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Abstract 
Antimicrobial resistance (AMR) is a major health concern, and a range of antibiotic and non-antibiotic agents can select for AMR across 
a range of concentrations. Selection for AMR is often investigated using single compounds, however, in the natural environment 
and the human body, pharmaceuticals will be present as mixtures, including both non-antibiotic drugs (NADs), and antibiotics. 
Here, we assessed the effects of one of three NADs in combination with ciprofloxacin, a commonly used antibiotic that is often 
found at concentrations in global freshwaters sufficiently high to select for AMR. We used a combination of growth assays and 
qPCR to determine selective concentrations of mixtures and used metagenome sequencing to identify changes to the resistome and 
community composition. The addition of the three NADs to ciprofloxacin altered the selection dynamics for intI1 compared to the 
ciprofloxacin alone treatments, and sequencing indicated that mixtures showed a stronger selection for some AMR genes such as
qnrB. The communities exposed to the mixtures also showed changed community compositions. These results demonstrate that
NADs and ciprofloxacin are more selective than ciprofloxacin alone, and these mixtures can cause distinct changes to the community
composition. This indicates that future work should consider combinations of antibiotics and NADs as drivers of AMR when considering
its maintenance and acquisition.
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Introduction 
Antimicrobial resistance (AMR) is a global health threat, with 
1.27 million deaths in 2019 directl y caused by antibiotic resis-
tant bacterial infections [1]. Traditionally, resistance to antibi-
otics has been determined by identifying concentrations that 
inhibit growth. However, research shows that low concentr ations
of antibiotics can select for antibiotic resistance in both single
species [2, 3], and in bacterial communities [4–9]. Additionally, 
other non-antibiotic compounds can co-select for antibiotic r esis-
tance, including metals and biocides [10, 11]. Non-antibiotic drugs 
(NADs) have previously been shown to r educe bacterial growth
[12, 13], increase horizontal gene transfer rates [14–17], and select 
for antibiotic resistance [18–20], in single species experiments at 
therapeutic concentrations. There is some evidence suggesting 
that NADs at lower, more environmentally relevant concentra-
tions may not select, or select less strongly for AMR, in both single
species and mixed communities [21, 22]. We previously tested 
three NADs commonly found in the environment—diclofenac, 
metformin and 17-β-estra diol – on their selective potential for
AMR [22]. Diclofenac, a non-steroidal anti-inflammatory drug, is 
one of the five most frequently detected pharmaceuticals in the

aquatic environment [23]. Metformin is used in front-line diabetes
treatments [24] and 17-β-estradiol is a naturally produced hor-
mone but is also used in hormone replacement therapy [25, 26]. 
Diclofenac, metformin, and 17-β-estradiol did not strongly select 
for antibiotic resistance genes within a bacterial community, or
affect bacterial diversity [22]. However, they did have antimicro-
bial activity in terms of impact on growth rate and additionally 
had s ome effects on metal resistance gene abundance/diversity
[22]. 

Pharmaceuticals are present in both the human body and 
in the aquatic e nvironment at a range of concentrations
[24, 27–30]. NADs will be present alongside antibiotics in these 
environments as both simple and complex mixtures of multiple
pharmaceuticals [31]. Environmentally relevant concentrations 
of ciprofloxacin can select for AMR [2, 9] and previous environ-
mental risk assessments have shown that there is a risk of AMR 
selection by ciprofloxacin in v arious wastewater environments,
even in high-income countries [32]. 

Several studies have studied the effects of mixtures of NADs 
and antibiotics with a specific focus on their capacity to reduce
or completely inhibit bacterial growth or increase antibiotic sus-
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ceptibility [33, 34]. For example, diclofenac and metformin have 
been shown to act both synergistically and antagonistically with 
a range of antibiotics across a range of classes and species [35] 
including the pathogen Pseudomonas aeruginosa. Diclofenac can 
also increase the inhibitory acti vity of ciprofloxacin in Proteus
mirabilis [36]. Alternatively, metformin has been shown to increase 
the inhibitory activity of tetracycline antibiotics, and restored 
tetracycline susceptibility in a resistant Escherichia coli strain [37]. 
Overall, there is not enough evidence to conclusively suggest 
mechanistic insights into combinations of these pharmaceuticals. 
These results may be species specific, or related to altered gene 
expression, and there is less evidence when considering their
effects on complex communities.

Furthermore, most research has focused on testing the effects 
of mixtures of antibiotics. Work in this area has illustra ted within-
species variability in responses to antibiotic mixtures [38], and 
shown that the responses of single species do not predict the
responses of a more complex community [39]. Furthermore, there 
is evidence to suggest that complex microbial communities may 
be more resilient to mixtures than individual species [39], which 
also occurs with single antibiotic compounds [40]. Additionally, 
research has shown that when antimicrobials are combined 
in complex mixtures, a variety of interactions can occur . This
includes increased and decreased evolution of resistance [41–43]. 
Overall, mixtures are likely to lead to different selection dynamics 
in bacterial communities compared to single compounds alone
due to increased variability in both species and genes.

