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Significance

Antibiotic resistance is a global 
threat to public health and 
associated with the overuse 
of antibiotics. Although non-
antibiotic drugs occupy 95% of 
the drug market, their impact on 
the emergence and spread of 
antibiotic resistance remains 
unclear. Here we demonstrate 
that antidepressants, one of the 
most frequently prescribed 
drugs, can induce antibiotic 
resistance and persistence. Such 
effects are associated with 
increased reactive oxygen 
species, enhanced stress 
signature responses, and 
stimulation of efflux pump 
expression. Mathematical 
modeling also supported a role 
for antidepressants in the 
occurrence of antibiotic-resistant 
mutants and persister cells. 
Considering the high 
consumption of antidepressants 
(16,850 kg annually in the United 
States alone), our findings 
highlight the need to re-evaluate 
the antibiotic-like side effects of 
antidepressants.
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Antibiotic resistance is an urgent threat to global health. Antidepressants are consumed 
in large quantities, with a similar pharmaceutical market share (4.8%) to antibiotics 
(5%). While antibiotics are acknowledged as the major driver of increasing antibiotic 
resistance, little attention is paid to the contribution of antidepressants in this process. 
Here, we demonstrate that antidepressants at clinically relevant concentrations induce 
resistance to multiple antibiotics, even following short periods of exposure. Antibiotic 
persistence was also enhanced. Phenotypic and genotypic analyses revealed the enhanced 
production of reactive oxygen species following exposure to antidepressants was directly 
associated with increased resistance. An enhanced stress signature response and stim-
ulation of efflux pump expression were also associated with increased resistance and 
persistence. Mathematical modeling also predicted that antidepressants would accelerate 
the emergence of antibiotic-resistant bacteria, and persister cells would help to maintain 
the resistance. Overall, our findings highlight the antibiotic resistance risk caused by 
antidepressants.

antibiotic resistance | mutation | persistence | antidepressants

Antibiotic resistance has emerged as a global crisis, causing increased mortality rates and 
healthcare costs (1, 2). It is well accepted that our overuse of antibiotics has generated 
strong selection pressure for the evolution of resistance and tolerance in bacteria (3–8). 
Non-antibiotic pharmaceuticals represent another category of compounds that occupy a 
huge share (~95%) of the drug market (9), yet their contribution to antibiotic resistance 
remains to be properly evaluated.

Among the non-antibiotic pharmaceuticals, antidepressants, the main drugs used for 
the treatment of depression, represented 4.8% of the market share in 2008 (10), placing 
them in the top five pharmaceutical categories and almost equal to antibiotics (5%) (9). 
The consumption of antidepressants has grown considerably among countries in the 
Organization for Economic Co-operation and Development, linked to an aging popula-
tion and increased public awareness of psychiatric and mental health problems (11). More 
than 337 million prescriptions were written for antidepressant medications in 2016 in 
the United States alone, which corresponded to 16,850 kg (assuming each prescription 
refers to 50 mg) (10). Commonly prescribed antidepressants include selective serotonin 
reuptake inhibitors (SSRIs, e.g., sertraline, fluoxetine, escitalopram), serotonin norepi-
nephrine reuptake inhibitors (SNRIs, e.g., duloxetine), norepinephrine dopamine reuptake 
inhibitors (e.g., bupropion), and atypical antidepressants (e.g., agomelatine) (12). 
Sertraline (first), escitalopram (third), bupropion (fifth), and duloxetine (tenth) ranked 
among the top ten most prescribed psychiatric medications in the United States. The daily 
dosage of antidepressants varies, ranging from 20 to 450 mg/day. Absorbed antidepressants 
can circulate in the human body with half-life from 1 to 2 h (agomelatine) to 144 h 
(fluoxetine) (13). Thus, antidepressants have been reported at a wide range of concentra-
tions following consumption: for example, bupropion at a peak of 0.3 mg/L in plasma 
(14), escitalopram at 3 to 51 mg/L in the colon (15), and sertraline at 370 to 1,700 mg/L 
in the colon (15).

In addition to their specified treatment use, antidepressants have also been shown to 
modify the gut microbiota (16). Thus, we hypothesized that antidepressants, as one category 
of typical non-antibiotic pharmaceuticals, might contribute to the emergence of antibiotic 
resistance. Our previous work reported that fluoxetine could enhance bacterial resistance 
toward antibiotics (17), yet it is still unknown whether this response is drug-specific or it 
is a universal phenomenon. In addition, we only focused on mutants selected following 
exposure to the antidepressant fluoxetine, but the role of antidepressants in the emergence 
of persister cells was not investigated. More importantly, the underlying mechanisms by 
which antidepressants can mediate the spread of antibiotic resistance have not been revealed. 
To address these research gaps, we set up an evolutionary model to measure the development 
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of resistance to multiple antibiotics and evaluate bacterial persis-
tence following exposure to five commonly prescribed antidepres-
sants at clinically relevant concentrations, including sertraline, 
escitalopram, bupropion, duloxetine, and agomelatine. We show 
that exposure to commonly prescribed antidepressants at clinically 
relevant concentrations led to enhanced bacterial persistence against 
the antibiotic ciprofloxacin. By applying plate culturing under both 
aerobic and anaerobic conditions, fluorescence-based flow cytom-
etry detection, and genome-wide analyses, we found that exposure 
to antidepressants caused increased production of intracellular 
reactive oxygen species (ROS) and induced efflux pump expression, 
providing a direct correlation with antibiotic resistance and persis-
tence phenotypes. In addition, antidepressants can promote con-
jugative gene transfer. Together, our findings describe a mechanism 
by which exposure to antidepressants can lead to enhanced resist-
ance to antibiotics.

Results

Exposure to Antidepressants Can Induce Resistance to Multiple 
Antibiotics. To test whether antidepressants induce bacterial 
resistance toward antibiotics, we exposed the E. coli K-12 
strain MG1655 to five commonly prescribed antidepressants, 
including sertraline, duloxetine, bupropion, escitalopram, and 
agomelatine. The antidepressant concentrations covered low level 
(0.1 mg/L and 1 mg/L), medium level (10 mg/L), and high level 
(50 mg/L and 100 mg/L). During the 60-d exposure, bacterial 
resistance toward multiple antibiotics was tested by applying 
plate-counting periodically (Fig.  1A). The mutant colonies 
grown on antibiotic-selective plates were randomly selected to 
test their minimum inhibition concentration (MIC) against 
multiple antibiotics. The antibiotics employed in this study 
included amoxicillin, ampicillin, cephalexin, chloramphenicol, 
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Fig. 1. Antidepressants induce multidrug resistance. (A) Schematic design of the experiment. (B) Antidepressant sertraline increases ratio of resistant cell 
number to total cell number on chloramphenicol-, tetracycline-, ciprofloxacin-, and amoxicillin-selective plates. (C) Sertraline-induced mutants show enhancement 
on MICs toward multiple antibiotics. MIC fold changes higher than four folds were defined as significant enhancement (dotted red lines). Red bar: MIC fold 
changes higher than 4, gray bar: MIC fold changes less than 4, blue bar: the tested antibiotic same as the antibiotic-selective plate, no bar: no MIC fold change. 
(D) Fold change of ratio of resistant cell number to total cell number induced by the highest concentration of the other four antidepressants tested (100 mg/L 
agomelatine, 100 mg/L bupropion, 100 mg/L escitalopram, and 50 mg/L duloxetine). Data are shown as mean ± SD, n = 3 independent experiments. Significant 
differences between antidepressant-dosed samples and the non-antidepressant control are analyzed by independent sample t test with Benjamini–Hochberg 
multiple comparison testing, *P < 0.05, **P < 0.01. See also SI Appendix, Figs. S1 and S2.

http://www.pnas.org/lookup/doi/10.1073/pnas.2208344120#supplementary-materials
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ciprofloxacin, colistin, erythromycin, kanamycin, levofloxacin, 
norfloxacin, roxithromycin, tetracycline, and trimethoprim. These 
antibiotics cover six categories, including β-lactams, phenicols, 
fluoroquinolones, macrolides, aminoglycosides, and tetracyclines, 
with the modes of action encompassing inhibition of DNA, 
protein, and cell wall synthesis (18, 19).

