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Evolutionary trajectories determine
feasibility of collateral sensitivity-based
antibiotic treatment strategies in critical
bacterial pathogens
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The rise of antibiotic resistance among pathogenic bacteria necessitates innovative therapeutic
strategies, such as collateral sensitivity where resistance to one antibiotic increases susceptibility to
another. We explored the clinical relevance of collateral sensitivity through genetic engineering and
experimental evolution in the six critical bacterial pathogens Escherichia coli, Salmonella
Typhimurium, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Staphylococcus aureus. Our analysis ofE. coli showed that clinically relevant resistancemutations did
not confer collateral sensitivity, but we were able to identify at least three novel classes of
ciprofloxacin-resistance mutations that cause collateral sensitivity to multiple antibiotics. Further
analysis showed that the development of collateral effects differed between the tested species.
Collateral sensitivity to gentamicin developed during ciprofloxacin-resistance evolution in almost all
tested species, but A. baumannii developed collateral resistance instead. P. aeruginosa consistently
developed collateral sensitivity, suggesting its potential for targeted treatment strategies. These
findings highlight the complexity of collateral effects and support its therapeutic potential in designing
more effective antibiotic regimens.

The rise of antibiotic resistance among pathogenic bacteria poses a sig-
nificant threat to global public health, with current forecasts estimating over
10 million deaths per year attributable to or associated with antibiotic
resistance by 20501. This alarming trend necessitates the establishment of
novel therapeutic strategies to combat drug-resistant infections. One pro-
mising approach is the exploitation of collateral sensitivity, an evolutionary
tradeoff in which resistance to one antibiotic increases susceptibility to
another2,3. This phenomenon offers a potential strategy for designing
treatment regimens to limit the emergence and spread of antibiotic
resistance4.

Collateral sensitivity has been observed in various prokaryotic and
eukaryotic species in laboratory evolution experiments. These include
Gram-negative bacteria5–8, Gram-positive bacteria9, Mycobacterium
tuberculosis10, and Candida auris11. Molecular mechanisms underlying
collateral sensitivity have been identified in some cases. For example, in
Escherichia coli, tigecycline resistance causes collateral sensitivity to

nitrofurantoin due to increased expression of nitroreductase enzymes,
increased drug uptake rates, and increased drug toxicity12. In Pseudomonas
aeruginosa, ciprofloxacin resistance caused by overexpression of the
MexCD-OprJ efflux pump results in major changes in cell envelope phy-
siology, leading to collateral sensitivity to ß-lactam antibiotics13. These
findings suggest that collateral sensitivity can be leveraged to develop
antibiotic cycling or combination therapies that exploit these vulnerabilities,
thereby enhancing treatment efficacy and reducing the likelihood of resis-
tancedevelopment.However, studies on collateral sensitivityusually involve
laboratory-evolved isolates and the clinical relevance of the obtained
mutations is not always clear. Further research is required to translate these
findings into clinically applicable strategies.

An often-neglected aspect of laboratory evolution experiments is the
impact of population dynamics on the experimental outcomes. Population
composition is highly dependent on the population size within the experi-
ment, the different frequencies ofmutations that arise, and their phenotypic
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impact on resistance levels and growth fitness. Changes in experimental
conditions can cause a specific phenotype to develop after 33,000
generations14,15 or after as few as 12 generations16. The development of
antibiotic resistance is another example in which experimental conditions
profoundly impact the outcome17,18. This is due to themultiplemechanisms
by which chromosomal mutations can decrease antibiotic susceptibility.
Resistance can be achieved through specific amino acid substitutions that
alter drug-binding affinity or gene inactivationmutations that, for example,
lead to increased drug efflux19–21. Gene inactivation mutations are
approximately 1000-fold more frequent22–24. In smaller populations, these
high-frequency mutations are overrepresented, and growth fitness is less
important because of the lack of growth competition. As the population size
increases, rare mutations appear and competitive fitness becomes
important17,18. Experimental studies to detect collateral sensitivities are often
performed in small volumes to enable high-throughput screening5,7,11. Thus,
these studies might suffer from a mutational bias that favors specific high-
frequency mutations, which might not be clinically relevant.

In this study, we explored the clinical relevance of collateral sensitivity
in six critical bacterial pathogens25. Utilizing a combination of experimental
evolution, whole genome sequencing, genetic engineering, and phenotypic
assays, we (i) engineered E. coli strains with clinically relevant resistance
mutations to evaluate their susceptibility to various antibiotics, and (ii)
investigated the evolutionary conditions under which collateral sensitivity
arises in six bacterial species. Our findings revealed that in E. coli, collateral
sensitivity was not associated with clinically relevant mutations but was
instead linked to the reduced or abolished activity of the genes guaA,metG,
mnmA, sspA, and tusC. Mutations in these genes generally incurred a sig-
nificant fitness cost and were absent in ciprofloxacin-resistant clinical iso-
lates of E. coli. Furthermore, we observed distinct collateral effects that
emerged during ciprofloxacin resistance evolution in five out of six bacterial
species, with P. aeruginosa showing the most conserved development of
collateral sensitivity. These results underscore the challenges that must be
addressed when developing collateral-sensitivity-based treatment strategies
and highlight P. aeruginosa as a potential candidate for such treatments.