In this study, we aimed to understand the effects of simple 
mixtures in a complex microbial community, since this is first 
step to understanding complex mixture effects. We experimen-
tally spiked single concentrations of diclofenac, metformin, and 
17-β-estradiol alongside a range of ciprofloxacin concentrations 
to see if this affected the minimal selective concentration of 
ciprofloxacin. Firstly, we determined if there was a significant 
reduction in the growth of the community in the mixture com-
pared to ciprofloxacin alone, and secondly, if the minimal selec-
tive concentration of ciprofloxacin changed in the presence of the
NAD. We used intI1 as the selective concentration endpoint, since
this has previously been shown to increase with ciprofloxacin
selection [9], and intI1 has been suggested as a proxy for antimi-
crobial resistance acquisition in environmental monitoring [44]. 
Finally, we determined whether the community resistome or com-
position changed in the mixture s using metagenome sequencing.

Methods and ma terials
Pharmaceuticals 
Diclofenac (Sigma Aldritch), metformin (Enzo), 17-β-estradiol 
(Sigma Aldritch), and ciprofloxacin (Sigma Aldritch) were 
acquired and dissolved in water, water, ethanol, and 0.8 mol HCl 
and 1.2 mL water respectively and filter sterilized. Aliquots were 
kept at -20◦ C for up to two weeks before use. Stock concentrations
of pharmaceuticals were diluted in filter sterilized water to
concentrations for use.

Wastewater inf luent
Wastewater influent was collected from Falmouth (UK) wastew-
ater treatment plant, in June 2022. The wastewater was collected 
in clean 1 L glass Duran bottles and processed the same day. 
Wastewater was mixed 1:1 with 40% glycerol and kept frozen at -
70◦C until use. A wastewater bacterial community was used since
it contains a large number of bacterial species, including those
that are associated with humans, and can contain opportunistic

pathogens [22]. Furthermore, this type of community is likely 
exposed to antimicrobials within the environment as highlighted 
earlier, so provides real-world relevance to this study.

Growth assa ys
Combinations of ciprofloxacin and either diclofenac, metformin, 
or 17-β-estradiol were tested across a range of ciprofloxacin con-
centrations with a spiked concentration of the NAD (diclofenac:
50 μg/L and 25 μg/L, metformin: 26 μg/L and 13 μg/L, 17-β-
estradiol: 24.8 μg/L and 12.4 μg/L). The higher set of these concen-
trations had previously been shown to significantly reduce growth 
compared to a no-NAD control, and the lower concentration did 
not significantly reduce gro wth compared to a no-NAD control,
within the same experimental set up [22]. All mixtures contained 
NAD at all ciprofloxacin concentrations including 0 μg/L. 

A 96 well plate was filled with 180 μL Iso-Sensitest broth 
(Oxoid). For the ciprofloxacin gradient, 180 μL Iso-Sensitest broth 
with 15.6 μg/L ciprofloxacin was added to the top 12 w ells of
the plate, and 180 μL was serially diluted down the plate, leaving 
one row as a no-antibiotic control. The higher NAD concentration 
was added to four columns, the lower NAD concentr ation to four
columns, and the remaining four columns were left as a no-NAD
control (Fig. 1). Wastewater influent was thawed, and washed 
with 0.85% NaCl twice to remove contaminants and nutrient carry 
over, and 10 μL of this was inoculated into each well. The plate 
was sealed with a MicroAmp Optical seal and optical density was 
measured at 600 nm (OD600) every 10 minutes for 24 hours in
a BioTek plate reader (Agilent), with five seconds of shaking at
180 rpm every 10 minutes.

Selection experiments 
Selection experiments were carried out across a ciprofloxacin 
gradient, with the addition of single spiked NAD concentrations. 
Firstly, the lowest observed effect concentration (LOEC) of
ciprofloxacin was determined. Ciprofloxacin was tested at
40 μg/L, 20 μg/L, 10 μg/L, 5 μg/L, and 2.5 μg/L and 0 μg/L. This 
range was informed by a previous study wher e the LOEC was
calculated to be 15.6 μg/L [9]. Then, mixture experiments using 
the NADs were performed over this ciprofloxacin concentration 
range, but including either diclofenac spiked at 50 μg/L, met-
formin at 26 μg/L or 17-β-estradiol at 24.8 μg/L [22]. All mixtures 
contained NAD at all ciproflo xacin concentrations, including
0 μg/L. 