We found that these antidepressants could induce multidrug 
resistance during the 60-d exposure. Among them, sertraline and 
duloxetine exhibited the most significant effects, resulting in high 
numbers of resistant cells (compared to total cells) over a short 
time period. Indeed, a high concentration of sertraline (50 mg/L) 
induced resistance to chloramphenicol, tetracycline, ciprofloxacin 
and the fold changes of the ratio of resistant cell number to total 
cell number were 2 × 103-, 2 × 104-, 71-fold, respectively, when 
compared with the non-antidepressant control group (Fig. 1B). 
For the ratio of resistant cell number to total cell number toward 
amoxicillin, a significant increase was observed after 30-d consec-
utive exposure to 50 mg/L sertraline. This may be due to the dif-
ferent drug types of these four antibiotics: chloramphenicol and 
tetracycline inhibit protein synthesis directly, ciprofloxacin inhibits 
DNA synthesis, while amoxicillin is a cell wall synthesis inhibitor 
(18), thus the time required for mutation appearing on amoxicil-
lin-selective plate was longer. Moreover, based on the MIC meas-
urement, we found that these mutants also showed significant 
enhancement toward other multiple antibiotics (Fig. 1C). For 
example, the mutant colonies exhibiting reduced susceptibility to 
chloramphenicol also exhibited reduced susceptibility to cipro-
floxacin, levofloxacin, norfloxacin, tetracycline, and trimethoprim. 
Notably, the acquired resistance was heritable, as the enhanced 
MICs were stably maintained after the 5-d consecutive inoculation 
(i.e., 33 generations for E. coli) without any selective pressure from 
either antibiotic or antidepressant (SI Appendix, Table S1).

The resistance development was dose-dependent, in that low-
ering the concentration of sertraline prolonged the time for the 
occurrence of resistance. For example, at medium concentration 
(10 mg/L) sertraline induced significant enhancement of the ratio 
of resistant cell number to total cell number toward reduced sus-
ceptibility to chloramphenicol, tetracycline, amoxicillin, and cip-
rofloxacin in 3 d, 15 d, 35 d, and 60 d, respectively. In addition, 
based on the assessment by plate-counting, at low concentration 
(0.1 mg/L and 1 mg/L) sertraline also increased the ratio of resist-
ant cell number to total cell number toward chloramphenicol and 
tetracycline within 60 d. However, the enhancement was not seen 
on ciprofloxacin- or amoxicillin-selective plates after 60-d consec-
utive exposure. The mutants on the selective plates showed phe-
notypic heritance of antibiotic resistance, which were seen from a 
significant enhancement of MICs compared with the wild-type 
E. coli, including the MICs toward the antibiotics ampicillin, lev-
ofloxacin, norfloxacin, and trimethoprim (SI Appendix, Table S1).

In addition to sertraline, duloxetine also exhibited similar effects 
on the induction of resistance to multiple antibiotics. Up to 5 × 
103- and 896-fold increases in ratio of resistant cell number to 
total cell number toward chloramphenicol and tetracycline were 
detected following exposure of E. coli to high concentration level 
(50 mg/L) duloxetine after 1 d of exposure. Following exposure 
to duloxetine for 2 d, the ratio of resistant cell number to total 
cell number increased significantly toward amoxicillin (13-fold) 
and ciprofloxacin (123-fold). The ratios further increased when 
extending the exposure time to 60 d, resulting in increased ratio 
of resistant cell number to total cell number toward chloramphen-
icol (2 × 106-fold), tetracycline (2 × 106-fold), amoxicillin (15-
fold), and ciprofloxacin (4 × 104-fold). The low concentration 
level applied in this study, i.e., 0.1 mg/L duloxetine, also enhanced 
the ratio of resistant cell number to total cell number toward both 

chloramphenicol and tetracycline significantly after 50 d (214-
fold) (Fig. 1D and SI Appendix, Figs. S1 and S2).

In contrast, for the other three antidepressants examined (bupro-
pion, escitalopram, and agomelatine), only high levels (50 mg/L 
and 100 mg/L) resulted in significantly increased resistance to 
chloramphenicol, tetracycline, and amoxicillin, with the highest 
fold change of eightfold comparing with the non-antidepressant 
control group (SI Appendix, Fig. S1).

Intra-ROS Generation Enhances the Resistant Cell Number. 
We hypothesized the increased resistance to antibiotics observed 
following exposure to antidepressants may be associated with the 
production of hydroxyl radicals, including ROS (Fig. 2 A and B).

We first employed flow cytometry to detect intracellular ROS 
generation using the 2′, 7′-dichlorofluorescein diacetate (DCFDA) 
dye. Compared with the non-antidepressant control group, both 
sertraline and duloxetine enhanced the ROS generation significantly 
with the lowest concentration, i.e., 0.1 mg/L (P = 0.0003–0.001). 
The fold change further increased when increasing the concentra-
tion to 50 mg/L: sertraline (1.9-fold) and duloxetine (4.4-fold) 
(SI Appendix, Fig. S3A). Bupropion only increased ROS generation 
1.2-fold at the highest concentration applied (100 mg/L) (P = 
0.028). In contrast, the other two antidepressants, escitalopram and 
agomelatine, did not lead to enhanced ROS production (SI Appendix, 
Fig. S3).

To further examine ROS induction, we conducted the experi-
ments under anaerobic conditions, where ROS cannot be gener-
ated (20). As expected, no significant ROS generation enhancement 
was seen following exposure of E. coli to sertraline or duloxetine 
(SI Appendix, Fig. S3). Compared with the aerobic condition, 
ROS generation decreased significantly under the anaerobic con-
dition (P = 0.000002–0.00003, SI Appendix, Fig. S3B). Moreover, 
when conducting the plate-counting experiments under anaerobic 
condition, the absolute mutant number on chloramphenicol-, 
tetracycline-, and ciprofloxacin- selective plates decreased signifi-
cantly in the first 3 d (P = 0.00006–0.021). For example, following 
1-d exposure to 50 mg/L sertraline anaerobically, the number of 
mutants grown on ciprofloxacin-selective agar decreased compared 
to the aerobic condition. Significant decrements were also detected 
with the exposure to 50 mg/L duloxetine.

