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Tackling antibiotic resistance by inducing
transient and robust collateral sensitivity

Sara Hernando-Amado 1 , Pablo Laborda 1,2,3 & José Luis Martínez 1

Collateral sensitivity (CS) is an evolutionary trade-off traditionally linked to the
mutational acquisition of antibiotic resistance (AR). However, AR can be
temporally induced, and the possibility that this causes transient, non-
inherited CS, has not been addressed. Mutational acquisition of ciprofloxacin
resistance leads to robust CS to tobramycin in pre-existing antibiotic-resistant
mutants of Pseudomonas aeruginosa. Further, the strength of this phenotype is
higher when nfxB mutants, over-producing the efflux pump MexCD-OprJ, are
selected. Here, we induce transient nfxB-mediated ciprofloxacin resistance by
using the antiseptic dequalinium chloride. Notably, non-inherited induction of
AR renders transient tobramycin CS in the analyzed antibiotic-resistant
mutants and clinical isolates, including tobramycin-resistant isolates. Further,
by combining tobramycin with dequalinium chloride we drive these strains to
extinction. Our results support that transient CS could allow the design of new
evolutionary strategies to tackle antibiotic-resistant infections, avoiding the
acquisition of AR mutations on which inherited CS depends.

Antibiotic resistance (AR) of bacterial pathogens constitutes a major
threat to human health. Among bacteria causing the greatest concern,
Pseudomonas aeruginosa stands out1,2. This bacterium is an opportu-
nistic pathogen causative of nosocomial infections, as well as of
chronic infections in patients suffering from chronic obstructive pul-
monary disease or cystic fibrosis3–5. P. aeruginosa presents a low
intrinsic susceptibility to different antibiotics6,7 and, in addition, it can
increase its level of resistance through the acquisition of mutational
changes8,9. Among the different AR determinants of P. aeruginosa,
multidrug efflux pumps should be highlighted, since they contribute
to intrinsic, acquired, and transient AR10–13.

Expression of efflux pumps encoding genes is usually low under
regular growing conditions. However, antibiotic-resistant isolates
overexpressing them, as the consequence of mutations in genes
encoding their regulators, are frequently isolated from patients under
treatment. In addition, the expression of multidrug efflux pumps
encoding genes can be transiently triggered in the presence of specific
effectors that bind said regulators14–19. In the case of MexCD-OprJ of P.
aeruginosa, the operon encoding this efflux pump is overexpressed
when loss-of-function mutations in the gene that encodes its local

repressor, nfxB20, are acquired. In addition, mexCD-oprJ is over-
expressed when inducer compounds, such as benzalkonium chloride,
dequalinium chloride, tetraphenylphosphonium chloride, chlorhex-
idine, ethidium bromide, rhodamine 6G, as well as the antimicrobial
human peptides LL-37, procaine or atropine, temporally induce its
expression, possibly by binding NfxB13,21–24.

MexCD-OprJ overproduction provides resistance to tetracyclines,
chloramphenicol, and quinolones (i.e., ciprofloxacin)25,26. Hence, the
presence of inducersmight compromise the efficacy of the antibiotics
that are substrates of this efflux pump. In particular, the potential risk
associated with the utilization of antiseptics, disinfectants, and anes-
thetics, commonly used in hospitals, due to the transient induction of
ciprofloxacin resistance in P. aeruginosa they render, has been
highlighted13. However, it is also well known that nfxB loss-of-function
mutants over-expressing mexCD-oprJ present an inherited collateral
sensitivity (CS) to aminoglycosides (i.e., tobramycin) and β-lactams
(i.e., aztreonam)20,27,28. It has been proposed that the molecular cause
behind CS to aminoglycosides inmexCD-oprJ-overexpressing mutants
is a reduction of the amount of the outer membrane protein OprM,
which forms part of the aminoglycosides’ efflux pumpMexXY20. Since
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CS to aminoglycosides robustly emerges after ciprofloxacin exposure,
it has been proposed that this phenotype could be exploitable for the
improvement of treatments against P. aeruginosa infections20,27–29.
Therefore, here we analyze if it would be possible to temporarily
induce and exploit transient CS to tobramycin associated with the
transient overproduction of MexCD-OprJ.

CS is a trade-off of AR evolution by which the acquisition of
resistance to an antibiotic leads to an increased susceptibility to
another30,31. While some cases of CS associated with the acquisition of
AR genes by horizontal gene transfer have been described32, most
works in the field have focused on mutational resistance30,31,33,34. Dif-
ferent adaptive laboratory evolution (ALE) assays have been per-
formed to analyze the possible combination35–37 or alternation of drug
pairs27,38–40. However, the fact that different patterns of CS emerge in
replicate populations of a single genetic background submitted to ALE
in presence of the same drug41–43, complicates the applicability of this
evolutionary trade-off. Further, different isolates of P. aeruginosa,
including antibiotic-resistantmutants,may be present in cystic fibrosis
patients after exposure to antimicrobial therapies8,9,44; each one could
present a different CS pattern when challenged with the same drug45.
This is because pleiotropic and epistatic phenomena determine fitness
costs associated with the acquisition of AR and therefore, the possible
mutations—and the associated trade-offs—that can be selected in a
specific genetic background46–49. Therefore, the existence of different
genetic backgrounds limits the clinical exploitation of CS to those
cases inwhicha robustpattern of CS emergeswhen adrug is used. This
conservation may occur due to parallel evolution50, although resis-
tance to a specific antibiotic in different genetic backgrounds more
often occurs by the acquisition of different genetic variations. There-
fore, it would be unlikely—although very desirable—that all of them
present the same pattern of CS.

In this regard, we have recently identified a robust tobramycin CS
associated with the acquisition of different ciprofloxacin resistance
mutations in varied pre-existing antibiotic-resistant mutants of
P. aeruginosa28. The same robust CS pattern was also found in clinical

isolates of P. aeruginosa presenting different genomic backgrounds
andmutational resistomes29. Themutations involved in thisphenotype
were acquired in ciprofloxacin target encoding genes gyrAB (encoding
the DNA gyrase)51–55 and in nfxB or mexS genes (encoding negative
regulators of the expression of mexCD-oprJ and mexEF-oprN, respec-
tively, which encode efflux pumps that extrude ciprofloxacin)26,53,56–58.
Notably, the strength of CS to tobramycin, an antibiotic that, as
ciprofloxacin, forms part of usual therapies against P. aeruginosa
infections59, was higher in the genetic backgrounds that acquired
mutations in nfxB28. In fact, it has been suggested that the phenotypic
convergence towards CS to aminoglycosides observed in clinical iso-
lates of P. aeruginosamay be mainly associated with the acquisition of
genetic variations in nfxB27,58,60.

The exploitation ofCS, as explored so far, requires the selectionof
antibiotic-resistant mutants to a first drug30. A seminal work has
identified promising combination therapies making use of anti-
microbial peptides, as they enhance the activity of other antibiotics
and slow down the de novo evolution of resistance61. However, selec-
tion of resistant mutants—even presenting CS to a second drug—car-
ries a risk if thesemutants are not efficiently eradicated by the second
antibiotic of the pair. This risk could be eliminated by temporarily
inactivating the proteins encoded by those genes whose mutations
lead to acquired AR and CS. The reason is that, in this situation,
selection of resistant mutants would not be a requirement to achieve
CS (Conceptual Fig. 1).

In this work we transiently force the mentioned nfxB-mediated
mechanism of ciprofloxacin resistance in our set of PA14 isogenic
mutants and in a set ofP. aeruginosa clinical strains, using an inducerof
the expression of mexCD-oprJ13. Among the possible inducers we
choose dequalinium chloride (DC), since it presents many pharmaco-
logical and therapeutic benefits, including its antiseptic and disin-
fectant capacities62–64, its anticancer properties65–69, as well as its
antiparasitic and antiviral activities70,71. We test whether a temporary
and robust CS to tobramycin could emerge in different P. aeruginosa
strains, including antibiotic-resistant mutants, when DC was present.

Fig. 1 | Conceptualfigure showing acquiredor inducible collateral sensitivity to
tobramycin associated with stable or transient over-production of the efflux
pumpMexCD-OprJ. Expression ofMexCD-OprJ efflux pumpencoding genes is low
under regular growing conditions. However antibiotic-resistant isolates over-
producing it, due to the acquisition of loss-of-function mutations in the gene that
encodes its negative regulator, nfxB, are selected in the presence of ciprofloxacin,
presenting inherited resistance to ciprofloxacin and collateral sensitivity to

tobramycin. In addition, transient resistance to ciprofloxacin can be temporally
induced by different compounds, such as dequalinium chloride, that cause a
temporal—non-inherited—overexpression of mexCD-oprJ. In this situation, we
hypothesize that transient collateral sensitivity to tobramycin could emerge and
that it could be possible exploiting it, reducing the risk of selecting antibiotic-
resistant mutants which precedes the acquisition of stable CS.
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Our findings show the existence of transient CS to antibiotics as the
result of non-inherited AR, which is not associated with the fixation of
genetic variations. In addition, we demonstrate that transient CS may
drive antibiotic-resistant mutants and clinical strains of P. aeruginosa
to extinction.