To set up the experiments, wastewater influent was thawed 
and washed twice with 0.85% NaCl and inoculated with 10% 
vol/vol into Iso-Sensitest broth. This inoculated broth was 
separated into 30 mL aliquots, which were spiked with the 
ciprofloxacin and NAD concentrations. These 30 mL aliquots 
were then separated into 5 mL microcosms. Day zero samples 
were taken at this time point. For this, 1 mL of each microcosm 
was taken, centrifuged at 2100 rpm for two minutes and the 
pellet resuspended with 20% glycerol. Samples were kept at -70 ◦C
until use. The microcosms were incubated at 37◦C with 180 rpm
shaking, with transfers into fresh media with fresh NAD and
ciprofloxacin daily for 7 days. On day seven, samples were taken
by mixing 0.5 mL culture 1:1 with 40% glycerol and kept at -70◦C
until use.

QPCR anal ysis
QPCR was performed using day zero and day seven samples to 
determine effects on selection after the weeklong experiment. 
DNA was extracted using a DNeasy UltraClean Microbial Kit
(Qiagen). All steps were carried out to manufacturer’s instructions
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Figure 1. 96 well plate layout for the growth assays for mixture experiments.

with the initial centrifugation step extended to 1 minute. 
Extracted DNA was diluted 5X with TE and stored at 4◦C  before  
use. QPCR was performed using intI1 primers and standardized 
to 16S rRNA copy number using a QuantStudio 7 Real-Time 
PCR mac hine (Thermo Fisher). Prevalence was calculated by
dividing the intI1 copy number by the 16S rRNA copy number.
The reaction mix included 10 μL SYBR MasterMix with ROX 
and SYBR (PrimerDesign), 1 μL forward primer (Integrated DNA 
Technologies), 1 μL reverse primer (Integrated DNA T echnologies),
0.2 μL Bovine Serum Albumin and 2.8 μL nuclease free water 
(Ambion). The cycling protocol was as follows—120 second 
hold at 95◦C, 50 rounds of cycling with 10 seconds at 95◦C  for  
denaturation and 60 seconds at 60◦C for data collection. Only 
runs with an efficiency of 90%–11%, and an R2 of greater than
0.99 were used in analyses. Primer and gblock sequences are
presented in Supplementary Table 1. 

Metagenome sequencing 
For Illumina metagenome sequencing, day seven samples were 
thawed, and DNA extracted using a DNeasy UltraClean Microbial 
Kit, with all steps carried out to the manufacturer’s instructions 
save for two exceptions. The initial centrifugation step was elon-
gated to 2 minutes, and the centrifugation of the PowerBead tubes 
was increased to 1 minute at 12000G. Extracted DNA was purified 
using a standard RNase A and standard Ampure XP bead protocol.
DNA was eluted in 10 mM Tris–HCl and stored at 4◦C until being
sent for sequencing. NEB PCR-free library prep was carried out by
the Exeter Sequencing Centre prior to sequencing using a NovaSeq
SP to a depth of up to 20GB per sample.

Metagenome anal yses
Trimmed reads from the Exeter Sequencing Service were used 
in all analyses. All reads wer e checked for quality using FastQC
and MultiQC [45]. AMR++ was used to process the reads [46]. Low 
quality reads and reads mapping to host (human) were removed. 
For the resistome anal ysis, reads were aligned to the MEGARES
3.0 database [46], which includes multiple resistome databases
including BacMet [47], ResFinder [48], and CARD [49]. For the 
microbiome analysis, kraken2 [50] was used to identify taxonomy 
as part of the AMR++ pipeline using the minikraken database
[51, 52]. Outputs from these pipelines were input into R, and 
converted into phyloseq objects using phyloseq v1.48.0 [53]. Reads 
were normalized using metagenomeSeq v1.46.0 with cumulative
sum scaling [54, 55]. Relative abundances (proportions) were then 
created using these normalized data.

Data anal ysis
All statistical analyses were carried out in R version 4.4.1 [56]. 
All figures were generated using ggplot2 3.5.1 [57]  and  MetBrewer 
v0.2.0 [58]. For all models, the most parsimonious model was 
used, determined by sequentially deleting terms and comparing 
model fits using X2 tests. Only those models with residuals fit-
ting assumptions were used. Fit of residuals were checked using
DHARMa v0.4.6 [59]. 

Growth analyses 
To determine the minimal selective concentrations or LOECs of 
the mixtures using growth, a method previously used was applied
[60]. In summary, the time point in exponential phase with the 
largest dose response was determined using either Spearman’s 
or Pearson’s correlation test, as determined by the normality 
fit of the data. Then, at this time point, a Dunn’s test (dunn.test 
v1.3.5) was used to identify which concentrations significantly 
differed fro m the control growth (i.e. no ciprofloxacin and no
NAD). The lowest concentration that was significantly different
to the control was determined as the LOEC.

To determine total growth capacity or productivity, total area 
under the curve (AUC) was used. A UC was determined using
the growthcurver v0.3.1 package [61]. The AUC from exponential 
growth phase was used i n linear mixed effect models using lme4
v1.1.31 [62], with concentration of ciprofloxacin and treatment 
of NAD as fixed effects, and microcosm as a random effect.
Pairwise comparisons were determined using emmeans v1.8.2
[63], and p values adjusted for multiple comparisons using false 
discovery rate.