Next, the transcriptomic and proteomic profile of E. coli fol-
lowing exposure to these antidepressants was tested by applying 
genome-wide mRNA and proteomic sequencing. Typical genes 
related to oxidative stress increased, for example, the regulation 
level of the gene katE increased drastically, and as high as 68.6-fold 
enhancement was detected after exposure to 50 mg/L sertraline 
(P < 0.05, q < 0.05, Fig. 2C and SI Appendix, Tables S2 and S3). 
The superoxide response regulator soxS (21) was up-regulated 7.3-
fold after exposure to 50 mg/L sertraline (P < 0.05, q < 0.05). In 
addition, the redox-sensitive activator, soxR (21), was also signifi-
cantly up-regulated following exposure to all five antidepressants. 
Correspondingly, the typical protein families related to oxidative 
stress, including Sod, Hcp, and KatE (21, 22), increased signifi-
cantly after exposure to the antidepressants (q < 0.01, Fig. 2D). 
Compared to the non-antidepressant control group, a 2.0-fold 
and 7.5-fold increment was observed following exposure to 1 and 
50 mg/L sertraline, respectively (q < 0.01). In contrast, agomela-
tine had limited effects on phenotypic mutation (1.3-fold).

As sertraline showed the highest ratio of resistant cell number 
to total cell number toward multiple antibiotics, bacterial geno-
typic responses to sertraline were tracked on a long-term scale. 
After 60-d exposure to 1 mg/L or 50 mg/L sertraline, the mutants 
grown on antibiotic-selective agar were cultured and exposed to 
sertraline. Compared to the non-sertraline control group, the 
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abundance of oxidative stress-related proteins increased signifi-
cantly; for example, expression of the oxidative stress defense pro-
tein YggE (23) was significantly increased, ranging from 1.2- to 
2.9-fold. Consistent with this observation, significant upregula-
tion of the superoxide response regulator soxS was also detected, 
with a 1.1- to 5.1-fold enhancement (P < 0.05, q < 0.05, 
SI Appendix, Tables S4 and S5).

Antidepressants Can Stimulate Efflux Pump Expression and 
Affect Membrane Integrity. Efflux pump activation is a key 
resistance mechanism that enables bacteria to regulate their internal 
environment by removing toxic substances such as antibiotics (24, 
25). We hypothesized that antidepressants might have triggered 
efflux pump expression, thus contributing to the induction of 
resistance to multiple antibiotics. We therefore examined the 
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Fig. 2. Antidepressants enhance ROS generation level. (A) Schematic ROS generation pathway of E. coli. (B) Genes responsible for oxidative stress and ROS 
generation. Genes are indicated as follows: blue, transcription factor binding site that activates transcription. Pink, transcription factor binding site that represses 
transcription. (C) Heatmap with log2 fold changes of key genes related to ROS under each antidepressant-dosage condition. (D) Heatmap with log2 fold changes 
of key proteins related to oxidative stress under each antidepressant-dosage condition. For C and D, sertraline i refers to 1 mg/L, and sertraline ii refers to 
50 mg/L. The other four antidepressants are 50 mg/L. See also SI Appendix, Figs. S3 and S4.
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Fig. 3. Antidepressants stimulate efflux pump and affect bacterial membrane. (A) Schematic major efflux pumps in E. coli. (B) Genes responsible for efflux 
pumps and outer membrane. Genes are indicated as follows: pink, membrane fusion protein gene. Blue, RND type efflux protein gene. Green, outer membrane 
protein gene. Orange, ABC superfamily transporter. (C) Heatmap with log2 fold changes of key genes related to efflux pump, including RND-type efflux pumps, 
ABC superfamily, and multi-antimicrobial extrusion protein family (MATE). Sertraline i refers to 1 mg/L, and sertraline ii refers to 50 mg/L. The other four 
antidepressants are 50 mg/L. See also SI Appendix, Fig. S4.
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transcriptomic and proteomic responses based on known efflux 
pump transporters. Notably, the expression of key genes and proteins 
on resistance-nodulation-division (RND) type efflux pumps, ATP-
binding cassette superfamily (ABC), and multi-antimicrobial 
extrusion protein family (MATE) showed significant variations 
when exposed to antidepressants (Fig.  3A  and  SI  Appendix, 
Table S7). The enhancement caused by sertraline was generally 
dose-dependent, with the greatest increases induced by 50 mg/L 
sertraline (P < 0.05, q < 0.05, Fig. 3B and SI Appendix, Table S6). 
For example, MdtA expression increased 5.0-fold when exposed 
to 50 mg/L sertraline, while only a 1.2-fold increase was observed 
for 1 mg/L sertraline. In addition, after exposing to sertraline for 
a longer term (60 consecutive days), the mutants also showed 
increased transcription levels of the mdtABC genes, ranging from 
1.2- to 63.3-fold (SI Appendix, Tables S8 and S9). These results 
indicate that sertraline stimulated multidrug efflux pump expression 
at both short-term and long-term levels. The abundances of major 
regulons for multidrug resistance, AcrAB, MdtA (21) increased 
under the effect of 1 mg/L or 50 mg/L sertraline, and 50 mg/L 
duloxetine. Compared to sertraline or duloxetine, the other three 
antidepressants (bupropion, escitalopram, and agomelatine) had a 
negligible effect on these genes, which corresponded to the observed 
mutant effects (Fig. 3C).

As each efflux transporter consists of the inner membrane trans-
porter, the outer membrane channel, and the periplasmic lipo-
protein, there is a close linkage between membrane proteins and 
the bacterial efflux pump (24, 26). In this study, we checked the 
abundance and regulation of membrane-related genes and proteins 
at the transcriptional level. We found that for membrane protein 
or porin-related genes, in total 430 genes were detected, and 
50 mg/L sertraline or duloxetine resulted in the highest number 
of genes with significant variations (P < 0.05 and q < 0.05), which 
were 235 genes and 206 genes, respectively. For proteins, among 
the 141 membrane-related proteins detected, at least 127 differ-
entially expressed proteins were identified following exposure to 
these antidepressants (q < 0.01). Notably, as one of the typical 
outer membrane-regulated genes, expression levels of ompF 
decreased significantly when challenged with antidepressants, and 
50 mg/L sertraline or duloxetine showed the highest decrement, 
i.e., 10.0- and 9.2-fold decrement, respectively (P < 0.05, q < 0.05, 
Fig. 3C and SI Appendix, Tables S10 and S11). The down-regu-
lated synthesis of OmpF results in the increased production of the 
main multidrug efflux pump AcrAB, thus inducing antibiotic 
resistance in E. coli (27). In addition, increased expression of 
OmpA was also observed, consistent with its role in decreased 
susceptibility to antibiotics (28). The mutants induced by ser-
traline following long-term exposure also showed significant var-
iations of membrane proteins or porins (SI Appendix, Tables S12 
and S13). Also, genes exbBD, fecA, and tonB down-regulated 
under the effect of antidepressants, TonB-related receptors in the 
outer membrane, and these receptors are responsible for trans-
porting external chemicals like antibiotics (27). Interestingly, 
diazepam, another benzodiazepine drug, has also been shown to 
promote reduced susceptibility to antibiotics in E. coli and 
Klebsiella pneumoniae by depleting porin expression and inducing 
efflux systems previously (29).

Antidepressants Can Cause Chromosomal Mutations and 
Multidrug Resistance. We hypothesized that the reduced 
susceptibility toward multiple antibiotics may also be associated 
with mutations on the chromosome. We therefore performed 
genome sequencing of the entire population following 15-d, 30-
d, and 60-d sertraline or duloxetine exposure, as well as 30-d 
bupropion, escitalopram, and agomelatine exposure. In addition, 

individual antidepressant-exposed mutants selected from LB agar 
plates containing chloramphenicol, tetracycline, ciprofloxacin, or 
amoxicillin were sequenced. By comparing the sequencing results 
of the bacterial population or mutants with the wild-type E. coli 
MG1655, nonsynonymous single nucleotide polymorphisms 
(SNPs) were identified.