Results
Dequalinium chloride induces a robust and transient tobramy-
cin hyper-susceptible state in antibiotic-resistant mutants of
P. aeruginosa
Using a set of pre-existing antibiotic-resistantmutants of P. aeruginosa
PA14 containing single (nfxB177, parR87, orfN50, mexZ43) or multiple
mutations (MDR6 and MDR12) (Supplementary Table 1), we recently
described that the mutational acquisition of ciprofloxacin resistance
renders a robust CS to tobramycin28. In particular,mexS variants were
selected in the model strain PA14 and in mexZ43, parR87, and MDR6
mutants, gyrAB variants were selected in nfxB177 and MDR12 mutants,
and nfxB variants were selected in orfN50,mexZ43, parR87, andMDR12
mutants. Importantly, genetic variations innfxB led to the strongest CS
to tobramycin. Unfortunately, mutations in this gene are not the ones
more likely selected in some of the analyzed genetic backgrounds, due
to historical contingency. This means that, under ciprofloxacin selec-
tive pressure, some of the selected mutants will become less suscep-
tible to tobramycin than they would have been if they had acquired
mutations in nfxB. Therefore, we decided to avoid the effect of genetic
background in shaping the evolution of ciprofloxacin resistance (and
of CS to tobramycin) by specifically inducing a nfxB-mediated cipro-
floxacin resistance transient status13 in the mentioned set of mutants,
using the antiseptic DC.

To analyze the capacity of DC to induce CS to tobramycin and
confirm its capacity to induce resistance to ciprofloxacin, as previously
described13, we determined the ciprofloxacin and tobramycin minimal
inhibitory concentrations (MICs) in the presence or absence of this
compound, in the seven genetic backgrounds. MIC variations (deter-
mined usingMIC test strips, that allow the discrimination of small MIC
changes) above or below an increase or a decrease of 2-fold, respec-
tively, indicated biologically relevant variations of resistance, as pre-
viously described28,72. As expected, DC caused a transient induction of
ciprofloxacin resistance in all the genetic backgrounds analyzed, with
exception of the already ciprofloxacin-resistantmutant nfxB177, which
stably overexpresses mexCD-oprJ (Fig. 2; Table 1). In particular, cipro-
floxacin MIC increased 11.7-fold in PA14, 8-fold in orfN50, 5.3-fold in
parR87, 2.6-fold in mexZ43 and in MDR12 or 2-fold in MDR6. Interest-
ingly, resistance levels were considerably below the ones previously
observed after ALE in the presence of ciprofloxacin28 (Fig. 3): up to

128-fold in parR87, 48-fold in mexZ43, 46.9-fold in PA14, 24-fold in
MDR6, 16-fold in nfxB177, 15.8-fold in orfN50, or 10.5-fold in MDR12.
This indicates that the use of DC is less risky than that of ciprofloxacin
since it does not only reduce the levels of ciprofloxacin resistance that
are acquired, but AR is also transient and non-inheritable.

Then, we tested whether transient induction of nfxB-mediated
ciprofloxacin resistance could lead to transient CS to tobramycin
(Conceptual Fig. 1). In agreement with our hypothesis, DC caused a
transient induction of CS to tobramycin in all the genetic back-
grounds analyzed with exception of the aforementioned loss-of-
function mutant nfxB177 (Fig. 2; Table 1). In particular, tobramycin
MIC decreased up to 6-fold in MDR12, 4-fold in parR87 and in orfN50,
2.6-fold in mexZ43, and in MDR6 or 2-fold in PA14. It is important to
mention that 2 out of the 7 analyzed genetic backgrounds were ori-
ginally resistant to tobramycin (MIC higher than 2 µg/ml) and 3
genetic backgrounds were close to resistant to tobramycin (MIC of
2 µg/ml), following the criteria of the European Committee on Anti-
microbial Susceptibility Testing. Moreover, we observed a decrease
of tobramycin MICs similar, or even higher, than those selected in
ALE assays in the presence of ciprofloxacin28 (Fig. 3): a decrease up to
6-fold in orfN50, 3-fold in parR87 andMDR6, 2.6-fold in PA14 or 2-fold
in nfxB177, mexZ43 and MDR12. This suggests that it is not only
possible to induce CS to tobramycin by using DC in all the genetic
backgrounds analyzed (with exception of the mutant nfxB177) but
that the strength of this phenotype is improved in some genetic
backgrounds, such as mexZ43, parR87, or MDR12, as compared with
the one observed in ciprofloxacin-resistant mutants. It is also
important to highlight that while the acquisition of CS to tobramycin
associated with the use of ciprofloxacin depends on the acquisition
of high-level stable, inherited, ciprofloxacin resistance, induction of
CS to tobramycin associated with the use of DC depends on more
moderate levels of transient, non-inherited, ciprofloxacin resistance.
These results also indicate that, while stable CS to tobramycin in
somemutational backgrounds would be linked to important levels of
stable, inherited, resistance to ciprofloxacin, depending on the pos-
sible mutations they may acquire, the induction of transient and
fairly mild nfxB-mediated resistance to ciprofloxacin in all of them
renders an improved CS to tobramycin (Fig. 3).

Dequalinium chloride induction of CS is robust and specific for
aminoglycosides
It has been described that several pharmacological properties and
therapeutic benefits of DC are due to its capacity to interfere with the
activity of diverse proteins73. Therefore, to analyze whether the effect
of DC on susceptibility to tobramycin is specific (and also occurs for

Fig. 2 | Robustness of collateral sensitivity to aminoglycosides in PA14 and
different resistant mutants in the presence of dequalinium chloride. Suscept-
ibility to antibiotics from different structural families was analyzed in PA14 wild-
type strain and in the genetic backgrounds parR87, orfN50, nfxB177, mexZ43,
MDR6, and MDR12 in the presence or absence of DC. Intensity of the color is
proportional to the log-transformed fold change of MIC in the presence of DC
regarding theMIC of the respective parental strain in the absence of DC and values

are indicated in the figure. Changes of MICs above or below an increase or a
decrease of 2-fold, respectively, were considered biologically relevant to classify a
population as “resistant” (purple) or “susceptible” (yellow), as previously
described28. MIC values (µg/ml) are included in Table 1. CIP: ciprofloxacin, TOB:
tobramycin, AMK: amikacin, GEN: gentamycin, ATM: aztreonam, CAZ: ceftazidime,
IPM: imipenem, PIP: piperacillin, FOF: fosfomycin, TET: tetracycline, CST: colistin,
PMB: polimixin B, ERY: erythromycin.

Article https://doi.org/10.1038/s41467-023-37357-4

Nature Communications |         (2023) 14:1723 3



other aminoglycosides) or whether it can increase susceptibility to
drugs from different structural families, we analyzed the MICs of a
battery of antibiotics in presence or absence of this compound, in the
seven aforementioned genetic backgrounds.

Firstly, we observed that DC also induces CS to other ami-
noglycosides, as amikacin and gentamycin (Fig. 2; Table 1). In par-
ticular, amikacin MIC decreased up to 10.6-fold in MDR12, 5.3-fold
in parR87 and mexZ43, 4-fold in orfN50 and MDR6, and 2-fold in
PA14, while no changes of MIC were observed in nfxB177. These
data support that the induction caused by DC of CS to amikacin, as

previously observed for tobramycin, is nfxB-mediated. It is impor-
tant noticing that the highest decrease of amikacin or tobramycin
MICs associated with the presence of DC occurred in the genetic
backgrounds MDR12 (up to 10.6- or 6-fold, respectively) and
parR87 (up to 5.3- or 4-fold, respectively), indicating the relevant
role of genetic background in shaping the strength of transient CS.
Gentamycin MIC decreased up to 10.5-fold in PA14, 8-fold in
MDR12, 7.9-fold in parR87, 4-fold in mexZ43, 3-fold in orfN50 and
2.6-fold inMDR6. However, gentamycinMIC decreased up to 4-fold
of in nfxB177, suggesting that the induced CS to this aminoglyco-
side caused by DC in the different genetic backgrounds may be due
to other causes beyond those directly related to NfxB.