QPCR analyses 
IntI1 prevalence was calculated by dividing the intI1 quantity 
by the 16S rRNA quantity. These prevalences were used to 
calculate LOECs. LOECs were determined using linear mixed 
effect models, with time and treatment as fixed effects, and 
microcosm was included as a random effect. Pairwise compar-
isons were calculated as above. LOECs were determined to be 
the lowest concentration that showed a significantly increased 
intI1 prevalence compared to the day seven control. We also used 
linear models to compare the intI1 prevalence in response to
ciprofloxacin exposure to the prevalence after exposure to the
ciprofloxacin-NAD mixtures. We logged the response variable,
and used ciprofloxacin concentration and mixture type as
explanatory variables, with pairwise comparisons calculated as
above.
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Diversity a nalyses
Alpha diversity or richness was used to identify the total number 
of taxa and genes present in each sample. Phyloseq was used to
estimate Shannon’s index [64], which was used to identify the 
evenness of taxa and genes. Tests for significant differences in 
treatments for alpha diversity were tested using linear models, 
with richness as the response variable, and mixture type and 
ciprofloxacin concentration as explanatory variables. Pa irwise
comparisons were calculated as above. For beta diversity analyses,
Bray-Curtis ordinations were calculated using vegan v2.6.6.1 [65] 
for both the resistome and the taxonomy. Changes to the diversity 
were determined u sing Analysis of Similarity (ANOSIM) tests.

Changes to resistance gene classes or species
Kruskal-Wallis tests were used to identify differences in gene 
classes, or taxonomic order by mixture type, using the normalized 
gene counts. Genes or taxonomic orders that differed significantly 
in at least one treatment were tested to determine if mixture type
and/or ciprofloxacin concentration significantly affected gene
abundance by linear models and ANOVAs.

Log2-fold change in resistance genes or species
For both the resistome and the community taxonomy, significant 
log2-fold changes between mixtures and the ciprofloxacin alone
treatments were identified using DESeq2 v 1.44.0 [66]. 

Results 
NAD and ciprofloxacin mixtures significantly 
reduced c ommunity productivity
To test differences in community productivity, we tested changes 
to the AUC, which can be considered a proxy for overall 
productivity or growth capacity. The AUC of the mixtures were 
compared to in-plate AUC data of ciprofloxacin alone. Firstly, 
none of the lower concentrations of the NADs significantly 
reduced growth compared to the no-NAD control (P < .05). 
However, all three NADs at the higher concentration in mixture
with ciprofloxacin significantly reduced the productivity of
communities compared to growth in the no NAD control (Fig. 2), 
across the entire ciprofloxacin concentration gradient (P < .001). 
We also found that as expected, total AUC reduced with increased 
ciprofloxacin concentration (P < .001). M ore details of the outputs
for these models are detailed in the Supplementary File, Section 1. 

Secondly, we determined the growth-based LOEC for the 
mixtures containing the higher NAD concentrations, using 
a low-cost method previously published [60]. Previous work 
has indicated that reduction in growth is the str ongest indi-
cator of selection for AMR [67]. We found that all mixtures 
reduced the estimated selective concentration of ciprofloxacin. 
The diclofenac-ciprofloxacin mixtur e reduced the LOEC of
ciprofloxacin from 3.7 μg/L to 0.12 μg/L, a 32-fold decrease. 
The metformin-ciprofloxacin mixture reduced the LOEC of
ciprofloxacin from 0.98 μg/L to 0.24 μg/L, a 4-fold decrease. 
The 17-β-estradiol-ciprofloxacin mixture reduced the LOEC of
ciprofloxacin from 1.95 μg/L to 0.24 μg/L, an 8-fold decr ease.

NAD mixtures altered selection for intI1 across 
ciprof loxacin concentrations
Next, we determined whether there was specific selection for 
the commonly used AMR marker intI1. We hypothesized that 
the mixtures of NADs and ciprofloxacin w ould have increased
selectivity compared to ciprofloxacin alone.

We firstly analysed these data as is standard practice when 
calculating selective concentrations [9, 22]. We found that in 
these analyses, the selective concentrations within each mix-
ture type decreased (when comparing the mixture prevalences to 
control prevalences within each mixture). In all cases, the con-
centration of intI1 either increased or stayed constant with time
(Supplementary Fig. 1), so we only show day seven data in the
following plots (Fig. 3). Ciprofloxacin alone selected for intI1 at
40 μg/L (Fig. 3A). We found that intI1 prevalence significantly 
increased with treatment (treatment main effect, X2 = 18.35, df = 4, 
P = .0011) and that only 40 μg/L ciprofloxacin had a day seven 
prevalence that was significantly greater than the prevalence at 
da y seven control population (P = .012).