Results and discussion
Clinically relevant resistancemutations do not result in collateral
sensitivity in E. coli
Collateral sensitivity is often observed as a consequence of antibiotic resis-
tance development during laboratory evolution experiments5–11. These
experiments yield complex genotypes and do not necessarily select for
clinically relevant resistance mutations17,18. We constructed a set of 13
Escherichia coliMG1655 strains harboring chromosomal resistance muta-
tions frequently identified in clinical isolates of E. coli (except the rpoB
mutations), and that are also found in other clinically relevant species such
as P. aeruginosa, Staphylococcus aureus, and M. tuberculosis26–32. These
mutations include amino acid substitutions in the genes gyrA and parC
(fluoroquinolone resistance), rpsL (streptomycin resistance), and rpoB
(rifampicin resistance). Additionally, deletions of the genes nfsA and nfsB
(nitrofurantoin resistance) aswell as acrR,marR, and soxR (regulators of the
multi-drug efflux pump AcrAB-TolC) were constructed. The antibiotic
susceptibility of these 13 strains was assessed against 23 antibiotics from 17
distinct classes (Table 1). The results indicated that resistance and cross-
resistance were common, with a total of 38 instances of decreased antibiotic
susceptibility (Fig. 1a). In contrast, only two cases of weak collateral sensi-
tivity were detected, both in the strain with the rpoB(Ser531Leu) mutation.

Previous studies have shown that resistance development to cipro-
floxacin often results in collateral sensitivity to aminoglycoside antibiotics,
which was not observed in our strains with single resistancemutations5,6. In
clinical E. coli isolates, high-level ciprofloxacin resistance is typically due to
multiple mutations within the drug target genes (gyrA and parC) and efflux
regulatory genes (acrR, marR, and soxR)18,28. Thus, a combination of
mutations might be required for the collateral sensitivity phenotype. To
investigate this further, we constructed a set of 64 E. coli strains with every
possible combination of the six clinically relevant resistance mutations

gyrA(Ser83Leu), gyrA(Asp87Asn), parC(Ser80Ile), ΔacrR, ΔmarR, and
ΔsoxR, and measured their susceptibility to the aminoglycoside antibiotic
gentamicin, which has been the main aminoglyside investigated in other
collateral sensitivity-related studies (Fig. 1b, c). None of the 64 constructed
strains exhibited detectable collateral sensitivity, suggesting that the pre-
viously observed effects may not be attributable to the clinically relevant
resistance mutations tested in this study.

Collateral sensitivity develops during ciprofloxacin resistance
evolution in E. coli
Collateral sensitivity development towards aminoglycoside antibiotics was
not detected in any of the 64 strains with combinations of clinically relevant
ciprofloxacin resistancemutations. To obtainmutations not included in the
strain construction, we evolved E. coli isolates to become ciprofloxacin
resistant. Previous studies have shown that differences in selective condi-
tions significantly impact the outcome of ciprofloxacin resistance
development17. Therefore, we conducted our evolution experiment under
six distinct conditions. Three different culture volumes (0.1mL, 1mL, and
10mL)were used to achieve varying transfer inoculumsizes (approximately
106 cfu, 107 cfu, and 108 cfu, respectively) while keeping the number of
generations of regrowth after each transfer constant (~6.6 generations per
cycle). Additionally, ciprofloxacin concentrations were increased either 1.5-
fold or 2-fold per cycle. Ciprofloxacin concentrations started at
0.008mg L−1, corresponding to 0.5×MICCIP ofwild-typeE. coliMG1655.At
this concentration, the wild-type cells are viable but grow with reduced
fitness which increases the selection window for resistance mutations
(especially required for selection in the 0.1mL cultures)33. Antibiotic con-
centrations were increased each cycle to a final concentration of 1mg L−1,
the clinical breakpoint for ciprofloxacin resistance in E. coli (Fig. 2a)34. Each
of the six selective conditions was performed in five biological replicates,
resulting in 30 lineages.