Serial passaging in the presence of all five antidepressants induced 
a range of mutations on E. coli MG1655 at the population level 
(Fig. 4A). Among them, nonsynonymous SNPs within the ompT, 
stfQ, stfR, and tfaD genes were identified in all nine populations. The 

A

B

Fig.  4. Antidepressants cause chromosomal mutations and multidrug 
resistance. Circos figure indicates the genes where SNPs happen 
chromosomally. (A) Bacterial population sequencing results. Circles from 
innermost to outermost are 50 mg/L sertraline 15 d-, 50 mg/L sertraline 30 d-, 
50 mg/L sertraline 60 d-, 50 mg/L duloxetine 15 d-, 50 mg/L duloxetine 30 d-, 
50 mg/L duloxetine 60 d-, 100 mg/L bupropion 30 d-, 100 mg/L escitalopram 
30  d-, and 100  mg/L agomelatine 30 d-exposed bacterial population, 
respectively, with biological triplicate. (B) Mutant sequencing results. Circles 
from innermost to outermost are mutant strains of 1 mg/L sertraline-induced 
mutants on chloramphenicol-, tetracycline-selective plates (60-d exposure), 
50  mg/L sertraline-induced mutants on chloramphenicol-, tetracycline-, 
ciprofloxacin-, amoxicillin-selective plates (60-d exposure), 50 mg/L sertraline-
induced mutants on chloramphenicol-, tetracycline-selective plates (1-d 
exposure), and 50  mg/L sertraline-induced mutants on chloramphenicol-
selective plate (30-d exposure), respectively, with biological triplicate. See also 
SI Appendix, Tables S14 and S15.
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ompT gene encodes as outer membrane porin, and it affects the 
antimicrobial susceptibility of E. coli (30). It is reported that muta-
tions in ompT may reduce porin expression, thus leading to decreased 
susceptibility to multiple antibiotics, including chloramphenicol, 
ciprofloxacin, nalidixic acid, ampicillin, and cefotaxime (31). The 
other three most common mutated genes, stfQ, stfR, and tfaD, are 
linked to prophage or cryptic prophage, and we posit they may play 
a role in inducing oxidative stress as described previously (32). 
Nonsynonymous SNPs in marR were identified in all sequenced 
populations except those exposed to escitalopram and agomelatine. 
MarR is a transcriptional regulator of the MarAB efflux pump, reduc-
ing the accumulation of antibiotics, and conferring resistance to 
low-level antibiotics (33–35). This may explain the phenomenon 
that escitalopram and agomelatine had limited effects on the induc-
tion of bacterial multidrug resistance. Serial passaging in the presence 
of sertraline and duloxetine led to nonsynonymous SNPs in the acrR 
gene, which is responsible for multidrug transportation and efflux 
pump expression (36). This agrees with the phenotypic data that 
sertraline and duloxetine could cause significantly increased 
resistance.

Regarding the sequenced mutant strains, all antidepressant-in-
duced mutants possessed nonsynonymous SNPs in the ompT, 
rzpD, stfQ, and stfR genes (Fig. 4B). Among them, ompT, stfQ, 
and stfR were the same as those found in the population sequenced 
groups, suggesting these were dominant mutations induced in the 
population. Mutations were also found in the rzpD gene, which 
is located within a prophage; the same SNP was also found in 
heavy-metal stress-induced ciprofloxacin-resistant mutants (37), 
suggesting it may contribute to stress adaptation. Similar to the 
population sequencing results, nonsynonymous SNPs of marR 
and acrR were only shown in sertraline and duloxetine-induced 
mutants (SI Appendix, Tables S14 and S15).

Antidepressants Can Also Enhance the Persistence toward 
Antibiotics. Persisters are dormant variants of wild-type bacteria, 
which are formed in microbial populations stochastically  
(38, 39). Persister cells are not resistant to antibiotics, but 
exhibit high tolerance toward antibiotics. In this study, we 
hypothesized that in addition to inducing resistance against 
multiple antibiotics, antidepressants may also promote bacterial 
persistence. To this end, after exposing to the antidepressants, the 
persister number toward antibiotic ciprofloxacin was measured 
(40). We found that 10 mg/L and 50 mg/L sertraline or duloxetine 
and 100 mg/L bupropion induced significant enhancement of 
the absolute number of persisters and the ratio of persister to 
total cell number (SI Appendix, Fig. S5, P = 0.000008–0.021). 
The fold change of absolute persister number reached as high as 
52.3-fold comparing with the non-antidepressant control group, 
and the ratio of persister number to total cell number was up 
to 84.7-fold (Fig. 5 A and B). For antidepressants escitalopram 
and agomelatine, the highest fold change of persister number 
and ratio of persister number to total cell number was only 
up to 3.0-fold comparing with the non-antidepressant control. 
Extending the antidepressant exposure period to a consecutive 
5-d period did not further increase the fold change of absolute 
persister number or ratio of persister number to total cell number 
significantly (P = 0.083–0.611, Fig. 5 C and D). Notably, the 
ciprofloxacin persister population generated rapidly (within 1 
d) after exposure of E. coli to 10 mg/L sertraline or duloxetine; 
this occurred much faster than the ciprofloxacin-resistant 
bacteria formed (60 d). Also, the other three antidepressants 
could induce ciprofloxacin persister generation at medium and 
high concentrations within 5 d, while the ciprofloxacin-resistant 
mutant could not be induced in 60 d.

Genotypically, several global regulators have been reported to 
affect the expression of persister-related genes, and thus resulting 
in phenotypes of persistence. These global regulators include 
dnaKJ, ihfAB, dksA, spot, ssrS, phoU, ygfA (38). Genome-wide 
mRNA sequencing showed that both sertraline and duloxetine 
significantly enhanced expression levels of dnaKJ, phoU, and ihfA 
(P < 0.05, q < 0.05), with up to 4.3-fold increment compared to 
the control group without antidepressant treatment (Fig. 5E). The 
formation of persisters is also an evolutionary strategy to tolerate 
stress (41). Increases in persister number against antibiotics such 
as ampicillin, norfloxacin, and ciprofloxacin are linked to responses 
to stress (38, 42). In this study, we found antidepressants induced 
stress responses in E. coli, which was evidenced by the upregulation 
of the general stress response regulator rpoS and the umuCD SOS 
stress response genes (SI Appendix, Table S16).

Bacterial toxin–antitoxin (TA) modules are studied in the con-
text of bacterial persister formation (38, 41). In this study, genes 
related to TA modules were also significantly up-regulated follow-
ing exposure to sertraline or duloxetine. Modules including hipA-
hipB, mazF-mazE, yoeB-yefM, and ypjF-yfjZ were significantly 
up-regulated (P < 0.05, q < 0.05), with a highest enhancement of 
7.6-fold (Fig. 5F). In addition, the enhanced stress levels may 
cleave antitoxins and result in the excess of toxins (SI Appendix, 
Tables S16–S19) (43, 44).