When considering within mixture comparisons, firstly we
found that 50 μg/L diclofenac in mixture with cipr ofloxacin
(Fig. 3B) reduced the selective concentration for intI1, with the
communities exposed to 10 μg/L (P = .0085), 2 0 μg/L (P = .028) and 
40 μg/L (P = .0085) showing significantly increased intI1 prevalence 
compared to the control. Secondly, metformin at 26 μg/L reduced 
the selective concentration of ciprofloxacin to 10 μg/L (Fig. 3C). 
We see that 10 μg/L (P = .0016), and 20 μg/L (P = .024) in the mixture 
significantly increased intI1 prevalence, however this increase was 
not seen with 40 μg/L ciprofloxacin (P = .063). Finally, w e found
that 24.4 μg/L 17-β-estradiol-ciprofloxacin mixture also reduced 
the selective concentration to 10 μg/L (Fig. 3D, P < .0001), with 
communities exposed to 20 μg/L (P < .0001) and 40 μg/L (P < .0001) 
also showing significantly increased intI1 prevalence compared 
to the c iprofloxacin only community.

We also considered the comparison between the ciprofloxacin 
alone and mixture treatments at each ciprofloxacin concentra-
tion, i.e. a direct comparison between the ciprofloxacin effect,
and the ciprofloxacin plus NAD effect (Fig. 3E). We found that, 
as expected, the ciprofloxacin concentration significantly altered 
intI1 prevalence (F4,180 = 6.4, P > .0001), and that the interaction 
between the addition of NAD and ciprofloxacin concentration 
also altered intI1 prevalence (F12,180 = 4.1, P > .0001). However, 
pairwise comparisons of each mixture type to ciprofloxacin alone 
indicated that there were no significant differences between the 
mixture prevalences and the ciprofloxacin alone prevalences 
(P > .05, all c omparisons). This may have been due to the large
variation that is common in mixed community experiments.
However, non-significant differences in prevalences were also
observed. For example, at 40 μg/L the ciprofloxacin alone 
treatment resulted in higher intI1 prevalences compared to the 
mixtures. However, at 20 μg/L the mixture treatments resulted 
in higher intI1 prevalences compared t o the ciprofloxacin alone
treatment.

To summarize, within mixture comparisons indicate that the 
mixtures were more selective for intI1, whereas comparisons 
between mixture and ciprofloxacin only treatments indicate that 
there are altered selection dynamics for intI1 by ciprofloxacin-
NAD mixtures. Therefore, the mixtures tested resulted in smaller 
(but still) significant increases in intI1 pr evalence at higher
ciprofloxacin concentrations. They also lead to more complex
selection outcomes at lower ciprofloxacin concentrations (e.g.
20 μg/L). 

Mixtures did not strongly alter total microbiome 
or resistome diversity
Next, we analysed the metagenomes of the evolved communities 
to understand how the mixtures might have affected the commu-
nity composition and the resistome. We hypothesized that there
would likely be increases in gene abundances occurring at lower
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Figure 2. Community productivity (area under the curve) during exponential phase across a ciprofloxacin concentration gradient in mixture with (A) 
diclofenac, (B) metformin, and (C) 17-β-estradiol. All low and high NAD mixtures include NAD at all ciprofloxacin concentrations, including 0ug/L 
ciprofloxacin. Pale linked points indicate individual replicates. Larger brighter points that ar e linked indicate the mean at each concentration.

ciprofloxacin concentrations in the mixtures, since the mixtures 
appeared to be more selective. We also hypothesized that it was 
likely that the mixtures had selected for different species, and 
that the mixtur es would have decreased richness and diversity,
since the communities were exposed to multiple pharmaceutical
stressors.

There were no significant differences in richness of the taxa 
present in each sample. However, there were differ ences in the
richness of the AMR genes between the treatments (Fig. 4). The 
17-β-estradiol mixture had a non-significant decrease in richness 
compared to the ciprofloxacin only treatment (P = .071). Exposure 
to the metformin mixture significantly reduced resistome rich-
ness compared to the ciprofloxacin alone treatment (P = .021). The
diclofenac mixture showed a similar level of richness of AMR
genes as the ciprofloxacin alone treatment.

There was no significant difference in the evenness of the 
resistome or the taxonomy between the mixture treatments. 
There was also no significant differe nce in the beta diversity of
either the resistome or community composition (ANOSIM, P > .05).
(Supplementary Figs. 2 and 3). 

Mixtures significantly altered the abundance of
three AMR genes
We tested whether all fluroquinolone genes within the AMR++ 
database had increased with treatment. We found that only qnrB 
had signif icantly altered abundance across all samples within
each treatment (Supplementary Table 2). Next, we tested all 
genes within the resistome to see if they differed in at least one 
treatment and found that 10 genes were significantly different in
at least one sample (P < .05) (Supplementary Table 3). Of these 
genes, six were significantly affected by mixture type either as 
main or interaction effect: aph3-DPRIME, aph6, fecE, qnrB, tetA, tetQ,
and tolC (Fig. 5). All details on the model outputs can be found in
the Supplementary File in Section 2. 