The clinical breakpoint was reached in 22 out of the 30 lineages and
was more likely to be achieved with larger population sizes and lower drug
selection pressure (Supplementary Fig. S1). At the endpoint of the evolu-
tion (1mg L−1 or the highest concentration with visible growth), five
colonies were isolated from each lineage, resulting in a total of 150 strains
(Fig. 2a). The level of susceptibility to gentamicin was measured for these
150 isolates, and we found that 29% (43/150) displayed collateral sensitivity
(Fig. 2b, c, Supplementary Table S1). Among the populations that reached
the clinical breakpoint, the proportion of collateral sensitivity was highest
for the selection in 0.1 mL with a 1.5-fold increase (66%, 2 out of 3
populations) and in the 1mL volume with a 2-fold drug increase (50%, 2
out of 4 populations). In both cases, these volumes were the lowest where at
least one population reached the final ciprofloxacin concentration of
1mg L−1. This indicates that, in this case, collateral sensitivity is selected for
at a population size where mutation supply is large enough to reach the
clinical breakepoint, but too low to select for the clinically relevant resis-
tance mutation without collateral sensitivity effects (e.g., mutations in gyrA
and parC). Overall, the five isolates from each evolutionary lineage dis-
played comparable gentamicin susceptibility levels in most populations (25
out of 30). In the remaining lineages (5 out of 30), the five isolates were
divided into two groups: one group displayed collateral sensitivity, and the
other did not (Fig. 2b, c, Supplementary Table S1). For lineages with one
group, we selected a single isolate for further analysis, and for lineages with
two groups, we selected one isolate from each group. In total, 35 strains
were selected, of which 11 showed collateral sensitivity to gentamicin, and
24 did not. The minimal inhibitory concentration for ciprofloxacin was
determined for these selected isolates (Supplementary Table S1). No sig-
nificant difference in the MICCIP value was detected between isolates that
displayed collateral sensitivity and those that did not (P = 0.16, Mann-
Whitney U test).

Taken together, these results show that collateral sensitivity towards
gentamicin can develop during ciprofloxacin resistance evolution, and that
thefinal ciprofloxacin resistance levelwas indistinguishable between isolates
that developed collateral sensitivity and those that did not.
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Collateral sensitivity to aminoglycosides in E. coli is caused by
mutations in the genes guaA,metG,mnmA, sspA, and tusC
To elucidate the genetic basis of collateral sensitivity to gentamicin, we
performed whole genome sequencing on the 35 selected isolates (Supple-
mentary Table S2). The sequenced isolates had an average of 3.5 genetic
changes, with strains displaying collateral sensitivity carrying significantly
more genetic changes compared to those without collateral sensitivity (4.3
vs. 3.2 changes, P = 0.00625, Mann-Whitney U test). Each isolate carried
1 – 3mutations within the clinically relevant genes gyrA, parC, acrR,marR,
and soxR18. However, no correlation was observed between mutations in
these genesand thedevelopmentof collateral sensitivity (P > 0.05, two-sided
Fisher’s exact test, Supplementary Table S3, Fig. 2d), confirming our initial
findings that collateral sensitivity to gentamicin is not caused by mutations
within these clinically relevant resistance genes. One strain (strain GB281)
with collateral sensitivity carried a 414 kb duplication on the chromosome
andwas otherwise genetically identical to another isolate (strainGB99) from
the same lineage that did not display collateral sensitivity. The duplication
contains over 400genes, including theAcrABmultidrug effluxpump,which
is likely the reason that it was selected for during ciprofloxacin resistance
evolution. This strain was excluded from further analysis due to the com-
plexity of dissecting which part of the duplication caused the observed
collateral sensitivity. Excluding the five clinically relevant genes (gyrA, parC,
acrR, marR, and soxR) from the analysis, we found that the remaining 10
isolates displaying collateral sensitivity harbored 1 – 2 additional mutations
not found in isolates without detectable collateral sensitivity. These muta-
tions were identified in the genes bipA, cmoB, gadC, guaA, metG, mnmA,
mtlD, rluF, sspA, tusC, and yheO (Fig. 3a).

To determine which mutations were responsible for the development
of collateral sensitivity, we reintroduced thewild-type alleles of each of these
11 genes into the evolved isolates. No change in collateral sensitivity was

observed when themutant alleles of bipA, cmoB, gadC,mtlD, and rluFwere
replaced with their respective wild-type alleles. However, removal of the
mutations in guaA,metG,mnmA, sspA, tusC, and yheO resulted in the loss
of the previously observed collateral sensitivity to gentamicin (Fig. 3b). Each
of the ten isolates with a collateral-sensitivity phenotype carried exactly one
mutationwithin one of these six genes. In three of these genes (mnmA, sspA,
and yheO), the identifiedmutationswere expected to lead to a loss of protein
function (nonsense mutations, frameshift mutations, or the insertion of an
IS element). To elucidate whether the genes linkedwith collateral sensitivity
to gentamicindo sodue to loss of protein function,we constructedwild-type
E. coli strains with deletions of guaA,mnmA, sspA, tusC, and yheO (metG is
essential for growth andwas excluded for this test).We found that deletions
of guaA, mnmA, sspA, and tusC resulted in collateral sensitivity to genta-
micin, while deletion of yheO did not (Fig. 3c). The yheO gene is the first
gene within the yheO-tusDCB operon, indicating that the insertion of an IS
element within the yheO gene causes collateral sensitivity to gentamicin due
to polar effects on the expression of the tusDCB genes rather than inacti-
vation of the YheO protein itself (Fig. 3d). We also constructed deletions of
bipA, cmoB, gadC, mtlD, and rluF to further validate that inactivation of
these genes does not cause collateral sensitivity. As expected, none of the
deletions resulted in increased sensitivity to gentamicin (Fig. 3c).