Antidepressants Can Affect the Evolution of Persister and 
Resistant Bacteria. Generally, bacterial evolution through gene 
mutations is a slow and incremental process (45). In this study, we 
found that antidepressants can significantly promote the process 
of antibiotic resistance and persistence experimentally. To further 
predict their effects on long-term bacterial evolution, a mathematical 
model was proposed to describe the dynamic changes of the wild-
type strain (i.e., antibiotic-sensitive bacterium), persister, and 
antibiotic-resistant mutant. In the ordinary differential equation 
model, W, P, and R represent the concentration of wild-type, 
persister, and antibiotic-resistant mutant, respectively. μ and d 
are the growth rate and death rate, respectively; η1 and λ1 refer 
to the evolving rate from wild-type to persister and wild-type to 
mutant, respectively; η2 and λ2 refer to the evolving rate from 
persister to wild-type and mutant to wild-type, respectively. Km is 
the environmental carrying capacity. Notably, the persister in the 
model was considered as phenotypically resistant, as no growth or 
death was shown, while antibiotic-resistant mutant was genetically 
resistant.
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The experimentally measured numbers of wild-type (1 to 60 d), 
persister (1 to 5 d), and antibiotic-resistant mutant (1 to 60 d) 
toward ciprofloxacin were applied to calibrate the parameters, 
η1, η2, λ1, and λ2. The growth rate assays were applied to calibrate 
the parameters, μW, μR, dW, and dR. The trajectories of W, P, and 
R showed that when exposed to each antidepressant at their high-
est concentration continuously, wild-type bacteria would evolve 
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to persisters and resistant bacteria (Fig. 6 A and B and 
SI Appendix, Fig. S6). Comparing the calibrated values of 
η1(10−9–10−4), λ1(10−10–10−6) under each condition (SI Appendix, 
Table S20), we found that it was easier for wild-type bacteria to 
become phenotypically persistence than directly evolve to anti-
biotic-resistant mutants. This corresponded with the previous 
findings that bacteria first have adaptive changes to antibiotic 
stress before a change in resistance happened (42), and persister 
is playing a key role in antibiotic-resistant bacteria formation 
(46). In addition, the calculated long-term stable values of wild-
type, persister, and resistant bacteria varied under different con-
ditions. Persister and resistant bacteria number increased with 
the increment of antidepressant concentrations (Fig. 6 C and D). 
Low concentration levels (0.1 mg/L and 1 mg/L) also imposed 

accumulative enhancement on persistence and resistance levels 
during the long-term period.

The Antidepressant Sertraline Promotes Conjugative Plasmid  
Transfer. Multidrug resistance and persistence are the 
phenomenon of single clonal line, we further tracked the 
horizontal transfer of antibiotic resistance induced by the 
antidepressant sertraline. By applying microfluidic and confocal 
microscopy systems, we visualized plasmid conjugation in real 
time at the single-cell level. The time-lapse microscopy images 
showed that in the control group (without the addition of any 
antidepressants), the plasmid pKJK5 was successfully transferred 
to the recipient after 10 min of contact (Fig. 7 A and B). In 
contrast, under exposure to sertraline, the plasmid transfer 

A B

C D

E

F

Fig. 5. Antidepressants sertraline and duloxetine enhance 
bacterial persistence toward antibiotic ciprofloxacin.  
(A) Fold changes of absolute persister number when 
exposing wild-type E. coli to sertraline or duloxetine for 1 
d. (B) Fold changes of ratio of persister number to total cell 
number when exposing wild-type E.  coli to sertraline or 
duloxetine for 1 d. (C) Fold changes of absolute persister 
number when exposing wild-type E. coli to sertraline or 
duloxetine for a consecutive 5 d. (D) Fold changes of ratio 
of persister number to total cell number when exposing 
wild-type E. coli to sertraline or duloxetine for a consecutive 
5 d. (E) Log2 fold changes of key genes/proteins related to 
bacterial persistence global regulator when exposing wild-
type E. coli to 50  mg/L sertraline or duloxetine. Protein 
names are shown in purple font. (F) Log2 fold changes 
of detected genes relating to bacterial toxin–antitoxin 
(TA) modules when exposing wild-type E. coli to 50  mg/L 
sertraline or duloxetine. Data are shown as mean ± SD, n = 
3 independent experiments. Significant differences between 
antidepressant-dosed samples and the non-antidepressant 
control are analyzed by independent sample t test with 
Benjamini–Hochberg multiple comparison testing, *P < 0.05, 
**P < 0.01, ***P < 0.001. See also SI Appendix, Fig. S5.

http://www.pnas.org/lookup/doi/10.1073/pnas.2208344120#supplementary-materials
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process was significantly accelerated, and successful transfer 
was observed within 5 min (Fig. 7 A and C), with the transfer 
rate (r) increased ~4.6-fold (P < 0.001, Fig.  7D). Moreover, 
the number of transconjugants was dramatically increased by 
sertraline (~3.0-fold increase, P < 0.001), demonstrating that 
plasmid conjugation is significantly promoted in the presence 
of sertraline.

Discussion

In this work, we show that the commonly consumed antidepressants 
(e.g., SSRIs and SNRIs) can reduce susceptibility of E. coli to mul-
tiple antibiotics during a 60-d exposure period. Antimicrobial side 
effect of antidepressants and the required exposure time to trigger 
antibiotic resistance might vary, depending on antidepressant types 
and dosages. Strikingly, the antidepressants sertraline and duloxetine 
at clinically relevant concentrations in colon (e.g., 50 mg/L) (15) 
caused an effect after only 1 d of exposure. Compared to the 
non-antidepressant control, the ratio of resistant cell number to 
total cell number reached more than 10,000-fold based on colony 
enumeration. This was even higher than the mutant effects caused 
by several subinhibitory antibiotics, such as nalidixic acid, 

ampicillin, rifampicin, and carbenicillin (47, 48). This was consist-
ent with our previous study, which showed that the antidepressant 
fluoxetine could induce resistance to multiple antibiotics at a con-
centration of 100 mg/L within 1 d of exposure (17). The suscepti-
bility to multiple antibiotics was increased as high as 64-fold based 
on MIC measurements. The resistance mutations showed a stable 
heritance after 33 generations, indicating the antibiotic susceptibil-
ity did not revert to the non-susceptible state even if the exposure 
to antidepressants was removed, which is consistent with previous 
studies (3, 49). In addition to inducing resistance, exposure to ser-
traline and duloxetine for only 1 d also promoted bacterial persis-
tence to the antibiotic ciprofloxacin. The developed persistence may 
help to facilitate the evolution of resistance (6). Unlike sertraline or 
duloxetine, the other three antidepressants (bupropion, escitalo-
pram, and agomelatine) imposed limited effects on resistance, up 
to eightfold at high concentration level (i.e., 100 mg/L) according 
to colony counting, while at medium (10 mg/L) and low (0.1 mg/L, 
1mg/L) concentrations they cannot enhance ratio of resistant cell 
number to total cell number. These resistance traits were also 
heritable.

Based on the phenotypic and genotypic analyses, we found that 
the enhanced ROS generation caused by sertraline and duloxetine 

A B

C D
Fig.  6. Antidepressants sertraline and duloxetine 
affect the evolution of persister and resistant bacteria. 
(A) Simulated trajectories of wild-type, persister, 
and antibiotic-resistant mutant numbers under the 
control condition (without any antidepressant dosage). 
(B)  Simulated trajectories of wild-type, persister, and 
antibiotic-resistant mutant numbers after exposure of 
50 mg/L sertraline. (C) Simulated trajectories of persister 
number after exposure of sertraline or duloxetine with 
different concentrations. (D) Simulated trajectories of 
antibiotic-resistant mutant number after exposure of 
sertraline or duloxetine with different concentrations. 
See also SI Appendix, Fig. S6 and Table S20.