Secondly, DC did not cause CS to antibiotics fromother structural
families (ceftazidime, imipenem, piperacillin, fosfomycin, tetracycline,
erythromycin) in any of the genetic backgrounds analyzed (Fig. 2;
Table 1) with the exception of the mutant MDR6, which presented
increased susceptibility to both, tetracycline and erythromycin. In
addition,weobserved an aztreonamMICdecrease up to 2-fold in PA14,
mexZ43, orfN50, and MDR6, but no changes in parR87, MDR12, or
nfxB177 (Fig. 2; Table 1). Since ciprofloxacin resistance mutations in
nfxB may also cause CS to aztreonam28, this induction of CS to
aztreonam by DC in some of genetic backgrounds, and not in nfxB177,
may also be nfxB-mediated by DC.

Finally, sinceDCmight perturb the cellularpermeability73, itmight
be possible that this potential alteration, if it existed, impacted the
susceptibility to cationic peptides, as colistin and polymyxin B. To
address this possibility, we determined the MICs of those compounds
in the presence and absence of DC, in the seven genetic backgrounds.
No changes in MIC to these antibiotics were observed (Fig. 2; Table 1).
These results support that the observed CS to tobramycin (and to
other aminoglycosides) associated with the use of DC is not the result
of alterations of the permeability of the bacterial membrane, at the DC
concentration tested.

All together, these results indicate that the temporary nfxB-
mediated resistance to ciprofloxacin caused by DC is also accom-
panied by an increased susceptibility to aminoglycosides (i.e., tobra-
mycin) and, in some cases, to β-lactams (i.e., aztreonam), as it has been
described in the case of stable, inherited, nfxBmutations20,27,28.

Evolutionary strategies based on transient and robust collateral
sensitivity to drive pre-existing P. aeruginosa antibiotic-
resistant mutants to extinction
As shownabove,wehavedemonstrated that it is possible to transiently
produce a robust CS to tobramycin in different pre-existing antibiotic-

Table 1 | MIC values (µg/ml) of antibiotics from different structural families in absence (−) or presence (+) of 10μg/ml of
dequalinium chloride in PA14 and different P. aeruginosa antibiotic-resistant mutants

CIP TOB AMK GEN ATM CAZ IPM PIP FOF TET CST PMB ERY

−DC PA14 0.064 1 2 2 3 1 1 2 48 16 2 2 256

parR87 0.19 2 8 3 2 1 1.5 3 48 16 2 1.5 >256

orfN50 0.125 3 6 3 8 3 1.5 6 8 32 3 1.5 >256

nfxB177 2 0.5 1 0.5 1.5 1.5 0.25 2 24 48 2 2 >256

mexZ43 0.19 2 4 2 3 1 0.75 2 32 16 2 2 >256

MDR6 0.125 2 8 2 1.5 0.75 0.5 2 24 32 6 4 128

MDR12 0.38 48 >256 64 1.5 0.5 0.75 3 32 16 8 12 >256

+DC PA14 0.75 0.5 1 0.19 1.5 1.5 1 2 48 12 3 1.5 192

parR87 1 0.5 1.5 0.38 2 1 1 2 48 12 2 1.5 >256

orfN50 1 0.75 1.5 1 4 3 1.5 4 8 24 2 2 >256

nfxB177 2 0.5 1 0.125 1.5 1.5 0.19 1.5 24 32 2 2 >256

mexZ43 0.5 0.75 0.75 0.5 1.5 0.75 0.75 2 32 12 1.5 2 >256

MDR6 0.25 0.75 2 0.75 0.75 0.75 0.75 1.5 24 12 6 3 8

MDR12 1 8 24 8 1 0.5 0.75 2 32 16 8 12 >256

Fig. 3 | Comparison of the effect of mutational or DC-induced acquisition of
ciprofloxacin resistance on tobramycin collateral sensitivity in different iso-
genic P. aeruginosa antibiotic-resistant mutants. We previously showed that
mutational acquisition of ciprofloxacin resistance is associated with tobramycin
CS28. The graph compares the changes inMICsofmutant strains selected inpresence
of ciprofloxacin with the changes in MICs of strains grown in presence of DC. Since
four populations of each strain were analyzed, the figure shows data of the popu-
lations presenting largest changes in MIC. The changes in ciprofloxacin (light blue)
and tobramycin (light green) MICs of PA14 wild-type strain and different resistant
mutants (parR87, orfN50, nfxB177, mexZ43, MDR6, and MDR12) after ALE in the
presenceof ciprofloxacin respect to thoseones beforeALE28 are shown. The changes
in ciprofloxacin (dark blue) and tobramycin (dark green) MICs, represented as fold
change, in the presence ofDC respect to those in the absence ofDC (due to transient
ciprofloxacin and tobramycin resistance and CS, respectively) are shown. As can be
seen, transient, induced ciprofloxacin and tobramycin resistance and CS, respec-
tively, were observed for all strains except for thenfxB177mutant. This supports that
DC induces a tobramycin CS state by principally acting on the NfxB repressor.

Article https://doi.org/10.1038/s41467-023-37357-4

Nature Communications |         (2023) 14:1723 4



resistant mutants of P. aeruginosa PA14 (Fig. 2; Table 1). Given that we
have recently described, using these mutants and clinical strains of P.
aeruginosa, that it is possible to exploit CS to tobramycin associated
with inherited resistance to ciprofloxacin28,29 and having in mind a
previous work that indicated the efficacy of aminoglycosides to era-
dicate quinolone-resistant populations of P. aeruginosa from the lungs
of CF patients27, we tested the possibility of alternating or combining
DC with tobramycin to drive the mentioned pre-existing antibiotic-
resistant mutants to extinction.

Our first strategy consisted in a first step on DC, to drive the
analyzed mutants towards a state of transient CS to tobramycin, and
a second step on tobramycin, which could drive induced tobramycin-
susceptible cells to extinction (Fig. 4). Since it is known that CS may
also optimize combinatory therapy35 and we previously demon-
strated that the combination of tobramycin with ciprofloxacin, the
drug driving CS to the first one, is very effective in driving
tobramycin-susceptible cells to extinction28,29, our second strategy
consisted in a single step in the presence of the DC-tobramycin
combination (Fig. 4).

We performed ALE assays with the genetic backgrounds that
showed CS to tobramycin in the presence of DC (PA14, parR87, orfN50,
mexZ43, MDR6, and MDR12) and with nfxB177, which did not show DC-
induced CS to tobramycin, as a control (Fig. 2; Table 1). We grew the 28
populations, four replicate populations of each genetic background, in
thepresenceofDCduringoneday.At thispoint,we switched fromDCto

tobramycin in the 28 populations (Fig. 5A) and continue growing these
populations during three days (see Methods). In addition, we grew 28
control populations in the absence of any compound, 28 control
populations in the presence of DC, and 28 control populations in the
presenceof tobramycin, during four days. As shown in Fig. 5A, only 2 out
of 28 populations submitted to short-term ALE in the presence of
tobramycin after DC exposure became extinct. These results indicate
that exploiting transient CS to tobramycin associatedwith the use of DC
by switching from this compound to tobramycin will probably be inef-
ficient in driving P. aeruginosa to extinction, at least for the mutational
backgrounds here analyzed. This result might be due to a rapid loss of
induction after DC is removed. Indeed, we have previously shown that
the DC-mediated induction of mexCD-oprJ expression, and of cipro-
floxacin resistance, declines soon after the antiseptic is removed13.

For its part, we analyzed the efficacy of the combination DC-
tobramycin in the 7 original genetic backgrounds. We submitted 4
replicate populations of each different genetic background to the
combination DC-tobramycin (28 populations) during three days. In
parallel, we grew 28 populations in DC or tobramycin, using the same
concentrations present in the drug pair, and 28 populations in the
absence of any drug (84 control populations), as described in Meth-
ods. As shown in Fig. 5B, all the populations from the genetic back-
grounds PA14, parR87, orfN50, mexZ43, MDR6, and MDR12, which
presented CS to tobramycin in the presence of DC (Fig. 2; Table 1),
became extinct after short-term ALE in the presence of DC-tobramy-
cin, while nfxB177 populations, which did not present DC-induced
tobramycin CS, grew. In addition, every control population evolved in
either DC or tobramycin grew, as expected. These results indicate that
the pair DC-tobramycin is effective in driving the pre-existing anti-
biotic-resistant mutants analyzed to extinction, with exception of the
nfxB177mutant. Further, this supports that transientnfxB-mediatedCS
to tobramycin mediated by DC is most likely responsible for the
extinction of the resistant mutants.