Resistance to aminoglycosides in E. coli is typically due to the acqui-
sition of horizontally transferred resistance genes35–37. To investigate whe-
ther collateral sensitivity could re-sensitize gentamicin-resistant isolates, we
introduceddeletionsof the guaA,mnmA, sspA, and tusC genes into anE. coli
strain harboring the resistance gene aaaC1 from the transposon Tn21. The
aaaC1 gene encodes a 3-N-acyltransferase that inactivates gentamicin38.
While it is unlikely that the mutated genes directly interact with AaaC1
activity, it is possible that increased gentamicin uptake or interference with
aaaC1 expression could effectively re-sensitize the aaaC1-carrying isolates.

Table 1 | Antibiotics included in this study

Inhibits/causes Classification Antibiotic Abbreviation

Cell wall synthesis Beta lactams Penicillins Ampicillin AMP

Cepha-
losporins

Ceftaroline CPT

Car-
bapenem

Meropenem MEM

Mono-
bactams

Aztreonam ATM

Glycopeptides Polymyxin B PMB

Protein Synthesis 30S Aminoglycosides Gentamicin GEN

Streptomycin STR

Amikacin AMK

Aminocyclitols Spectinomycin SPT

Tetracyclines Tetracycline TET

Tigecycline TGC

50S Oxazolidonones Linezolid LZD

Chloramphenicol Chloramphenicol CHL

Macrolides Erythromycin ERY

Lincosamides Clindamycin CLI

Diterpines Tiamulin TIA

DNA Topoisomerases Quinolones Nalidixic Acid NAL

Fluoroquinolones Ciprofloxacin CIP

Folic Acid Synthesis Sulfonamides Sulfamethoxazole SMX

DHFR Inhibitors Trimethoprim TMP

DNA damage Metronidazole Metronidazole MTZ

RNA synthesis Rifamicins Rifampicin RIF

Other Nitrofurans Nitrofurantoin NIT
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Fig. 1 | Collateral sensitivity to gentamicin is not caused by clinically relevant
resistance mutations in E. coli. a Change in the zone of inhibition between wild-
type E. coli and isolates carrying single resistance mutations. Increased antibiotic
resistance is indicated in red, and collateral sensitivity is shown in blue. Empty fields
represent no significant change. b Schematic overview of the construction of

64 strains with combinations of clinically relevant ciprofloxacin resistance muta-
tions and c their respective gentamicin inhibition zones. All values within the figure
are averages of three biological replicates. The grey area between dotted lines
represents the region not significantly different from the wild-type zone of inhibi-
tion. See Supplementary Data 1 for all individual measurements.

Fig. 2 | Collateral sensitivity to gentamicin develops during ciprofloxacin resis-
tance evolution in E. coli. a Schematic overview of the evolution experiment to
select ciprofloxacin-resistant isolates. Gentamicin inhibition zones of the 150 iso-
lates from the evolution experiments with (b) 1.5-fold and (c) 2-fold increases in
ciprofloxacin concentration per cycle. Evolution volumes are indicated within each
graph, and lineages that survived until the final ciprofloxacin concentration of
1 mg L−1 are marked with an asterisk (*). Green dots represent isolates selected for

whole genome sequencing. d Gentamicin zone of inhibition of whole genome
sequenced isolates carrying mutations in the gyrA, parC, acrR, marR, and/or soxR
genes. All values within the figure are averages of three biological replicates. The grey
area between dotted lines represents the region not significantly different from the
wild-type zone of inhibition. See Supplementary Data 1 for all individual
measurements.
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Deletion ofmnmA and tusC did not alter the level of gentamicin resistance.
However, inactivation of either guaA or sspA increased gentamicin sensi-
tivity in the constructed isolate (Fig. 4a). Notably, deletion of the guaA gene
resulted in a strain with gentamicin sensitivity comparable to that of wild-
type E. coli. Thus, the genome sequencing and mutation analysis indicate
that inactivation or reduced function of the guaA,metG,mnmA, sspA, and
tusC genes lead to collateral sensitivity to gentamicin in E. coli, with
mutations in sspA and guaA effectively re-sensitizing a gentamicin-resistant
E. coli isolate.

