were not required for Roundup or sodium benzoate, which
are water-soluble.

In many cases, the measure of the effect using the linear model
was different depending on whether or not the series of exposures
to the antibiotics was also supplemented with 0.25% DMSO. When
the control series was solid LB medium supplemented with both
ampicillin (1.5 pg mL™!) and clotrimazole without DMSO (Fig. 1),
EoP significantly increased. In contrast, no EoP change was seen in
the equivalent parallel series with DMSO. A similar observation was
made for the combination of clotrimazole and gentamicin.

DMSO also had a significant effect on EoP as measured in the
linear model (Fig. S3). We compared the EoP of S. enterica on plates
prepared with both 0.25% DMSO and an antibiotic, and plates
prepared with only the antibiotics. Supplementation of the me-
dium with DMSO significantly decreased EoP at 1,1.5 and 2 pg mL™!
ampicillin. DMSO switched effects on EoP on gentamicin from a
decrease at at 4 ug mL~!, to an increase at 2 ng mL~ L,

Carbamazepine Clotrimazole Diclofenac Fluoxetine
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Fig. 1. Efficiency of plating (EoP) of S. enterica on increasing concentrations of ampicillin, with and without an emerging contaminant (EC). Error bars represent mean standard

deviation.
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3.3. Emerging contaminants can alter plasmid transmission
frequencies

All ECs tested, except triclocarban, increased plasmid trans-
mission frequency in intra-species conjugation (Fig. 3). Triclo-
carban did not have an effect on RP4 transmission frequency, but
there was a consistent dose-response trend (Fig. 3). DMSO alone
did not have a significant effect on transmission frequency (data not
shown).

There were some subtle differences in the kinetics. In general,
transmission frequencies were consistent with doses in exposures
to carbamazepine, clotrimazole, fluoxetine, methyl paraben,
Roundup or triclosan. For Roundup, at the highest concentration
tested, plasmid transmission frequencies fell to levels observed
without Roundup.

Following 3-h exposures to carbamazepine, clotrimazole or
fluoxetine, the donor population was reduced relative to the control
(data not shown). The donor numbers were unaffected by 3-h ex-
posures to Roundup. Likewise, DMSO did not affect the survival of
donor or recipient exconjugants.

We also measured the transmission frequency of RP4 between
bacteria of different species during exposure to five selected ECs
(carbamazepine, clotrimazole, diclofenac, Roundup or triclocarban)
on a solid substrate. In contrast to intra-species transmission fre-
quencies, three out of five of these ECs did not significantly increase
plasmid transmission frequency in matings between a donor
S. enterica and recipient E. coli (Fig. S4). Increased transmission was
observed at some concentrations of carbamazepine or diclofenac.

4. Discussion

4.1. The effect of emerging contaminants on antibiotic resistance
was variable and unpredictable

We observed different responses to antibiotics when S. enterica
was simultaneously exposed pairwise to ten ECs. Combined with
the different ECs, sometimes the bacteria were phenotypically
more or less responsive to the antibiotic. Ampicillin was often lethal
at lower concentrations when combined with one of the ECs. More
varied effects were observed in combinations including gentamicin.

In addition, we observed both of these effects with the same EC,
but at different concentrations of the same antibiotic. For example,
the EoP decreased in combination with the anti-epileptic drug
carbamazepine at 2 pg mL~, but increased at 4 ug mL~L To our
knowledge, this concentration-dependent switch in phenotypic
responses is a novel observation. This may mean that at low con-
centrations of gentamicin and carbamazepine, such as those
possible in the wastewater environment, Salmonella is more sus-
ceptible to gentamicin.