To further confirm that there are noothermolecularmechanisms,
beyond transient CS, responsible for the extinction observed in the
antibiotic-resistant mutants analyzed, we tested the outcome of the
combinedALE assay using ceftazidime, anantibiotic forwhichDCdoes
not induce CS (Fig. 2; Table 1).We submitted 4 replicate populations of
each different genetic background to the combination DC-ceftazidime
(28 populations) during three days. In parallel, we grew 28 populations
in presence of DC or ceftazidime, using the same concentrations
present in the drug pair, and 28 populations in the absenceof any drug
(84 control populations), as described inMethods. All the populations
submitted to short-term ALE in the presence of the combination DC-
ceftazidime grew, confirming that transient CS to tobramycin medi-
ated by DC is responsible for the extinction of the antibiotic-resistant
mutants analyzed.

To further analyze if the efficiency of the DC-tobramycin combi-
nation could be the result of a synergistic interaction between both
compounds, we performed checkerboard analyses (Methods) with
PA14 and the 6 mutational backgrounds here analyzed. We did not
observe synergy (neither antagonism) between DC and tobramycin in
PA14 or in the mutants parR87, nfxB177, orfN50, or MDR6 (FIC Index
≥0.5 and ≤4 in all cases), but some synergywas observed in themutant
mexZ43 and MDR12, a multiple mutant containing the mexZ43 muta-
tion (FIC Index of 0.35 in both cases) (Supplementary Table 2). This
reinforces the importance of the genetic background in shaping the
interactions betweenpairs of drugs (i.e., tobramycin andDC), aswell as
transient CS (i.e., to tobramycin) associated with the use of a drug (i.e.,
DC) (Fig. 2). Overall, these results indicate that the high efficiency of
the DC-tobramycin combination in driving most of the genetic back-
grounds here analyzed to extinction is due to the capacity of DC to
induce transient CS to tobramycin which, in mutants containing the
mexZ43 mutation (mexZ43 and MDR12), might be increased by syner-
gistic interactions.

Fig. 4 | Conceptual figure showing transient evolution of diverse antibiotic-
resistant mutants of P. aeruginosa submitted to the alternation of dequali-
nium chloride with tobramycin or to the combinationof dequalinium chloride
with tobramycin. Evolution starts when different antibiotic-resistant mutants are
treated with dequalinium chloride (DC) or with the combination DC plus tobra-
mycin (TOB) at time zero (t0). In the first case, there is evolution towards transient,
induced, ciprofloxacin resistance and transient, non-inherited, CS to tobramycin
(purple cells) (t1.1). Subsequently, treatment is switched to tobramycin that may
result in the elimination (represented as a dinosaur fossil skeleton) of cells sus-
ceptible to tobramycin (t2). In the second case, evolution starts when different
antibiotic-resistant mutants are treated with a DC-tobramycin combination at time
zero (t0). Since transient ciprofloxacin resistance induced by DC leads to transient
CS to tobramycin, it may be expected that drug combinations result in the elim-
ination of cells (t1.2), represented as a dinosaur fossil skeleton.
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Finally, to confirm that induced resistance and CS to cipro-
floxacin and tobramycin, respectively, was transient and that it
could decline when the compound was removed, we analyzedMICs
to ciprofloxacin and tobramycin at the end of ALE assays in popu-
lations grown during four days in presence of DC. No differences
were found respect to the parental strains (Supplementary
Table 3). These results indicate that DC does not select for an

inherited over-production of MexCD-OprJ efflux pump, which is
normally associated with mutations in nfxB25,26,28. These results are
in agreement with previous findings from our laboratory in which
we demonstrated a decline of the expression of mexCD-oprJ, pre-
viously induced by DC, two hours after the removal of this com-
pound, to levels similar to those of non-induced cells13. In fact, in
our previous work we sequenced nfxB and the promoter region of
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mexCD-oprJ of P. aeruginosa cells treated during 20 h with DC,
finding no ciprofloxacin resistance mutations. To further analyze if
DC could have selected other mutations, leading to cross-
resistance to other antibiotics, we measured MICs to antibiotics
from other structural families (ceftazidime, imipenem, aztreonam,
fosfomycin, tetracycline, and erythromycin) in the populations
grown during 4 days in presence of DC, finding no differences
respect to the parental strains (Supplementary Table 3). Finally,
and although we propose a therapeutic strategy based on a short
treatment (3 days; around 20 generations), as we and others have
suggested before28,29,50,74,75, we analyzed the capacity of DC to select
for ciprofloxacin or tobramycin resistance in the long term (15 days;
around 100 bacterial generations). We found that this compound
did not lead to an increase of ciprofloxacin or tobramycin MICs in
the different genetic backgrounds of P. aeruginosa analyzed (Sup-
plementary Table 4) and that, importantly, the capacity of DC to
induce transient CS to tobramycin was preserved (Supplementary
Table 5). Altogether, our results demonstrate that the capacity of
DC to induce CS to tobramycin is temporary, rapidly reversing
when its presence ceases, and that it does not select for
acquired AR.

Dequalinium chloride induces a robust and transient
tobramycin-susceptible state in clinical isolates of P. aeruginosa
which could be exploited for the design of new evolution-based
therapeutic strategies
Asmentioned, the combination ciprofloxacin-tobramycin is extremely
effective in driving pre-existing antibiotic-resistant mutants of PA14
and clinical strains of P. aeruginosa presenting different genomic
backgrounds, to extinction28,29. As demonstrated here, the combina-
tion DC-tobramycin is also able to eliminate pre-existing antibiotic-
resistant mutants of PA14. However, it remained to be confirmed if the
use of DC could also induce a robust and transient CS to tobramycin in
clinical strains of P. aeruginosa, an essential requirement for the
extrapolation of the previous findings to the clinical practice. There-
fore, we analyzed ten clinical strains, chosen among those studied in a
previous work29, presenting different genomic backgrounds, different
mutational resistomes (including tobramycin-resistant mutants) and
some of them belonging to high-risk epidemic clones (ST111 and
ST244) (Supplementary Table 6).

We, therefore, determined the capacity of DC to induce CS to
tobramycin and confirmed its capacity to induce resistance to cipro-
floxacin by measuring the ciprofloxacin and tobramycin MICs in the
presence or absence of DC in ten clinical isolates of P. aeruginosa. As
expected13, ciprofloxacin resistance increased in the presence of DC in
all the genomic backgrounds analyzed (Fig. 6; Supplementary Table 7).
In particular, ciprofloxacinMICs increased from 1.9-fold up to 5.9-fold.
In agreement with our observations using PA14 isogenic mutants
(Fig. 3), DC caused a transient induction of CS to tobramycin in all the
clinical isolates analyzed (Fig. 6; Supplementary Table 7). In particular,
tobramycin MIC in presence of DC decreased from 3- up to 8-fold,
being these tobramycin MIC declines even higher than the ones

observed using PA14 isogenic mutants (Fig. 3). Importantly, 4 out of
the 10 analyzed clinical isolates originally resistant to tobramycin (MIC
higher than 2 µg/ml) or close to resistant to this drug (MIC of 2 µg/ml)
became temporally susceptible to this antibiotic (Supplementary
Table 7). These results indicate that a particular CS pattern can be
funneled through the induction of a specific mechanism of transient
AR in a variety of P. aeruginosa strains, including widespread clonal
complexes of clinical concern.

Therefore, we analyzed if the evolutionary strategy based on the
combination of DC and tobramycin (Fig. 4, DC +TOB), that resulted in
extinction of all the pre-existing antibiotic-resistant mutants of P.
aeruginosa PA14 (Fig. 5B), could also be efficient to drive our set of ten
clinical strains of P. aeruginosa (Supplementary Table 6) to extinction.
We submitted 4 replicate populations of each different clinical isolate
to the combination DC-tobramycin (40 populations). In addition, we
grew 40 populations in the presence of DC or tobramycin, using the
same concentrations present in the drug pair (80 control populations)
and 40 populations in the absence of any drug (Methods). As shown in
Fig. 7, nearly all populations (39 out of 40) submitted to short-term
ALE in the presence of DC-tobramycin became extinct, while every
control population grew, as expected.