The stringent response is not involved in the development of
collateral sensitivity to gentamicin in E. coli
One of the identified mutations causing collateral sensitivity is located
within the aminoacyl-tRNA synthetase gene metG. The mutation

metG(Phe305Cys) is situated in a protein region where mutations can lead
to decreased methionine affinity and a diminished ability to discriminate
against homocysteine39,40. Additionally, mutations in the genes tusC and
mnmA are expected to reduce or abolish the s2U34 modification in tRNAGln,
tRNAGlu, and tRNALys (Fig. 3d), which is crucial for efficient tRNA
charging41,42. Previous studies have shown thatmutations that reduce tRNA
charging efficiency decrease susceptibility to ciprofloxacin through RelA-
dependent activation of the stringent response43,44. To test if collateral sen-
sitivity to gentamicin is also caused by activation of the stringent response,
we deleted the relA gene in the ten evolved isolates displaying collateral
sensitivity and in wild-type strains with clean gene deletions of guaA,
mnmA, sspA, and tusC. Additionally, we deleted the transcription factor
DksA, responsible for transcriptional reprogramming upon activation of
the stringent response,within the ten evolved isolates45,46. Deletion of relA or

Fig. 3 | Collateral sensitivity to gentamicin inE. coli is caused by reduced function
or inactivation of the genes guaA, metG, mnmA, sspA, and tusC. a Gentamicin
zone of inhibition for whole genome sequenced isolates carrying mutations in the
specified genes. The grey area between dotted lines represents the region not sig-
nificantly different from the wild-type zone of inhibition. b Gentamicin zone of
inhibition for evolved isolates displaying collateral sensitivity and the respective
constructed strains with reintroduced wild-type alleles of specified genes or deletion
of the genes relA and dksA. Each plot represents a specific evolved isolate, with the
strain number stated above the plot. cGentamicin zone of inhibition for strains with

constructed single gene deletions. d Schematic overview of the yheO-tusDCB operon
and themnmA gene, showing the location of the identified mutations. TusBCD and
MnmA are involved in the transfer of a sulfur (red) to the U34 residue of specific
tRNAs. All values within the figure are averages of three biological replicates. See
Supplementary Data 1 for all individual measurement values. The dotted line in the
box plots indicates the minimal inhibition zone considered significantly different
from the wild-type, and the error bars represent standard deviations. n.s.: not sig-
nificant, **: P < 0.01, ***: P < 0.001.
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dksA in wild-type E. coli did not change susceptibility to gentamicin, indi-
cating that these individual deletions do not cause resistance or collateral
sensitivity to gentamicin by themselves (Fig. 3c). None of the constructed
strains displayed diminished collateral sensitivity to gentamicin when the
genes were deleted in the evolved isolates (Fig. 3b). Similarly, combining
deletions of guaA,mnmA, sspA, or tusCwith deletions of relA did not result
in loss of collateral sensitivity (SupplementaryFig. S2).These results indicate
that the stringent response is not involved in the development of collateral
sensitivity to gentamicin.

Mutations in guaA,metG,mnmA, sspA, and tusC cause complex
collateral sensitivity and resistance profiles
To extend our analysis, wemeasured the change in drug susceptibility of the
10 ciprofloxacin-resistant isolates that display collateral sensitivity to gen-
tamicin across the set of 23 antibiotics included in this study (Table 1).
Increased resistance to eleven antibiotics (AMP, CPT, TET, TGC, CHL,
ERY, TIA, NAL, CIP, SMX, and TMP) and collateral sensitivity to five
antibiotics (MEM,GEN, STR,AMK, andNIT)were observed in at least half
of the isolates. In total, we identified 96 instances of increased resistance and
42 cases of collateral sensitivity (Fig. 5a). The majority of antibiotics that
display collateral sensitivity effects were aminoglycosides (GEN, STR,
AMK), indicating that the observed collateral sensitivity to gentamicin is
accompaniedby abroader sensitivity to aminoglycosides in general.Wealso
measured sensitivity levels to the 23 antibiotics in the evolved strains where
mutations in the genes bipA, cmoB, gadC, guaA,metG,mnmA,mtlD, rluF,
sspA, tusC, and yheO (the initial candidate genes for collateral sensitivity to
gentamicin) were replaced with their respective wild-type alleles

(SupplementaryFig. S3).Consistentwithprevious results, onlymutations in
guaA, metG, mnmA, sspA, tusC, and yheO contributed to collateral sensi-
tivity towards any of the tested antibiotics, while mutations in bipA, cmoB,
gadC, mtlD, and rluF did not.

The complex genotypes of the evolved lineages complicate the dis-
section of specific mutation effects. Therefore, we measured antibiotic
sensitivity in clean strains with deletions of guaA, mnmA, sspA, and tusC
(Fig. 5b). The results show that themutations fall into three distinct groups:
(i) ΔguaA increases sensitivity to 18 antibiotics and resistance to 2 anti-
biotics, (ii) ΔmnmA and ΔtusC increase sensitivity to 11 antibiotics and
resistance to 1 antibiotic, and (iii) ΔsspA increases sensitivity to 4 and
resistance to 5 antibiotics. The distinct antibiotic sensitivity/resistance
profiles of these groups suggest different underlyingmolecularmechanisms.