FecE, qnrB,  and  tolC showed the largest changes in gene abun-
dances. For these three genes, the same trends appeared, with the 

metformin mixture showing the largest increase in gene abun-
dances, followed by the diclofenac mixture. The 17-β-estradiol 
mixture either decreased in gene abundance (fecE and tolC ) or
showed the smallest increase (qnrB). For the other four genes,
abundances changed very slightly and often had a unimodal
response (e.g. tetA).

Mixtures significantly altered the abundances of 
multiple bacterial taxa
We tested whether any order of microorganism was significantly 
different in at least one treatment. Two orders showed strong 
alterations across either concentration or mixture type: Caulobac-
terales and Nitrososphaerales. Caulobacterales abundance in the 
community decreased after exposure to cipr ofloxacin only but
increased in abundance in all the mixture treatments (interaction
effect: F3,110 = 3.71, P = .014) (Fig. 6). Nitrososphaerales increased in 
abundance with ciprofloxacin concentration (concentration main 
effect: F1,54 = 17.52, P = .00011), and had a decreased abundance in 
the mixtures compared to ciprof loxacin alone treatment (mixture
main effect: F3,54 = 5.81, P = .0016) (Fig. 6). 

Additionally, we grouped the community based on abundances 
greater than 10%. In these high abundance genera, there were 
no clear tr ends in changes to these genera, or phyla across the
mixtures (Supplementary Fig. 4). This indicates that was no dom-
inance effect, and the communities w ere mostly stable across
treatments.

However, over 100 species of microorganism had a log2-fold 
increase or decrease in each o f the mixtures compared to the
ciprofloxacin alone (Supplementary Fig. 5). There were 43 species 
that either significantly increased or decreased in all thr ee of the
mixtures compared to the control (Fig. 7). For these 43 species, 
the diclofenac and metformin mixtures showed the opposite 
response to the 17-β-estradiol mixture, i.e. if the diclofenac and 
metformin mixture showed an increased abundance of a partic-
ular species, the 17-β-estradiol mixture showed a decrease, and
vice versa. Some of these species are known pathogens (e.g. P.
aeruginosa, which increased in the 17-β-estradiol mixture).

D
ow

nloaded from
 https://academ

ic.oup.com
/ism

ecom
m

un/article/5/1/ycaf169/8263557 by U
niversity of York user on 30 O

ctober 2025

https://academic.oup.com/ismecommun/article-lookup/doi/10.1093/ismeco/ycaf169#supplementary-data
https://academic.oup.com/ismecommun/article-lookup/doi/10.1093/ismeco/ycaf169#supplementary-data
https://academic.oup.com/ismecommun/article-lookup/doi/10.1093/ismeco/ycaf169#supplementary-data
https://academic.oup.com/ismecommun/article-lookup/doi/10.1093/ismeco/ycaf169#supplementary-data
https://academic.oup.com/ismecommun/article-lookup/doi/10.1093/ismeco/ycaf169#supplementary-data
https://academic.oup.com/ismecommun/article-lookup/doi/10.1093/ismeco/ycaf169#supplementary-data
https://academic.oup.com/ismecommun/article-lookup/doi/10.1093/ismeco/ycaf169#supplementary-data
https://academic.oup.com/ismecommun/article-lookup/doi/10.1093/ismeco/ycaf169#supplementary-data


6 | Hayes et al.

Figure 3. IntI1 prevalence as a function of ciprofloxacin concentration in both ciprofloxacin alone (A) or in combination with diclofenac (B), metformin 
(C), or 17-β-estradiol (D). A comparison between ciprofloxacin and all mixture types at each ciprofloxacin concentration is shown in (E). Five biolog ical
replicates shown. Significant differences of day seven prevalences are shown from pairwise comparisons to the day seven prevalence at 0 μg/L. 
NS = non-significant, ∗ = P < .05, ∗∗ = P < .01, ∗∗∗ = P < .001.
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Figure 4. Resistome richness (number of observed AMR genes) of the evolved samples. Colour of the points indicates ciprofloxacin concentration. 
Asterisks indicate significance values where ∗ = P < .05, and ∗∗ = P < .001.

Figure 5. Normalized abundance of all genes that were significantly different in at least one sample and were significantly affected by NAD presence 
in the mixture. Colours indicate mixture treatments. Lines show best model fit, and the shaded areas show 95% confidence intervals. Points indicate
the individual replicates.

Discussion 
Here, we showed that the addition of a NAD at a single spiked 
concentration significantly altered the community taxonomy and 
resistome in a mixed bacterial community, including selecting 
more strongly for various antibiotic resistance genes. This is 
despite previous work indicating that these NADs have little to no 
selective effect when on their own. We base this on our observa-
tions that both growth-based and qPCR-based effect concentra-
tions reduced or were altered when NADs were present in mix-
ture with ciprofloxacin. In addition, across all the mixtures, the 
productivity of the community decreased, indicating that these 

mixtures are significantly impairing community growth capacity. 
Sequencing indicated that mixtures of NADs and ciprofloxacin
can select for AMR genes, and can lead to changes to the commu-
nity composition, although these changes are NAD- and mixture-
specific. The concentrations used in this study are sub-MIC, and
are much lower than would be used clinically, so the effects we
observed might be more profound at higher concentrations of
either the antibiotic, NAD, or both.