Fig. 5 | Diagram showing the alternation or combination of dequalinium
chloride with tobramycin for driving P. aeruginosa PA14 and different
antibiotic-resistant mutants to extinction. A Short-term evolution of PA14 wild-
type strain and 6 resistant mutants (parR87, mexZ43, orfN50, nfxB177MDR6, or
MDR12), four replicate populations of each parental strain, was performed during
4 days: one day in the presence of dequalinium chloride (DC), leading to transiently
ciprofloxacin-resistant and collaterally tobramycin-susceptiblepopulations (purple
cells), and threedays in thepresenceof tobramycin (TOB).Growthof the 84control
populationswas confirmed in the absenceandpresenceof eachdrugduring4days,
at the concentrations present in the drugs alternation experiment. Populations
extinct at the end of the ALE experiment are represented in black and surviving
populations are colored in gray. Most of the populations (26 out of 28) submitted

to short-term ALE in the presence of tobramycin grew after three days. B Short-
term evolution of PA14 wild-type strain and 6 resistant mutants (parR87, mexZ43,
nfxB177, orfN50, MDR6, or MDR12), four replicate populations of each parental
strain, was performed during three days in the presence of the DC-tobramycin
combination. Growth of the 84 control populations was confirmed in the absence
and presence of each drug, at the concentrations present in the drugs combina-
tions. Populations extinct at the end of theALE experiment are represented in black
and survivingpopulations are colored ingray. All thepopulations thatpresentedCS
to tobramycin in the presence of DC (Fig. 2; Table 1) were extinct after short-term
ALE in the presence of the combination while nfxB177 populations grew. These
results indicate that transient CS nfxB-mediated may improve combinatory
therapy.

Fig. 6 | Transient inductionof ciprofloxacin resistance andcollateral sensitivity
to tobramycin in clinical isolates of P. aeruginosa. Transient ciprofloxacin
resistance (blue) and collateral sensitivity to tobramycin (green) are represented as
fold change of ciprofloxacin and tobramycin MICs measured in the presence of
dequaliniumchloride in each clinical isolate (see Supplementary Table 7) respect to
the respective MICs measured in the absence of inducer compound. As shown,
dequalinium chloride induces ciprofloxacin resistance and tobramycin collateral
sensitivity in all the studied clinical isolates, including originally tobramycin-
resistant isolates (MAD05-008 andNAV01-005) and isolates close to be classified as
resistant to this drug (CLE03-006 and ARA03-004).
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To further confirm that transient CS is the only mechanism
responsible for the extinction observed in the clinical isolates ana-
lyzed, we tested the efficacy of DC in combinationwith ceftazidime, an
antibiotic for which DC does not induce CS (Fig. 2; Table 1) using ALE
assays. We submitted 4 replicate populations of each different genetic
background to the combination DC-ceftazidime (40 populations)
during three days. In parallel, we grew 40 populations in DC or cefta-
zidime, using the same concentrations present in the drug pair, and 40
populations in the absence of any drug (120 control populations)

(“Methods”). All the populations submitted to short-term ALE in the
presence of the combination DC-ceftazidime grew, confirming that
transient CS to tobramycin mediated by DC is the only event respon-
sible for the extinction of the clinical strains analyzed.

Overall, these results indicate that the pair DC-tobramycin is
effective in driving to extinction clinical strains presenting different
genomic backgrounds, different mutational resistomes (including
tobramycin-resistant mutants) and some of them belonging to high-
risk epidemic clones (ST111 and ST244).

Discussion
The existing crisis of AR requires the design of novel therapeutic
strategies that improve the efficacy of available antibiotics76. One
trade-off of AR evolution that could allow the design of efficient
therapeutic strategies is CS.However, there are barriers that hinder the
implementation of these CS-based treatment strategies. One of the
most important is the lack of conservation of CS in different genetic
backgrounds, including pre-existing antibiotic-resistant mutants,
which cause infections9. Supporting this statement, the conclusion of a
recent analysis of around 450,000 susceptibility tests, spanning a
4-year period at different University of Pittsburgh’s hospitals, is that
therapeutic strategies based on alternating antibiotics may be mostly
ineffective due to differences in patterns of CS77. Therefore, the iden-
tification of robust CS patterns is critical for the application of CS-
based treatment strategies.

Phenotypic convergence towards CS may be the consequence of
parallel evolution50 or the result of different genetic events28. Con-
cerning the second case, we have recently identified a robust CS to
tobramycin in different antibiotic-resistantmutants and clinical strains
of P. aeruginosa presenting different genomic backgrounds, asso-
ciated with the use of ciprofloxacin, caused by the selection of muta-
tions in different genes depending on the genetic background28,29.
However, although this phenotypic convergence made possible the
designof therapeutic strategies todrive the analyzed resistantmutants
to extinction, the strength of CS to tobramycin was higher when
mutations in nfxB, and not in gyrAB ormexS, were acquired. Therefore,
in this work, we tried to “circumvent” constrains imposed by historical
contingency and specifically, and temporally, canalize CS by inducing
the nfxB-mediated ciprofloxacin resistance (and tobramycin hyper-
susceptibility) mechanism, using DC. This approach has two benefits.
One is to reduce the effect of historical contingency that makes diffi-
cult the emergence of robust, clinically exploitable, CS patterns, by
funneling bacterial adaptation through the induction of a single, well-
defined,mechanismof AR. The other is to achieve CSwithout the risky
selection of antibiotic-resistant mutants.

Ciprofloxacin resistance associated with the overproduction of
the MexCD-OprJ efflux pump may occur by the acquisition of loss-of-
function mutations in the gene that encodes its local repressor,
nfxB25,26,28. In addition, the overexpression of mexCD-oprJ may occur
due to the presence of inducer compounds13,18,19, which may affect the
regulatory capacity of NfxB on the expression of this operon14,15. In
particular, DC directly binds the transcriptional repressor of the TetR
family RamR, which regulates the expression of the operon encoding
the efflux pump AcrAB-TolC, reducing its DNA-binding affinity78.
Similarly, DCmay also bind and inhibit the regulatory capacity of NfxB
leading to both, ciprofloxacin resistance and CS to tobramycin, phe-
notypes associated with loss-of-function mutations in nfxB20,28. In fact,
thenfxB177mutant is the only genetic background that did not present
variations in the levels of resistance to ciprofloxacin or aminoglyco-
sides (i.e., tobramycin or amikacin) in the presence of DC, further
supporting that the effect ofDC is specific andprincipally falls onNfxB.

DC is an antiseptic and disinfectant frequently used in clinics that
presents many useful therapeutic properties62–71. Further, and
although we have previously described its capacity to reduce the
efficacy of ciprofloxacin through transient AR13, here we demonstrate

Fig. 7 | Diagram showing the efficacy of the combination of dequalinium
chloride with tobramycin for driving different clinical strains of P. aeruginosa
to extinction. Short-term evolution of ten clinical strains (see Supplementary
Table 6), four replicate populations of each parental strain (40 populations), was
performed during three days in the presence of the DC-tobramycin combination.
Growth of the 80 control populations was confirmed in the presence of each
single drug, at the concentrations present in the drugs combinations. Populations
extinct at the end of the ALE experiment are represented in black and surviving
populations are colored in gray. Most of the populations (39 out of 40) submitted
to short-term ALE in the presence of the combination were extinct. These results
indicate that transient CS may improve combinatory therapy and that the DC-
tobramycin combination could be a very efficient evolutionary strategy to treat
P. aeruginosa infections, including those containing tobramycin-resistant and
high-risk epidemic clones.
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that it is able to transiently induce CS to tobramycin, avoiding the
acquisition of inherited ciprofloxacin resistance (see Conceptual
Fig. 1). Moreover, we show that its combination with tobramycin is
effective in driving different pre-existing resistant mutants of P. aeru-
ginosa, as well as clinical strains (including tobramycin-resistant and
high-risk epidemic clones), to extinction. Therefore, it would be very
interesting to analyze if a combined formulation of tobramycin, fre-
quently inhaled during P. aeruginosa therapy59, with DC could be
effective for the treatment of pulmonary infections caused by this
bacterium. In this line, an inhaled formulation of curcumin-DC for
pulmonary administration of encapsulated curcumin molecules with
anticancer capacities has been described79. However, deeper studies
that determine the concentrations of DC that could be safely applied
by inhalation, alone or in combination with other drugs (i.e., tobra-
mycin), are still required.

Overall, we show that the concept of CS coined in the 1950s,
understood as susceptibility to a drug associated with the acqui-
sition of resistance mutations to another30, and deeply studied by
many scientists27,31,34–43, is even broader, including cases where
susceptibility to a second drug is neither stable nor inherited, but
transient. In fact, our results constitute a proof of concept sup-
porting the hypothesis that it is possible to exploit transient and
robust CS phenotypes associated with the induction of AR. Think-
ing about the clinical exploitation of CS, inducing a susceptible
state of transient AR is less risky than forcing the selection of stable
AR. Further, the latter does not always lead to a conserved pattern
of CS in different genetic backgrounds, while our approach would
allow inducing the same molecular mechanism of CS, regardless of
the genetic background.

Overall, our results support that the identification of new com-
pounds able to induce CS patterns might be valuable for the design of
evolution-based strategies to tackle antibiotic-resistant infections. In
addition, we suggest that looking for other inducible CS mechanisms
in this and in other bacterial species could constitute a relevant
advance in the rational design of therapeutic approaches to manage
bacterial infections.

Methods
This research complies with all relevant ethical regulations.