To test if the stringent response is involved in any of the observed
sensitivity or resistance effects, we measured antibiotic sensitivity in the
strains with additional deletion of the relA gene (Supplementary Fig. S2).
Deleting relA generally increased antibiotic sensitivity and abolished 7 out of
the 10 previously observed cases of increased antibiotic resistance. These data
indicate that deletions of the guaA,mnmA, sspA, and tusC genes activate the
stringent response, which decreases some of the collateral sensitivity affects
caused by the gene deletions. However, the stringent response does not
significantly contribute to any of the observed collateral sensitivity effects.

No evidence for clinical relevance of mutations that cause col-
lateral sensitivity in E. coli
Previous studies have shown that clinical ciprofloxacin resistance develops
through a combination of mutations that do not reduce cellular growth

Fig. 4 | Collateral sensitivity to gentamicin is frequently lost during fitness-
compensatory evolution. a Gentamicin zone of inhibition for E. coli strains
carrying the gentamicin resistance gene aaaC1 (GenR) and gene deletions
causing collateral sensitivity to gentamicin. b Violin plot of exponential dou-
bling times of ciprofloxacin-resistant isolates that do or do not display collateral
sensitivity to gentamicin. c Schematic overview of the compensatory evolution
experiment. Parental strains (P) were evolved in antibiotic-free media for 100
generations after which putatively evolved isolates (E1 – E3) were isolated.
d Exponential doubling times of parental strains and isolates after

compensatory evolution. The dotted line indicates the doubling time of wild-
type E. coli. e Gentamicin zone of inhibition for parental strains and isolates
after compensatory evolution. The dotted line indicates the minimal inhibition
zone considered significantly different from the wild-type E. coli. Evolved iso-
lates (E1 - E3) are shown in green, and parental strains (P) in purple. All values
within the figure are averages of three biological replicates, and the error bars
represent standard deviations. See Supplementary Data 1 for all individual
measurement values. n.s.: not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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fitness18,47. To investigate this, we measured the exponential growth rate of
35 representative isolates from this study (Fig. 4b). The results show that
isolates displaying collateral sensitivity to gentamicin have a significantly
longer exponential doubling time compared to those that do not exhibit
collateral sensitivity (33.9 ± 7.6min vs. 22.7 ± 5.3 min, P = 0.0002, Mann-
Whitney U test). This suggests that the development of collateral sensitivity
is accompanied by a significant fitness cost, which is likely to be counter-
selected in the clinical setting. Fitness costs caused by antibiotic resistance
mutations can be rapidly ameliorated during compensatory evolution in the
absence of drug selection. We tested this by evolving the ten isolates that
displayed collateral sensitivity in antibiotic-freemedium (Fig. 4c). After 100
generations of compensatory evolution, half of the evolved lineages (15/30)
showed a significantly faster exponential doubling time compared to their
respective unevolved parental strain (Fig. 4d). In 9 out of 15 cases (60%), the
increase in exponential growth rate was accompanied by a reduction in or
loss of collateral sensitivity to gentamicin, indicating that the collateral
sensitivity phenotype is frequently lost during growth-compensatory
adaptation (Fig. 4e). These data suggest that collateral sensitivity to genta-
micin is associated with a significant fitness cost and is quickly lost when
selective conditions favor high-fitness isolates, reducing the clinical rele-
vance of thesemutations. To determine ifmutationswithin the guaA,metG,
mnmA, sspA, and tusC genes are relevant during the evolution of cipro-
floxacin resistance in clinical settings,we analyzed a setof 835 genomes from
clinical E. coli isolates. Each genome was classified as likely ciprofloxacin-
resistant or -sensitive basedon the presence ofmutations in the gyrA (amino
acids Ser83 or Asp87) and parC (amino acids Ser80 and Glu84) genes. In
total, 403 genomes were classified as ciprofloxacin-sensitive and 432 as
ciprofloxacin-resistant (Supplementary Table S4). A comparison of the
guaA,metG,mnmA, sspA, and tusC genes within these two groups showed
no significant increase inmutationswithin the ciprofloxacin-resistant group
(P > 0.05, two-sided Fisher’s exact test, Supplementary Table S5). Thus, we
find no evidence that mutations that cause collateral sensitivity are selected

for in clinical E. coli isolates during ciprofloxacin resistance evolution.

Critical bacterial pathogens exhibit distinct collateral responses
during ciprofloxacin resistance evolution
The analysis of E. coli suggests that evolutionary trajectories leading to
collateral sensitivity are unlikely to be clinically relevant. Todetermine if this
holds true for other species, we evolved ciprofloxacin resistance in five

additional critical bacterial pathogens: Salmonella Typhimurium, Klebsiella
pneumoniae, Acinetobacter baumannii, P. aeruginosa, and S. aureus
(Fig. 6a).Wemeasured gentamicin resistance levels in endpoint isolates and
observed distinct collateral responses among the species (Fig. 6b–f). For K.
pneumoniae, none of the isolates exhibited changes in gentamicin sensitivity
compared to the parental wild-type strain. A small minority of S. Typhi-
murium (2 lineages) and S. aureus (1 lineage) isolates displayed collateral
sensitivity, which was only observed in the smallest evolution volume.
Notably, collateral sensitivity was most prevalent in the evolved P. aerugi-
nosa strains, with all three isolates within 8 out of 9 lineages showing
increased sensitivity to gentamicin. In the evolved A. baumannii strains,
collateral sensitivity to gentamicin was absent, although 6 out of 9 lineages
exhibited collateral resistance to gentamicin.