A B

DC

Fig. 7. Real-time visualization of conjugative transfer by gfp-
encoded pKJK5 plasmid. (A) Time-lapse microscopic images 
of conjugative transfer performed in a microfluidic chamber 
without antidepressant (spontaneous) or under the exposure 
of 10 mg/L sertraline. (B) Single-cell time-lapse quantification 
of transconjugant (green-fluorescent cell) number in the 
control group (without antidepressant). (C) Single-cell time-
lapse quantification of transconjugant in the sertraline-
exposed group. (D) Model fitting results of B and C. Nm is the 
predicted maximum transconjugant number, and r is the rate 
of conjugative transfer (transconjugants per minute). For B 
and C, each black line represents transconjugant number 
generated at different time points. The red line is the fitting 
curve of all black lines with standard deviations. The violet 
area is the 95% CI.

http://www.pnas.org/lookup/doi/10.1073/pnas.2208344120#supplementary-materials
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was directly associated with induced resistance (Fig. 8). Under 
anaerobic conditions, ROS generation by the antidepressants 
 sertraline and duloxetine was eliminated, leading to a significant 
reduction in the number of resistant mutants. Genotypically, 
proteins and genes related to ROS, including those for scavenging 
reactive species (AphF and SodBC) (21), activating redox sensors 
(soxR) (50), and regulating the superoxide response (soxS) (51), 
were significantly up-regulated by antidepressants sertraline and 
duloxetine (P < 0.05, q < 0.05). Notably, the other three 
antidepressants with limited effects on ratio of resistant cell 
number to total cell number (up to eightfold) did not alter the 
expression of these genes/proteins. Also, the radical-induced 
altered susceptibility to antibiotics was illustrated by sublethal 
antibiotics, as the formation of reactive species including ROS 
was promoted by antibiotics, and it may contribute directly to the 
evolution of multidrug resistance (52–54). To investigate whether 
selection might have biased antidepressant-increased mutation 
(e.g., by enriching for mutations conferring antibiotic resistance), 
we conducted fluctuation tests (55) by examining the spontaneous 
mutation rate against phage, a phenotype not under selection. The 
spontaneous phage resistance mutation rate of wild-type E. coli 
MG1655 was 7.25 ± 1.75 × 10−9, which was significantly 
(P = 0.003) lower than the one treated with 10 mg/L of sertraline 
(2.00 ± 0.29 × 10−8; SI Appendix, Figs. S7 and S8 and Table S21), 
suggesting that antidepressants indeed induce mutagenesis and 
increase mutation rate.

Efflux pump expression, as one of the main mechanisms for 
expelling antibiotics from the cell and reducing susceptibility to 
antibiotics (26, 30, 56), was stimulated by antidepressants ser-
traline and duloxetine. The activated RND, ABC, and MATE 
systems may link to the significant enhancement of antibiotic 
resistance levels. Maier et al. also showed that human-targeted 

drugs may boost antibiotic resistance by controlling efflux pump 
expression (57). Chromosomally, all tested antidepressants in this 
study can induce nonsynonymous SNPs on the outer membrane 
porin ompT, while sertraline and duloxetine can induce nonsyn-
onymous SNPs in several other genes related to multidrug efflux 
pumps, including marR and acrR. This indicated a close relation-
ship between antidepressants and antibiotic efflux pump  
expression. However, some environmental stresses, such as the 
up-regulated superoxide response regulator soxS, may also result 
in the increased production of the main multidrug efflux pump 
AcrAB (27, 58). More research is needed to demonstrate whether 
antidepressants activate antibiotic efflux pumps directly or via 
over-generated intracellular ROS. In addition, further studies are 
required to test whether the same effects would be seen on other 
microorganisms, for instance, those without an SOS response.

In addition to inducing antibiotic resistance, exposure to 
 antidepressants sertraline and duloxetine at medium and high 
concentrations (10 mg/L and 50 mg/L) also promoted bacterial 
persistence toward ciprofloxacin within 1 d. As ciprofloxacin-re-
sistant bacteria formed much later than the ciprofloxacin per-
sisters, we hypothesized that persistence would evolve to 
resistance with an extended exposure time as previously reported 
(46, 59), and that persistence may also help maintain resistance 
when antidepressant exposure stopped (6). To this end, a math-
ematical model was proposed to simulate the population 
dynamic changes of wild-type, persister, and resistant bacteria 
when exposed to antidepressants. Simulation results indicated 
persister contributed to the evolution of resistant bacteria, with 
a dose-dependent response. Antidepressants sertraline and dulox-
etine with higher concentrations imposed a faster evolution rate 
for wild-type to persister or to resistant bacteria. However, all 
five antidepressants at low concentrations (0.1 mg/L and 1 mg/L) 
could also impose accumulated effects on evolution. Genetically, 
bacterial TA modules are related to persister formation, and we 
found that genes related to TA modules up-regulated when  
challenged with sertraline or duloxetine. This was consistent with 
previous studies that the transcriptomes of persister cells  
showed upregulations of TA modules in E. coli (60, 61). Also, 
the activated efflux pumps, bacterial stress response, and TA 
modules could result in the formation of biofilm, which shows 
a surprising ability to resist and tolerant killing by antibiotics 
(43, 62). Thus, although bacterial evolution is stochastic, anti-
depressant exposure could drive the bacterial evolution toward 
antibiotic resistance, contributing to the emergence of antibiotic 
resistance.

It is also regarded that both persistence and resistance are bac-
terial physiological states that can be triggered by enhanced bac-
terial stress levels and efflux pumps (63, 64). Thus, the enhanced 
persister and resistant bacteria induced by antidepressants may be 
due to the triggered responses to increased stress (including ROS). 
Antidepressants including SSRI and SNRI are shown to possess 
antimicrobial activity, which may associate with the stresses 
imposed on bacteria (65). Moreover, the stress may still exist after 
the exposure of antidepressants, resulting in continuous bacterial 
persistence and heritable resistance, like the effects imposed by 
antibiotics (66). The reductions in bacterial population size (bot-
tlenecks) and varying selection levels imposed by drugs would also 
affect bacterial antibiotic resistance evolution during pharmaceu-
tical treatment (67). Accordingly, the stress levels may be applied 
as an initial screen for the detection of non-antibiotic pharmaceu-
ticals for their inducing antibiotic resistance ability. Notably, as 
the induction of multidrug resistance is antidepressant-dependent, 
this may be due to antidepressant type and chemical structure. 
For example, sertraline, duloxetine, and fluoxetine have significant 

A

B

Fig. 8. Antidepressants induce resistance to multiple antibiotics and enhance 
antibiotic persistence. (A) Overall bacterial evolution with and without 
antidepressant dosage. (B) Possible mechanisms illustrating the process: 
antidepressants increase bacterial intracellular ROS generation, enhance 
bacterial stress response, alter bacterial membrane, activate efflux pumps, 
and stimulate TA modules.
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effects on bacterial multidrug resistance, and they belong to SSRI 
or SNRI. Regarding chemical structure, all these three antidepres-
sants have an amino group in the second from the last carbon 
chain, while bupropion, escitalopram, or agomelatine does not. 
Further studies should evaluate and reveal which of these function 
groups in antidepressants are associated with antibiotic-like char-
acteristics, which might be useful to redesign or repurpose of 
antidepressants.