Growth conditions and antibiotic susceptibility assays
Unless stated otherwise, P. aeruginosa PA14, PA14-derived isogenic
mutants (4 single mutants and 2 multiple mutants and ten clinical
isolates of P. aeruginosa from different Spanish hospitals (Supple-
mentary Table 6)29, were grown in glass tubes in Lysogeny Broth (LB)
(Lenox, Pronadisa) at 37 °C with shaking at 250 rpm. MICs of cipro-
floxacin, tobramycin, amikacin, gentamycin, aztreonam, ceftazidime,
imipenem, piperacillin, fosfomycin, tetracycline and erythromycin or
colistin and polimixin B were determined at 37 °C, in Mueller Hinton
(MH) agar orMHII agar respectively, using E-test strips (MICTest Strip,
Liofilchem®) in the presence or absence of 10μg/ml of DC, as pre-
viously described13, using bacteria previously grown in 1ml of LB
supplemented or not with 10μg/ml of DC.

Alternation of dequalinium chloride with tobramycin and
combination of dequalinium chloride with tobramycin or cef-
tazidime using short-term adaptive laboratory evolution
experiments in isogenic antibiotic-resistant mutants of
P. aeruginosa PA14
For the alternated strategy, short-term ALE experiments in the pre-
sence of DC and tobramycin were performed for 4 days, at 37 °C and
250 rpm, using 28 replicate populations belonging to PA14 wild-type
strain and 6 different mutational backgrounds (parR87, orfN50,
nfxB177, mexZ43, MDR6, and MDR12), diluting (1/100) cultures in
fresh LB every day and starting from glycerol stocks. Assays

consisted in one day of ALE in the presence of 10μg/ml of DC and
3 days of ALE in the presence of tobramycin, at the concentration
that hinders—but allows—the growth of each P. aeruginosa muta-
tional background under these culture conditions: 0.5 µg/ml for
nfxB177, 0.75 µg/ml for PA14, 1.5 µg/ml forMDR6 andmexZ43, 2 µg/ml
for orfN50, 2.5 µg/ml for parR87, and 12 µg/ml for MDR12. The 28
challenged populations (DC followed by tobramycin) and the 84
control populations (28 populations constantly grown in 10 μg/ml of
DC, tobramycin, or absence of any compound) were grown dur-
ing 4 days.

For the combined strategies, four replicate populations from
PA14 wild-type strain and 6 different mutational backgrounds were
grown, from glycerol stocks. Every day, during three days, the cul-
tures were diluted (1/100) in fresh LB medium containing a combi-
nation of DC-tobramycin (28 populations), a combination of DC-
ceftazidime (28 populations), each single compound (84 control
populations) or absence of compound (28 control populations). The
concentration of drugs in the pairs was the same that those used
individually. 10μg/ml of DCwere added for each genetic background
and tobramycin or ceftazidime were added at the concentration that
hinders—but allows—the growth of each P. aeruginosa mutational
background under these culture conditions, which are described
above and in ref. 50. Extinction of the populations was determined by
plating out final cultures on LB agar to look for viable cells.

Combination of dequalinium chloride with tobramycin or cef-
tazidime using short-term adaptive laboratory evolution
experiments in clinical strains of P. aeruginosa
Four replicate populations from ten different clinical isolates of P.
aeruginosa (SupplementaryTable 6) were grown, fromglycerol stocks.
Every day, during three days, the cultures were diluted (1/100) in fresh
LB medium containing a combination of DC-tobramycin (40 popula-
tions), a combination of DC-ceftazidime (40 populations), each single
compound (120 control populations) and absence of any drug (40
control populations). The concentration of drugs in the pairs was the
same that those used individually. 10μg/ml of DCwere added for each
clinical isolate and tobramycin or ceftazidime was added at the con-
centration that hinders—but allows—the growth of each P. aeruginosa
mutational background under these culture conditions. In the case of
tobramycin: 0.75 µg/ml for BAL04-002 and CAT09-004, 1.5 µg/ml for
FQSE110603, FQSE150803, and CAN01-002, 2 µg/ml for ARA03-004
and MAD05-008, 3 µg/ml for MAD04-002 and CLE03-006 or 6 µg/ml
for NAV01-005. In the case of ceftazidime: 0.75 µg/ml for NAV01-005,
1 µg/ml for BAL04-002, CAT09-004, FQSE110603 and CAN01-002,
2 µg/ml for CLE03-006, 2.5 µg/ml for MAD05-008 and FQSE150803,
3 µg/ml for MAD04-002 or 8 µg/ml for ARA03-004. Extinction of the
populations was determined by plating out final cultures on LB agar to
look for viable cells.

Checkerboard analysis
Seven standard checkerboard broth microdilution assays were per-
formed with PA14 wild-type strain and 6 different mutants (parR87,
orfN50, nfxB177, mexZ43, MDR6, and MDR12) using serially diluted
concentrations of DC, tobramycin and a no-drug control, in 96-U-well
plates. For that, 90μl of MH medium with DC (4 to 40μg/ml) or
tobramycin (0.0625 to 4μg/ml) were added to each well of 96-U-well
plates for the analysis of eachmutational backgroundwith exception of
MDR12, for which tobramycin concentrations were higher (1 to 64μg/
ml). 10μl of cells were inoculated into each well to a final OD600nm of
0.01. Bacteria were grown at 37 °C for 48 h without shaking. The frac-
tion inhibitory concentration (FIC) of DC and tobramycin was calcu-
lated as the MIC of the combination of DC with tobramycin divided by
the MIC of each of the compounds alone. FIC index resulted from the
addition of the FICs of both compounds. A FIC index value of <0.5 or >4
was considered to indicate synergy or antagonism, respectively80.

Article https://doi.org/10.1038/s41467-023-37357-4

Nature Communications |         (2023) 14:1723 9



Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions of this work are present in
the main document and/or the Supplementary Materials.

References
1. Santajit, S. & Indrawattana, N. Mechanisms of antimicrobial resis-

tance in ESKAPE pathogens. BioMed. Res. Int. 2016,
2475067 (2016).

2. Rello, J. et al. A global priority list of the TOp TEn resistant Micro-
organisms (TOTEM) study at intensive care: a prioritization exercise
based on multi-criteria decision analysis. Eur. J. Clin. Microbiol.
Infect. Dis. 38, 319–323 (2019).

3. Martinez-Solano, L.,Macia,M.D., Fajardo,A.,Oliver, A. &Martinez, J.
L. Chronic Pseudomonas aeruginosa infection in chronic obstruc-
tive pulmonary disease. Clin. Infect. Dis. 47, 1526–1533 (2008).

4. Talwalkar, J. S. & Murray, T. S. The approach to Pseudomonas aer-
uginosa in cystic fibrosis. Clin. Chest Med. 37, 69–81 (2016).

5. Tummler, B., Wiehlmann, L., Klockgether, J. & Cramer, N. Advances
in understanding Pseudomonas. F1000Prime Rep. 6, 9 (2014).

6. Olivares, J. et al. The intrinsic resistome of bacterial pathogens.
Front. Microbiol. 4, 103 (2013).

7. Bellido, F., Martin, N. L., Siehnel, R. J. & Hancock, R. E. Reevaluation,
using intact cells, of the exclusion limit and role of porin OprF in
Pseudomonas aeruginosa outer membrane permeability. J. Bacter-
iol. 174, 5196–5203 (1992).

8. Lopez-Causape, C., Cabot, G., Del Barrio-Tofino, E. & Oliver, A. The
versatile mutational resistome of Pseudomonas aeruginosa. Front.
Microbiol. 9, 685 (2018).

9. Lopez-Causape, C. et al. Evolution of the Pseudomonas aeruginosa
mutational resistome in an international Cystic Fibrosis clone. Sci.
Rep. 7, 5555 (2017).

10. Breidenstein, E. B., de la Fuente-Nunez, C. & Hancock, R. E. Pseu-
domonas aeruginosa: all roads lead to resistance. Trends Microbiol.
19, 419–426 (2011).

11. Hernando-Amado, S. et al. Multidrug efflux pumps as main players
in intrinsic and acquired resistance to antimicrobials. Drug Resist
Updat. 28, 13–27 (2016).

12. Blanco, P. et al. Bacterial multidrug efflux pumps: much more than
antibiotic resistance determinants. Microorganisms 4, 14 (2016).

13. Laborda, P., Alcalde-Rico, M., Blanco, P., Martinez, J. L. & Hernando-
Amado, S. Novel inducers of the expression of multidrug efflux
pumps that trigger Pseudomonas aeruginosa transient antibiotic
resistance. Antimicrob. Agents Chemother. 63, e01095–19 (2019).