These data demonstrate that different bacterial species exhibit distinct
collateral responses during antibiotic resistance development. All six species
in this study displayed multiple evolutionary trajectories during cipro-
floxacin resistance development, with some trajectories not resulting in
collateral effects to gentamicin, while others led to increased gentamicin
sensitivity or resistance. The consistent development of collateral sensitivity
in P. aeruginosa isolates across all tested evolution volumes suggests that
major evolutionary trajectories in this species lead to collateral effects. This
highlights P. aeruginosa as a promising candidate for collateral-sensitivity-
based treatment strategies.

Collateral responses in P. aeruginosa isolates are restricted to
mutations in efflux-related genes
Given that Pseudomonas aeruginosa emerged as the most promising can-
didate for collateral-sensitivity-based treatment strategies, we focused our
subsequent analyses on this species. In E. coli, mutations conferring col-
lateral sensitivity to gentamicin were frequently associated with reduced
growth rates (Fig. 4b). To determine whether a similar effect occurs in P.
aeruginosa, we measured the exponential growth rate of one representative
isolate from each of the nine evolved lineages. Notably, the only isolate that
did not exhibit collateral sensitivity to gentamicin displayed a growth rate
indistinguishable from that of the wild-type strain (Supplementary
Table S6). In contrast, five out of the eight isolates showing collateral sen-
sitivity exhibited reduced growth rates (Supplementary Table S6). However,
comparing the fitness cost of collateral sensitivity between species, the
impact on growth was significantly less pronounced in P. aeruginosa. On

�
�

�
�

Fig. 5 | Ciprofloxacin-resistant isolates display complex antibiotic sensitivity and
resistance profiles. a Change in the inhibition zone between wild-type E. coli and
ciprofloxacin-resistant isolates displaying collateral sensitivity to gentamicin.
bChange in the zone of inhibition between wild-type E. coli and constructed isolates

with clean gene deletions. Increased antibiotic resistance is indicated in red, and
collateral sensitivity is shown in blue. Empty fields represent no significant change.
All values are averages of three biological replicates. See SupplementaryData 1 for all
individual measurement values.
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average, the doubling time of P. aeruginosa isolates increased by
4.0 ± 5.2 minutes, compared to 14.5 ± 8.0minutes in E. coli (P = 0.015,
Mann-WhitneyU test). These findings suggest that collateral sensitivity not
only arises more frequently within P. aeruginosa, but also imposes a lower
fitness burden.

To investigate the genetic basis of collateral sensitivity in our P. aeru-
ginosa isolates, we performed whole-genome sequencing on one isolate
lacking collateral sensitivity to gentamicin and three isolates that exhibit it.
The non-sensitive isolate uniquely harbored a ciprofloxacin resistance
mutation in gyrA, whereas the sensitive isolates primarily carriedmutations
in the efflux pump regulators nfxB and mexR (Supplementary table S7).
When tested with the panel of 23 antibiotics, all four evolved strains
exhibited collateral effects, with collateral resistance occurring twice as
frequently as collateral sensitivity (24 vs. 12 instances, Supplemen-
tary Fig. S4).

Interestingly, the gyrA-mutant isolate also carried a mutation in the
efflux regulator amrR (Supplementary Table S7),making it unclear whether
the observed collateral effects stem from the gyrAmutation or altered efflux
pump expression, as seen in the other isolates. To further assess the role of
target-site resistance mutations, we isolated point mutations in gyrA
(Thr83Ile), rpsL (Lys88Arg), and rpoB (Leu516Pro, Asp521Gly, His531-
Tyr), conferring resistance to ciprofloxacin, streptomycin, and rifampicin,
respectively. Three of these mutations (gyrA Thr83Ile, rpsL Lys88Arg, and
rpoB Leu516Pro) did not result in any detectable collateral effects across the
antibiotic panel. The remaining two rpoB mutations (Asp521Gly and
His531Tyr) conferred collateral resistance to meropenem, but no collateral
sensitivity was observed for any of the five point mutations (Supplemen-
tary Fig. S5).

Collectively, these results indicate that collateral sensitivity in P. aer-
uginosa is primarily associatedwithmutations in efflux-relatedgenes.While
suchmutations can reduce cellular fitness, the associated growth defects are
generally milder than those observed in E. coli.