Firstly, we identified that the richness of the metformin and 
17-β-estradiol mixtures showed a decrease in AMR gene richness
compared to the ciprofloxacin alone treatment. We suggest
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Figure 6. Normalized abundance of Caulobacterales and Nitrososphaerales as a function of ciprofloxacin concentration. Colours indicate mixture 
treatments. Lines show the best model fit, and shaded a reas show 95% confidence intervals. Points represent the individual replicates.

that this is due to selection acting upon the AMR genes within 
these communities, which would lead to increased abundance 
of less AMR genes. This is supported by data identifying that 
these mixtures did show selection for various AMR genes and 
species. Two of the AMR genes that were significantly altered
by the mixtures encode for part of a membrane transport
system (fecE: an ABC iron transporter [68], and tolC: a  multi-
drug efflux channel [69]). These efflux pump mechanisms may 
be important in resistance in the metformin and diclofenac 
mixtures, but not in the 17-β-estradiol mixture. Most intriguing 
is the finding that the log2-fold changes in species seen differ 
between diclofenac/metformin mixtures, and the 17-β-estradiol 
mixture. Coupled with the findings above relating to fecE and tolC, 
this might indicate that the 17-β-estradiol mixture is selecting 
for taxa that are intrinsically resistant or contain unannotated 
resistance mechanisms. It might also indicate that the diclofenac 
and metformin mixtures are interacting with the community at 
a molecular level in a similar way. Additionally, we can suggest 
that the mixtures are acting differently to ciprofloxacin alone 
with regards to selection for or against different species, with the
Gram-negative Caulobacterales selected for across the mixtures
and negatively selected against by ciprofloxacin alone. This
order may be more adaptable towards growth in antibiotic-NAD
mixtures, although there is yet no clear evidence as to why. As
mentioned, previous work indicated that diclofenac can reduce
the minimal inhibitory concentration (MIC) of ciprofloxacin
[36], and the data presented here indicates that it can also 
reduce the minimal selective concentration of ciprofloxacin. 
T he proposed mechanism of diclofenac is inhibition of DNA
synthesis [70]. As ciprofloxacin also interferes with DNA synthesis 
[71, 72], it is likely that the combined effects of the two compounds 
in mixture will significantly reduce replication rate, reflected 
in the reduction in growth observed in this study. Diclofenac
at 10 μg/L has also been demonstrated to increase mutation 
frequency of E. coli [19], and to upregulate sigB, a gene involved 
in the stress response [73]. An increased stress response can, in 
turn, increase mutation rates and integron activation [74, 75]. This 
might explain some of the intI1 abundance increases observed in 
the mixture , and the increases in tolC and fecE abundances.

Metformin has previously been shown to reduce the MIC 
of various antibiotics (including ampicillin, do xycycline, and

levofloxacin) [37, 76], and it has been suggested that this could 
be due to the ability of metformin to disrupt cell membranes [37]. 
This proposed mechanism may allow for increased ciprofloxacin 
influx into cells, which may lead to selection for any resistance 
genes present. This might explain why the metformin mixture 
had the largest increase in fecE, qnrB,  and  tolC abundance, since 
incre ased ciprofloxacin influx would exert a stronger selection
pressure. Metformin acted synergistically with ciprofloxacin,
reducing the selective concentration to 10 μg/L compared to 
40 μg/L with ciprofloxacin alone (and it was not selective when
tested alone [22]). However, there was an anta gonistic effect
at 40 μg/L, with non-significantly reduced prevalence at this 
concentration compared to ciprofloxacin alone. This antagonistic 
effect may be due to chemical interactions between the tw o
pharmaceuticals. This has been demonstrated to occur previously
with ciprofloxacin and zinc [77]. Alternatively, the resistance 
gene associated with the class I integrons that is under positive
selection at 10 μg/L may be less beneficial to that community 
at higher ciprofloxacin concentrations, and a different AMR 
mechanism is potentially under selection at that point (and 
unassociated with intI1). Future work could aim to understand 
if this effect holds true for a larger range of concentrations,
and whether these pharmaceuticals were indeed interacting
chemically.