From previous work we hypothesise that with combinations of
EC and antibiotic that increase the toxicity of the antibiotic, resis-
tance is more likely to evolve in environments with lower con-
centrations of the antibiotic [16]. A bi-modal EoP as observed here
suggesting an even more complex outcome is possible. Fitness of
competing strains may vary both because of their individual MIC
phenotypes and antibiotic/EC concentration pockets. Currently, it is
difficult to explain this observation as the mechanisms of increased
susceptibility to antibiotics in combination with ECs are not fully
characterised and likely to involve multiple biochemical processes.
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Fig. 3. Transmission frequency of RP4 between an isogenic E. coli pair during conjugant exposure to different concentrations of ECs. Transmission frequency is reported in
transconjugants per limiting parent. NS: not significant, p-value was greater than 0.1. Error bars represent mean standard deviation.

What remains an important lesson from the totality of these
observations, those made by us and others previously [18,19,38], is
that empirical testing of combinations will not be displaced by
simple predictions based on observation of different ECs and an-
tibiotics in single exposures. For example, the antimicrobial tri-
clocarban and triclosan, which are analogues, elicited different
responses when combined with ampicillin, but not gentamicin. As
another example, sodium benzoate increased susceptibility to
ampicillin, but increased resistance to gentamicin.

The relevance of the effect cannot be assumed to be the same in
all environments and all contexts. For example, there is a tendency
to see synergy or additive effects as opportunities to increase
therapeutic options [39]. Such ideas need to be considered with
caution. Because the EoP decreased when ampicillin was combined
with the ECs also means that the selection of resistant genotypes
begins at lower concentrations of the antibiotic [16]. At the clinic,
this may not be relevant, but it may be in a waste stream. The
concentrations of the ECs that made a statistically significant effect
on the response to an antibiotic may be above normal background
contamination levels. However, they provide an insight into the
potential to cause a biological effect, even one that would not meet
the magnitude necessary for laboratory experiments to confirm,
and which could be relevant in places where an EC was
concentrated.

4.2. Solvents used in studies of emerging contaminants might affect
interpretation of results

We observed different EoPs depending on the comparator used.
Without controlling for DMSO, we could have in some combination

exposures mistaken a response to the solvent for a response to the
EC. Conversely, the lack of a DMSO control would have in other
cases masked some of the significant effects. Prior studies, although
using DMSO and other solvents sparingly, rarely reported results of
DMSO-only exposures when measuring responses to antibiotics.
However, our results and prior studies indicate that DMSO can alter
the response of bacteria to various antibiotics [40,41]. This may be
an important aspect to consider for comparisons between studies.

It is interesting to note that DMSO is available as an at home
treatment in the form of a gel [42]. DMSO is also found in waste-
water and could be considered an EC [43].

4.3. Emerging contaminants increased plasmid transmission
frequency

Like prior studies, we showed that exposure to a range of ECs
resulted in increased plasmid transmission [6,7,22,44]. Trans-
mission frequencies were generally dose responsive.

In some cases, our results differed from previous studies.
Plasmid transmission frequency decreased at higher concentra-
tions of triclocarban in our study, but others demonstrated an in-
crease in transmission with triclocarban exposure [6]. Because we
only used an incP plasmid, the question of how generalisable our
results are to conjugative plasmids from different incompatibility
groups requires further investigation.

4.4. Conclusions

Exposure to the ECs used in our study was variously associated
with increase in resistance, or increase in susceptibility to
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ampicillin, gentamicin, or both. These observations were expected,
but the magnitude and direction of the effect could not be predicted
a priori using information about single exposures. Further, ECs
generally increased transmission of plasmids with AMR genes. The
ECs we studied here are either present, or likely to be present, in the
environment (Table 2). We have shown that they may contribute to
an increased prevalence of AMR. We also demonstrated that the
effect of EC on AMR is dependent on antibiotic concentration. This
is important because it highlights the significance of variable
environmental conditions in the development of AMR. In situations
where antibiotics are in low concentrations, such as contaminated
sites and wastewater, selection for resistant individuals can still
occur. Ongoing improvements to legislation to regulate and reduce
the use of problematic ECs are crucial.
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