14. Sanchez, M. B. et al. Predictive studies suggest that the risk for the
selection of antibiotic resistance by biocides is likely low in Steno-
trophomonas maltophilia. PLoS ONE 10, e0132816 (2015).

15. Hernandez, A., Ruiz, F. M., Romero, A. & Martinez, J. L. The binding
of triclosan to SmeT, the repressor of the multidrug efflux pump
SmeDEF, induces antibiotic resistance in Stenotrophomonas mal-
tophilia. PLoS Pathog. 7, e1002103 (2011).

16. Schumacher, M. A. et al. Structural mechanisms of QacR induction
and multidrug recognition. Science 294, 2158–2163 (2001).

17. Grkovic, S., Brown, M. H. & Skurray, R. A. Regulation of bacterial
drug export systems.Microbiol. Mol. Biol. Rev. 66, 671–701 (2002).

18. Levin, B. R. & Rozen, D. E. Non-inherited antibiotic resistance. Nat.
Rev. Microbiol. 4, 556–562 (2006).

19. Corona, F. & Martinez, J. L. Phenotypic resistance to antibiotics.
Antibiotics 2, 237–255 (2013).

20. Mulet, X. et al. Antagonistic interactions of Pseudomonas aerugi-
nosa antibiotic resistancemechanisms in planktonic but not biofilm
growth. Antimicrob. Agents Chemother. 55, 4560–4568 (2011).

21. Purssell, A., Fruci, M., Mikalauskas, A., Gilmour, C. & Poole, K. EsrC,
an envelope stress-regulated repressor of the mexCD-oprJ multi-
drug efflux operon in Pseudomonas aeruginosa. Environ. Microbiol.
17, 186–198 (2015).

22. Fraud, S., Campigotto, A. J., Chen, Z. & Poole, K. MexCD-OprJ
multidrug efflux system of Pseudomonas aeruginosa:
involvement in chlorhexidine resistance and induction by
membrane-damaging agents dependent upon the AlgU stress
response sigma factor. Antimicrob. Agents Chemother. 52,
4478–4482 (2008).

23. Morita, Y. et al. Induction of mexCD-oprJ operon for a multidrug
efflux pump by disinfectants in wild-type Pseudomonas aeruginosa
PAO1. J. Antimicrob. Chemother. 51, 991–994 (2003).

24. Strempel, N. et al. Human host defense peptide LL-37 stimulates
virulence factor production and adaptive resistance in Pseudomo-
nas aeruginosa. PLoS ONE 8, e82240 (2013).

25. Poole, K. et al. Overexpression of the mexC-mexD-oprJ efflux
operon in nfxB-type multidrug-resistant strains of Pseudomonas
aeruginosa. Mol. Microbiol. 21, 713–724 (1996).

26. Masuda, N. et al. Substrate specificities of MexAB-OprM, MexCD-
OprJ, and MexXY-oprM efflux pumps in Pseudomonas aeruginosa.
Antimicrob. Agents Chemother. 44, 3322–3327 (2000).

27. Imamovic, L. et al. Drug-driven phenotypic convergence supports
rational treatment strategies of chronic infections. Cell 172,
121–134.e114 (2018).

28. Hernando-Amado, S., Laborda, P., Valverde, J. R. & Martínez, J. L.
Mutational background influences P. aeruginosa ciprofloxacin
resistance evolution but preserves collateral sensitivity robustness.
Proc. Natl Acad. Sci. USA 119, e2109370119 (2022).

29. Hernando-Amado, S. et al. Rapid phenotypic convergence towards
collateral sensitivity in clinical isolates of Pseudomonas aeruginosa
presenting different genomic backgrounds. Microbiol. Spectr. 11,
e0227622 (2022).

30. Szybalski, W. & Bryson, V. Genetic studies on microbial cross
resistance to toxic agents. I. Cross resistance of Escherichia coli to
fifteen antibiotics. J. Bacteriol. 64, 489–499 (1952).

31. Pal, C., Papp, B. & Lazar, V. Collateral sensitivity of antibiotic-
resistant microbes. Trends Microbiol. 23, 401–407 (2015).

32. Herencias, C. et al. Collateral sensitivity associated with antibiotic
resistance plasmids. Elife 10, e65130 (2021).

33. Nichol, D. et al. Antibiotic collateral sensitivity is contingent on the
repeatability of evolution. Nat. Commun. 10, 334 (2019).

34. Podnecky, N. L. et al. Conserved collateral antibiotic susceptibility
networks in diverse clinical strains of Escherichia coli. Nat. Com-
mun. 9, 3673 (2018).

35. Barbosa, C., Beardmore, R., Schulenburg, H. & Jansen, G. Antibiotic
combination efficacy (ACE) networks for a Pseudomonas aerugi-
nosa model. PLoS Biol. 16, e2004356 (2018).

36. Munck, C., Gumpert, H. K., Wallin, A. I., Wang, H. H. & Sommer, M.
O. Predictionof resistancedevelopment against drugcombinations
by collateral responses to component drugs. Sci. Transl. Med. 6,
262ra156 (2014).

37. Jahn, L. J. et al. Compatibility of evolutionary responses to con-
stituent antibiotics drive resistance evolution to drug pairs. Mol.
Biol. Evol. https://doi.org/10.1093/molbev/msab006 (2021).

38. Imamovic, L. & Sommer, M. O. Use of collateral sensitivity networks
to design drug cycling protocols that avoid resistance develop-
ment. Sci. Transl. Med. 5, 204ra132 (2013).

39. Kim, S., Lieberman, T. D. & Kishony, R. Alternating antibiotic treat-
ments constrain evolutionary paths to multidrug resistance. Proc.
Natl Acad. Sci. USA 111, 14494–14499 (2014).

40. Barbosa, C., Romhild, R., Rosenstiel, P. & Schulenburg, H.
Evolutionary stability of collateral sensitivity to antibiotics in
the model pathogen Pseudomonas aeruginosa. eLife 8,
e51481 (2019).

Article https://doi.org/10.1038/s41467-023-37357-4

Nature Communications |         (2023) 14:1723 10

https://doi.org/10.1093/molbev/msab006


41. Barbosa, C. et al. Alternative evolutionary paths to bacterial anti-
biotic resistance cause distinct collateral effects.Mol. Biol. Evol.34,
2229–2244 (2017).

42. Lazar, V. et al. Bacterial evolution of antibiotic hypersensitivity.Mol.
Syst. Biol. 9, 700 (2013).

43. Lazar, V. et al. Genome-wide analysis captures the determinants of
the antibiotic cross-resistance interaction network. Nat. Commun.
5, 4352 (2014).

44. Armstrong, D. et al. Evidence for spread of a clonal strain of Pseu-
domonas aeruginosa amongcysticfibrosis clinics. J. Clin.Microbiol.
41, 2266–2267 (2003).

45. Knopp, M. & Andersson, D. I. Predictable phenotypes of antibiotic
resistance mutations.mBio 9, https://doi.org/10.1128/mBio.00770-
18 (2018).

46. Hernando-Amado, S., Sanz-García, F. & Martínez, J. L. Antibiotic
resistance evolution is contingent on the quorum-sensing
response in Pseudomonas aeruginosa. Mol. Biol. Evol. 36,
2238–2251 (2019).

47. Vogwill, T., Kojadinovic, M. & MacLean, R. C. Epistasis between
antibiotic resistance mutations and genetic background shape the
fitness effect of resistance across species of Pseudomonas. Proc.
Biol. Sci. 283, 20160151 (2016).

48. Apjok, G. et al. Limited evolutionary conservation of the phenotypic
effects of antibiotic resistance mutations. Mol. Biol. Evol. https://
doi.org/10.1093/molbev/msz109 (2019).

49. Schenk, M. F. & de Visser, J. A. Predicting the evolution of antibiotic
resistance. BMC Biol. 11, 14 (2013).

50. Hernando-Amado, S., Sanz-García, F. & Martínez, J. L. Rapid and
robust evolutionof collateral sensitivity inPseudomonas aeruginosa
antibiotic-resistant mutants. Sci. Adv. 6, eaba5493 (2020).

51. Lee, J. K., Lee, Y. S., Park, Y. K. &Kim,B. S.Alterations in theGyrAand
GyrB subunits of topoisomerase II and the ParC andParE subunits of
topoisomerase IV in ciprofloxacin-resistant clinical isolates of
Pseudomonas aeruginosa. Int. J. Antimicrobial. Agents 25,
290–295 (2005).

52. Feng, X. et al. Mutations in gyrB play an important role in
ciprofloxacin-resistant Pseudomonas aeruginosa. Infect. Drug
Resist 12, 261–272 (2019).