There is no previous experimental evidence investigating the 
mixture effect of 17-β-estradiol with an antibiotic. Therefore, 
these data are presented as novel. Results suggest that 17-β-
estradiol may act additively or synergistically with ciprofloxacin 
to reduce bacterial growth and increase selection for AMR by
reducing the minimal selective concentration. In previous work,
17-β-estradiol has been shown to select for intI1 (from 7 μg/L 
to 5400 μg/L), and also selected for metal resistance genes [22]. 
In this study, the communities exposed to the 17-β-estradiol 
mixture often responded in the opposite way to the diclofenac and 
metformin mixtures (e.g. the communities exposed to the 17-β-
estradiol mixtures showed a decreased tolC and fecE abundance). 
Perhaps these communities are relying upon a shift to more tol-
erant species (as indicated by the fold change in various species), 
or increased gene expression. Future work could aim to unpick
changes to gene expression in response to various NAD and antibi-
otic mixtures, which might illuminate the changes identified here.
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Figure 7. Log2-fold change of species for mixtures compared to ciprofloxacin alone treatment. Each panel consists of pooled data from all 
ciprofloxacin concentrations across each treatment (i.e. all ciprofloxacin concentrations within the mixture treatments versus all ciprofloxacin 
concentrations with no NA D, including 0ug/L ciprofloxacin). Those species with a positive change are coloured orange, t hose with a negative are
coloured blue.

There are of course limitations associated with this work, 
primarily the difficulty in detecting large effect sizes from the 
noisy data associated with mixed community experiments. These
have been discussed in previous work [9, 22, 78] focusing on the 
stochasticity associated with founder effects resulting in larger 
variation than would be found in single species work. We present 
our work here with the acknowledgement that this variability 
between replicates increases the uncertainty around our results, 
particularly in the qPCR results. However, we have accommodated 
this variation with our statistical models and present o ur data
to demonstrate that selection dynamics for intI1 are altered by
mixtures. Further work would be welcomed to increase replication
and statistical power to provide further evidence for any effect.

Overall, these results provide some concern for human health. 
These NADs might be present in the human gut alongside 
antibiotics, particularly if patients with long-term health condi-
tions (such as diabetes, or those requiring hormone replacement 
therapy) acquired an infection that required antibiotic treatment.
The human gut microbiome can take weeks to recover after
antibiotic treatment, and some species never recolonize [79]. 
In addition to this, after antibiotic treatment there is evidence 
to suggest that there is an increase in AMR gene abundance
in the human gut [80]. Therefore, mixtures of pharmaceuticals 
in the gut may increase the selective potential of antibiotics, 
potentially increasing selection for AMR within the gut micro-
biome. Additionally, of concern is that in the human gut, lower
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concentrations of ciprofloxacin are required to induce the 
expression of class I integron [81] (which can contain AMR gene 
cassettes), and mixtures of pharmaceuticals may exacerbate 
this. In general, these data suggest that mixtures of NADs and 
antibiotics lead to selection for AMR at lower concentrations than 
seen with antibiotics alone, and selectively lead to changes in 
abundance of species, or specific r esistance genes. This could
lead to increased selection, maintenance, and dissemination of
antibiotic resistance genes between species in the human gut,
and increased shedding of these genes and resistant bacteria into
the environment.

Furthermore, these pharmaceuticals, alongside others, will be 
present in the freshwater aquatic, or wastewater environments as
micropollutants [23, 31], where they may be affecting growth of 
the natural communities, and impacting ecosystem functioning. 
This includes in wastewater treatment plants where they may 
directly impact plant functioning if these pharmaceuticals are 
affecting microorganisms involved in sludge digestion. In our 
study we found a short-term overall reduction in community 
growth, but a longer-term increase in Nitrososphaerales abun-
dance, archaea that may play a role in the nitrogen and carbon 
cycles. Further investigation is needed to determine whether the 
growth effects are short- or long-term, and what this might mean 
for ecosystems. These mixtur es may lead to increased selection,
maintenance, and dissemination of antibiotic resistance genes
throughout environmental compartments, or increased input of
resistant bacteria to the receiving waters. This then may lead to
increased risk of infection or colonisation with resistant strains
to people and animals interacting with these environments (e.g.
surfers and swimmers in the sea [82]). 

Taken together, these data confirm findings that mixtures of 
NADs and antibiotics can be more selective than the antibiotic o r
NAD alone. This is of particular concern since previous work [22] 
has indicated that two of these NADs did not select for AMR in a 
similar community, and so may have been discounted as poten-
tially selective agents. Many compounds may be disregarded for 
further study if individually they do not select for AMR. However, 
data here indicates that inclusion of these compounds in mixture
investigations is imperative to understand selection for AMR in
more complex mixtures and environments.

Conclusion 
Mixtures of diclofenac, metformin, or 17-β-estradiol with 
ciprofloxacin both increased the growth inhibitory effects and 
reduced the selective concentration of ciprofloxacin in a complex 
bacterial community. Additionally, the mixtures led to selective 
increases or decreases in specific AMR genes or specific species, 
some of which are known human pathogens. The effects of 
antibiotics are traditionally considered in isolation, particularly 
in terms of selection for AMR. However, antibiotics are present
alongside other pharmaceuticals, both in the gut, and in the
environment. Further, the data here pertain to simple mixtures,
and the effects of more complex mixtures should be considered
in future studies, including co-occurring pharmaceuticals which
may not be selective in isolation.
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