Although antibiotic resistance has become a major threat to 
human health worldwide, the phenomenon caused by antidepres-
sants has been largely overlooked. In conclusion, our findings 
illustrate how antidepressants induce bacterial resistance and per-
sistence to a range of antibiotics. The bacterial intracellular ROS 
caused by antidepressants plays a key role in antidepressant-in-
duced bacterial evolution toward reduced antibiotic susceptibility. 
The antibiotic persistence helps to maintain bacterial resistance, 
and the persisters could evolve to resistant bacteria during the 
long-term evolutionary process. Also, the promoted plasmid- 
mediated conjugation by antidepressant sertraline at the single-cell 
level indicated antidepressants can facilitate the spread of antibi-
otic resistance through horizontal gene transfer. Collectively, our 
studies implicate antidepressants as a contributing driver of 
increasing antibiotic resistance. The findings might be also useful 
for pharmaceutical factories and public health organizations to 
comprehensively evaluate antimicrobial sides of antidepressants. 
Further studies will be required to validate the antibiotic-like roles 
of antidepressants through employing more bacterial strains or 
conducting in vivo studies of antibiotic resistance spread in the 
gut microbiota.

Methods

Bacterial Evolution under the Exposure of Antidepressants. Wild-type 
E. coli MG1655 (ATCC 700926) from −80 °C was cultivated on Luria-Bertani (LB) 
agar plate to select a single isogenic strain. The selected single isogenic strain 
was then cultured overnight to obtain a concentration of 3 × 108 cfu/mL. The 
bacteria culture was then exposed to five antidepressants during a 60-d aerobic 
evolution. The antidepressants include sertraline, duloxetine, bupropion, escitalo-
pram, and agomelatine. For sertraline and duloxetine, final concentrations were 
0.1, 1, 10, 50 mg/L, and 0.1, 1, 10, 50, 100 mg/L were applied for bupropion, 
escitalopram, and agomelatine, which were clinically or environmentally relevant 
concentrations (15, 57, 68). The concentration of antidepressants was grouped 
as low level (0.1  mg/L and 1  mg/L), medium level (10  mg/L), and high level 
(50 mg/L and 100 mg/L). During the evolution period, 40 μL of the overnight 
grown wild-type E. coli was inoculated to 3.96 mL LB broth containing various 
concentrations of antidepressants. After incubation for 24 h (Day 1), 40 μL of the 
bacteria was transferred to 3.96 mL fresh LB broth containing the antidepressant 
with the same concentration as on the previous day and incubated for another 
24 h (Day 2). The same transfer and culture process was repeated for 60 d (Day 1 to 
Day 60). Exceptionally, under the exposure of 50 mg/L sertraline and duloxetine, 
it took 3 d for wild-type E. coli to grow to the concentration of 108 cfu/mL. To make 
it consistent, the 3-d exposure to 50 mg/L sertraline and duloxetine was noted 
as Day 1, and the later transfer was completed every 24 h after Day 1. All of the 
incubation condition was 100 rpm at 30 °C.

Wild-type E. coli evolution was also conducted under a 5-d anaerobic condition. 
The single isogenic wild-type E. coli MG1655 was exposed to 50 mg/L sertraline 
and duloxetine. The evolution under the anaerobic condition was the same as the 
aerobic condition, except that oxygen in LB or phosphate buffered saline (PBS) 
was depleted and the experiments were conducted in an anaerobic chamber (Coy 
Laboratory Products Inc., United States).

Determinations of Antibiotic-Resistant Mutants and Ratio of Resistant 
Cell Number to Total Cell Number. Antibiotics chloramphenicol, tetracycline, 
amoxicillin, and ciprofloxacin were applied to select the antibiotic-resistant 

mutants. These antibiotics belong to different categories, namely phenicol, 
tetracycline, β-lactam, and quinolone, respectively. In detail, LB agar plates con-
taining either 16 mg/L chloramphenicol, 4 mg/L tetracycline, 8 mg/L amoxicil-
lin, or 0.08 mg/L ciprofloxacin were employed to count the number of mutants 
toward corresponding antibiotics. The concentrations of these selective antibiot-
ics were determined according to the colony number from the wild-type E. coli 
(control group, 108 cfu/mL). Generally, one–ten colonies could grow on these 
antibiotic-selective plates. During the exposure to antidepressants, the number 
of antibiotic-resistant mutants was determined by enumerating colonies on anti-
biotic-selective plates. In order to remove the antidepressants in LB broth, the 
bacteria was washed twice with PBS and resuspended in the same volume of PBS, 
before plating onto antibiotic-selective plates. For all the plating, 100 μL bacteria 
was applied (except when more than 500 colonies were grown on the plates, and 
serial dilution was applied). The incubation condition for antibiotic-selective plates 
was 30 °C for 48 h. Antibiotic-resistant mutants were counted on Day 1, 2, 3, 5, 10, 
15, 20, 25, 30, 35, 40, 50, and 60. The corresponding optical density at 600 nm 
(OD600) values was measured, and the total bacterial number was calculated based 
on the relationship between OD600 and bacteria colony-forming unit.

MICs Testing toward Multiple Antibiotics. The MIC was determined by micro-
broth dilution of OD600 values as described previously (69, 70). The MIC toward 
the corresponding antibiotic was determined as the lowest concentration that no 
growth of strains was detected. The antibiotic-resistant mutants were randomly 
picked from the antibiotic-selective plates, when the corresponding ratio of 
resistant cell number to total cell number increased significantly. The antibiotics 
for MIC testing included amoxicillin, ampicillin, cephalexin, chloramphenicol, 
ciprofloxacin, colistin, erythromycin, kanamycin, levofloxacin, norfloxacin, roxithro-
mycin, tetracycline, and trimethoprim. These antibiotics covered all of the typical 
antibiotic classes (71). Fold changes of MIC for mutant strains were compared 
with the wild-type E. coli strain. MIC fold changes higher than four folds were 
defined as significant enhancement. All MIC assays were performed at least in 
biological triplicate.

Antibiotic Resistance Hereditary Stability Detection. To test whether the 
antibiotic resistance exhibited is heritable, the randomly selected mutant colonies 
were cultivated in 5 mL LB broth without any antibiotic or antidepressant. After 
1 d of culturing at 37 °C, 1% of the bacterial inoculum was transferred to fresh 
5 mL LB broth without any antibiotic or antidepressant. Following 5-d transfer 
and culture, the MICs were tested based on the method above and labeled as 
MIC-D5. The MICs-D5 were compared with the initial MICs, to determine whether 
any significant variations were shown.

Persister Generation during the Evolution. Persister cells were measured 
under the exposure of 0.1, 1, 10, 50 mg/L sertraline and duloxetine during 
a 5-d evolution. Bacteria was cultured and transferred every 24 h for a con-
secutive 5 d, except when exposed to 50  mg/L sertraline and duloxetine, 
as described above. After 1, 2, 3, and 5-d exposure to antidepressants, the 
bacteria was washed twice with PBS to remove the remaining antidepres-
sants, and the total bacterial number was counted on LB agar plates. Then, 
the antidepressant-treated bacteria were cultured in LB broth without any 
antibiotic, or with 5 × MIC of ciprofloxacin (2.5 mg/L). After culturing at 30 °C 
100 rpm for 24 h or 48 h, samples were washed twice with PBS to remove 
the remaining ciprofloxacin before plating on LB agar plates without any 
ciprofloxacin. Following incubation at 30 °C for 48 h, the colony number was 
counted, which included both the persister and mutant toward ciprofloxacin. 
The persister cell numbers were obtained by deducting the corresponding 
mutant number (40, 59).