53. Higgins, P. G., Fluit, A. C., Milatovic, D., Verhoef, J. & Schmitz, F. J.
Mutations in GyrA, ParC, MexR and NfxB in clinical isolates of
Pseudomonas aeruginosa. Int. J. Antimicrob. Agents 21,
409–413 (2003).

54. Pasca, M. R. et al. Evaluation of fluoroquinolone resistance
mechanisms in Pseudomonas aeruginosa multidrug resistance
clinical isolates. Microb. Drug Resist. 18, 23–32 (2012).

55. Bruchmann, S., Dotsch, A., Nouri, B., Chaberny, I. F. & Haussler, S.
Quantitative contributions of target alteration and decreased drug
accumulation to Pseudomonas aeruginosa fluoroquinolone resis-
tance. Antimicrob. Agents Chemother. 57, 1361–1368 (2013).

56. Kohler, T. et al. Characterization of MexE-MexF-OprN, a positively
regulated multidrug efflux system of Pseudomonas aeruginosa.
Mol. Microbiol. 23, 345–354 (1997).

57. Rehman, A., Patrick, W. M. & Lamont, I. L. Mechanisms of cipro-
floxacin resistance in Pseudomonas aeruginosa: new approaches to
an old problem. J. Med. Microbiol. 68, 1–10 (2019).

58. Xu, C. et al. Mechanisms for development of ciprofloxacin resis-
tance in a clinical isolate of Pseudomonas aeruginosa. Front.
Microbiol. 11, 598291 (2020).

59. Cheer, S. M., Waugh, J. & Noble, S. Inhaled tobramycin (TOBI): a
review of its use in the management of Pseudomonas aeruginosa
infections in patients with cystic fibrosis. Drugs 63,
2501–2520 (2003).

60. Marvig, R. L., Sommer, L. M., Molin, S. & Johansen, H. K. Convergent
evolution and adaptation of Pseudomonas aeruginosa within
patients with cystic fibrosis. Nat. Genet. 47, 57–64 (2015).

61. Lazar, V. et al. Antibiotic-resistant bacteria show widespread col-
lateral sensitivity to antimicrobial peptides. Nat. Microbiol. 3,
718–731 (2018).

62. Mendling, W., Weissenbacher, E. R., Gerber, S., Prasauskas, V. &
Grob, P. Use of locally delivered dequalinium chloride in the
treatment of vaginal infections: a review. Arch. Gynecol. Obstet.
293, 469–484 (2016).

63. Babbs, M., Collier, H. O., Austin, W. C., Potter, M. D. & Taylor, E. P.
Salts of decamethylene-bis-4-aminoquinaldinium (dequadin); a
new antimicrobial agent. J. Pharm. Pharm. 8, 110–119 (1956).

64. Weissenbacher, E. R. et al. A comparison of dequalinium chloride
vaginal tablets (Fluomizin(R)) and clindamycin vaginal cream in the
treatment of bacterial vaginosis: a single-blind, randomized clinical
trial of efficacy and safety. Gynecol. Obstet. Investig. 73,
8–15 (2012).

65. Galeano, E. et al. Effects of the antitumoural dequalinium on NB4
and K562 human leukemia cell lines. Mitochondrial Implic. Cell
Death. Leuk. Res. 29, 1201–1211 (2005).

66. Helige, C. et al. Effect of dequalinium on K1735-M2 melanoma cell
growth, directional migration and invasion in vitro. Eur. J. Cancer
29A, 124–128 (1992).

67. Abdul, M. & Hoosein, N. Expression and activity of potassium ion
channels in human prostate cancer. Cancer Lett. 186,
99–105 (2002).

68. Chan, C. F. & Lin-Shiau, S. Y. Suramin prevents cerebellar granule
cell-death induced by dequalinium. Neurochem. Int. 38,
135–143 (2001).

69. Bodden, W. L., Palayoor, S. T. & Hait, W. N. Selective anti-
mitochondrial agents inhibit calmodulin. Biochem. Biophys. Res.
Commun. 135, 574–582 (1986).

70. Rodrigues, J. R. & Gamboa de Dominguez, N. Plasmodium berghei:
in vitro and in vivo activity of dequalinium. Exp. Parasitol. 115,
19–24 (2007).

71. Liu, X. et al. Inhibition of porcine reproductive and respiratory
syndrome virus by PKC inhibitor dequalinium chloride in vitro. Vet.
Microbiol. 251, 108913 (2020).

72. Hernando-Amado, S., Laborda, P., Valverde, J. R. & Martínez, J. L.
Rapid decline of ceftazidime resistance in antibiotic-free and sub-
lethal environments is contingent ongenetic background.Mol. Biol.
Evol. https://doi.org/10.1093/molbev/msac049 (2022).

73. Bailly, C. Medicinal applications and molecular targets of dequali-
nium chloride. Biochem. Pharmacol. 186, 114467 (2021).

74. Davar, K. et al. Can the future of ID escape the inertial dogma of its
past?: The exemplars of shorter is better and oral is the new IV.
Open Forum Infect. Dis. 10, ofac706 (2022).

75. Lee, R. A. et al. Appropriate use of short-course antibiotics in
common infections: best practice advice from the American Col-
lege of Physicians. Ann. Intern. Med. 174, 822–827 (2021).

76. Laxminarayan, R. Antibiotic effectiveness: balancing conservation
against innovation. Science 345, 1299–1301 (2014).

77. Beckley, A. M. & Wright, E. S. Identification of antibiotic pairs that
evade concurrent resistance via a retrospective analysis of anti-
microbial susceptibility test results. Lancet Microbe 2,
e545–e554 (2021).

78. Yamasaki, S. et al. The crystal structure of multidrug-resistance
regulator RamR with multiple drugs. Nat. Commun. 4, 2078 (2013).

79. Zupancic, S. et al. Design and development of novel mitochondrial
targeted nanocarriers, DQAsomes for curcumin inhalation. Mol.
Pharm. 11, 2334–2345 (2014).

80. Odds, F. C. Synergy, antagonism, and what the chequerboard puts
between them. J. Antimicrob. Chemother. 52, 1 (2003).

Acknowledgements
Thanks are given to our colleague and friend Álvaro San Millan (Centro
Nacional de Biotecnología, CNB-CSIC) for carefully reading the

Article https://doi.org/10.1038/s41467-023-37357-4

Nature Communications |         (2023) 14:1723 11

https://doi.org/10.1128/mBio.00770-18
https://doi.org/10.1128/mBio.00770-18
https://doi.org/10.1093/molbev/msz109
https://doi.org/10.1093/molbev/msz109
https://doi.org/10.1093/molbev/msac049


manuscript and providing useful comments for its improving, and to
Antonio Oliver (Servicio de Microbiología, Hospital Universitario Son
Espases fromPalmadeMallorca) for providinguswith the clinical strains
of P. aeruginosa. Thanks are also given to both reviewers for their sug-
gestions during the peer review, which substantially improved this
work. This work was supported by MCIN/AEI/10.13039/501100011033 -
grants PID2020-113521RB-I00 and the “Severo Ochoa” Programme for
Centres of Excellence in R&D (SEV-2017-0712).

Author contributions
S.H.A. participated in the design of the study and performed experi-
mental work. P.L. participated performing experimental work. J.L.M.
participated in the design of the study. All authors participated inwriting
the manuscript and approved the submitted version.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37357-4.

Correspondence and requests for materials should be addressed to
Sara Hernando-Amado or José Luis Martínez.

Peer review information Nature Communications thanks Viktória Lázár
and the other anonymous reviewer(s) for their contribution to the peer
review of this work. Peer review reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-37357-4

Nature Communications |         (2023) 14:1723 12

https://doi.org/10.1038/s41467-023-37357-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Tackling antibiotic resistance by inducing transient and robust collateral sensitivity
	Results
	Dequalinium chloride induces a robust and transient tobramycin hyper-susceptible state in antibiotic-resistant mutants of P. aeruginosa
	Dequalinium chloride induction of CS is robust and specific for aminoglycosides
	Evolutionary strategies based on transient and robust collateral sensitivity to drive pre-existing P. aeruginosa antibiotic-resistant mutants to extinction
	Dequalinium chloride induces a robust and transient tobramycin-susceptible state in clinical isolates of P. aeruginosa which could be exploited for the design of new evolution-based therapeutic strategies

	Discussion
	Methods
	Growth conditions and antibiotic susceptibility assays
	Alternation of dequalinium chloride with tobramycin and combination of dequalinium chloride with tobramycin or ceftazidime using short-term adaptive laboratory evolution experiments in isogenic antibiotic-resistant mutants of P. aeruginosa PA14
	Combination of dequalinium chloride with tobramycin or ceftazidime using short-term adaptive laboratory evolution experiments in clinical strains of P. aeruginosa
	Checkerboard analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