Measurement of Intracellular ROS Generation under the Exposure of 
Antidepressants. Bacterial intracellular ROS generation and cell membrane 
permeability were measured after the exposure to antidepressants. As bacte-
ria generate ROS in a quick way, the ROS was measured after 2-h exposure to 
antidepressants by applying 2′- 7′-DCFDA dye as described previously (17). A 
CytoFLEX S flow cytometer (Beckman Coulter, United States) was applied for the 
measurement. In addition, the ROS generation caused by antidepressants under 
anaerobic conditions was measured, by depleting oxygen and employing an 
anaerobic chamber (Coy Laboratory Products Inc., United States).
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Whole-Genome DNA Sequencing of Mutant Strains and SNPs Calling. 
Genome-wide bacterial DNA sequencing was applied to locate where the SNP 
happened. Both the bacterial population and single strain were sequenced. For 
bacterial population sequencing, bacterial genomic DNA was extracted from the 
population exposed to 50 mg/L sertraline or duloxetine, or 100 mg/L bupropion 
or escitalopram or agomelatine, while the genomic DNA from wild-type E. coli 
MG1655 was the control. For single strain sequencing, bacterial genomic DNA was 
extracted from wild-type E. coli MG1655 (control) and antidepressant induced mutant 
strains. The mutant strains included the colonies grown on: a) chloramphenicol-
selective plates after 1-d exposure to 50 mg/L sertraline, b)  tetracycline-selective 
plates after 1-d exposure to 50  mg/ L  sertraline, c)  chloramphenicol-selective 
plates after 30-d exposure to 50  mg/L  sertraline, d)   chloramphenicol-selective 
plates  after 30-d exposure to 50  mg/L  duloxetine, e)  chloramphenicol-selective 
plates after  30-d  exposure to  100  mg/L bupropion, f)  chloramphenicol-selective 
plates after 30-d exposure to 100 mg/L escitalopram, g) chloramphenicol-selective 
plates after 60-d exposure to 1 mg/L sertraline, h) tetracycline-selective plates after 
60-d exposure to 1 mg/L sertraline, i) chloramphenicol-selective plates after 60-d 
exposure to 50 mg/L sertraline, j) tetracycline-selective plates after 60-d exposure to 
50 mg/L sertraline, k) ciprofloxacin-selective plates after 60-d exposure to 50 mg/L 
sertraline, and l) amoxicillin-selective plates after 60-d exposure to 50 mg/L sertraline. 
On each selective plate, three colonies were randomly picked and sequenced.

Bacterial genomic DNA was extracted and sequenced, followed by the SNP 
calling according to the standard best practice guide of Genome Analysis Toolkit 
(GATK, v4.1.4.1) (72). The obtained SNPs in each mutant strain were compared 
with those in the biological triplicate control group, and different nonsynony-
mous SNPs were regarded as where mutation happened. The details are shown 
in SI Appendix, Text S1.

Whole-Genome mRNA Sequencing under the Exposure of Antidepressants. 
Genome-wide RNA sequencing was employed to track differences of gene expres-
sion of E. coli MG1655 when challenged with antidepressants. In detail, wild-type 
E. coli MG1655 was exposed to 50 mg/L antidepressants, sertraline, duloxetine, 
bupropion, escitalopram, and agomelatine, separately, for sertraline, in addition 
to 50 mg/L, 1 mg/L was also applied. The condition without any antidepressant 
dosage was the control. As bacteria respond quickly to external stress on the 
transcriptional level, an exposure time of 2 h was applied based on previous 
studies (17, 73).

In addition to the comparison group above, another comparison group was 
established to track whether the long-term exposure to antidepressants would 
affect bacterial transcriptional responses. Specifically, sertraline-induced mutants 
were selected, including the colonies grown on chloramphenicol, tetracycline, 
amoxicillin, or ciprofloxacin-selective plates after 60-d exposure to 1  mg/L or 
50 mg/L sertraline, and the strains were the same as the ones for DNA sequencing. 
The mutant strains were exposed to 50 mg/L sertraline, in contrast, the condition 
without any sertraline exposure was the control. The exposure time was 2 h.

For both the comparison groups, after 2-h exposure to corresponding antide-
pressants, bacterial total RNA was extracted and sequenced as described previously 
(74). Gene expression levels between the antidepressant-dosed samples and the 
corresponding control sample were compared based on the bioinformatic pipeline 
reported in previous studies (75, 76). The details are shown in SI Appendix, Text S2.

Genome-Wide Proteomic Analyses under the Exposure of Antidepressants. 
Proteomics analyses were conducted to reveal bacterial responses toward antide-
pressants on the translational level. Similar to the transcriptional analyses, two 

comparison groups were established. An exposure time of 8 h was applied based 
on previous studies (73, 77).

Bacterial total protein was digested, sequenced, and analyzed as described 
previously (70, 78). Abundance ratios of each protein between antidepres-
sant-dosed samples and the corresponding control sample were calculated. The 
details are shown in SI Appendix, Text S3.

Quantifying Mathematical Modeling Parameters and Model Simulation. 
Growth rate μ and death rate d of wild-type and antibiotic-resistant mutant bac-
teria were determined by measuring the growth curves under the exposure of 
various concentrations of antidepressants. Growth rates were calculated according 
to the modified Gompertz Model (79), and Curve Fitting Tool in MATLAB 2016b 
was applied (73) (results are shown in SI Appendix, Table S20). The details of 
measurement are shown in SI Appendix, Text S4.

During the model simulation, the global optimal values of parameters η, λ, 
and σ were calculated by ode45 function and genetic algorithm solver in the 
optimization toolbox 7.3 of MATLAB 2016b (80, 81).

Plasmid-Mediated Conjugation at the Single-Cell Level. Microfluidic and 
confocal microscopy systems were applied to real-time visualize the conju-
gation process at the single-cell level, according to our previous work (82). 
The donor E. coli MG1655 carried pKJK5 plasmid encoding gfp fluorescence 
and its chromosome (at attTn7 site) was specifically integrated with the Tn7 
lacIq-pLpp-mCherry-KmR region, which enables the donor to encode consti-
tutive red fluorescence. The gfp gene was inserted into the plasmid pKJK5 
and was under the control of a promoter operator repressed by lacIq operon. 
In this case, the donor strain only expresses red fluorescence. Once success-
ful transfer of plasmid pKJK5 to the recipient cells, gfp gene expression is 
de-repressed and enables the new host to be green-fluorescent cells (become 
transconjugants).

Statistical Analysis. All the experiments were conducted independently at least 
in biological triplicate. Mean ± SD was shown on all figures. SPSS for Mac version 
25.0 was applied for data analysis. We applied independent sample t tests and 
“Benjamini–Hochberg” correction method for multiple comparisons (83). P values 
less than 0.05 were considered to be statistically significant.

Data, Materials, and Software Availability. All data generated during this 
study are available in publicly accessible databases. DNA sequencing data are 
accessible through Sequence Read Archive of NCBI (BioProject accession num-
ber PRJNA832085). RNA sequencing raw data are accessible through Gene 
Expression Omnibus of NCBI with accession number GSE201666. The mass 
spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE (84) partner repository with the dataset identifier 
(PXD033554).
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