Conclusions
Our study demonstrates that collateral sensitivity to gentamicin in E. coli
arises frommutations in the tusC,mnmA,metG, sspA, or guaA genes, which
impair or eliminate their function. Previous research has indicated that
mutations in these or related genes are selected during the development of
ciprofloxacin resistance. These mutations either activate the stringent
response ormimic binding ppGpp binding to the RNApolymerase, leading
to transcriptional changes that enhance ciprofloxacin efflux43,48. However,
our findings reveal that collateral sensitivity to gentamicin is independent of
the stringent response.

Toour knowledge, this is thefirst time that thesefive genes are reported
to cause collateral sensitivity to gentamIcin. The mechanistic basis of col-
lateral sensitivity to gentamicin and other aminoglycosides in E. coli has not
yet been established. A previous study has concluded that sensitivity to
gentamicin is likely caused by mutations affecting drug efflux via theMdtK
and AcrAB-TolC efflux systems, but this could not be tested conclusively
due to the use of clinical isolates that limited the possibility of constructing
clean strain6. The isolates sequenced in that study did not containmutations
in the genes identified in our study (tusC,mnmA,metG, sspA, or guaA). This
discrepancy could be due to the use of clinical isolates or the different
selection conditions. Podnecky et al. selected ciprofloxacin resistance on
solid media and with as high increases of antibiotic as possible per step
which could result in very different evolutionary outcomes6. However, this

Fig. 6 | Critical bacterial pathogens exhibit distinct collateral responses during
ciprofloxacin resistance evolution. a Phylogenetic relationship of the species
included in this study69. b–f Gentamicin inhibition zones for ciprofloxacin-
resistant isolates of (a) S. Typhimurium, (b) K. pneumoniae, (c) A. baumannii,
(d) P. aeruginosa, and (e) S. aureus. Evolution volumes are indicated above each
graph, and replicates that survived until the final ciprofloxacin concentration of
1 mg L−1 are marked with an asterisk (*). Blue dots represent isolates displaying

collateral sensitivity, red dots represent isolates displaying collateral resistance,
and star-shaped dots represent isolates selected for whole genome sequencing.
All values are averages of three biological replicates. The grey area between
dotted lines represents the region not significantly different from the respective
wild-type zone of inhibition. See Supplementary Data 1 for all individual
measurement values.
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means that the genes identified in our study are not the only ones causing
collateral sensitivity to gentamicin in E. coli.

The antibiotic resistance profiles of isolates with clean gene deletions
suggest that the mechanisms underlying gentamicin sensitivity fall into at
least three distinct groups (excludingmetG, which cannot be deleted). The
most common group includes mutations affecting tusC andmnmA, found
in 5 out of 10 evolved isolates. Themodification ofU34 byMnmA is essential
for efficient tRNA charging41,42. Thus, deletion of the tusC or mnmA likely
activates the stringent response, contributing to ciprofloxacin resistance.
Additionally, deletion ofmnmA increases the translational error rate due to
undermodified tRNAs49,50, making isolates more sensitive to gentamicin as
lower antibiotic concentrations are required to reach lethal translational
error rates (Fig. 7).

Our experiments show that collateral sensitivity in E. coli can develop
during resistance evolution and that it can re-sensitize isolates with hor-
izontally transferred resistance genes. However, several caveats regarding
the clinical applicability of collateral-sensitivity-based treatment strategies
for E. coli infections were identified: (i)Collateral sensitivity did not develop
uniformly across all lineages andwas absent in some selective conditions. (ii)
The mutations causing collateral sensitivity are not associated with clinical
resistance, and we did not detect these mutations in clinical E. coli isolates.
(iii) Collateral sensitivity to gentamicin incurred a significant fitness cost
and was rapidly lost during compensatory evolution.

These results underscore the challenges of implementing collateral-
sensitivity-based treatment strategies in clinical settings and highlight the
importance of testing multiple evolutionary conditions and fitness effects
when investigating novel phenotypes.Multiple evolutionary trajectories can
lead to the selected phenotype, but only a subset will provide the desired
secondary effects. For collateral sensitivity to be clinically relevant, the
collateral effect must result from a mutation on a clinically relevant trajec-
tory.Among the six species tested in this study,P. aeruginosa emergedas the
most promising candidate for such a treatment strategy. P. aeruginosa has
been extensively studied with regard to collateral sensitivity. Our results are
in agreement with previous findings that collateral sensitivity develops
robustly inPseudomonasduring selectionwith various antibiotics51–54.Here,
ciprofloxacin resistance is frequently acquired by inactivation of the efflux
pump regulator nfxB. Inactivation of this regulator leads to overexpression
of the efflux pump MexCD-OprJ, which causes increased ciprofloxacin
resistance. However, expression of other efflux systems that handle ami-
noglycosides (e.g., MexXY-OprM) is reduced in these strains, which could
be the cause of collateral sensitivity towards aminoglycosides55–57. Our
results are in line with this finding as collateral sensitivity was specifically
associated withmutations in the efflux regulator genes nfxB andmexR. This
combination of high-frequency event (inactivation of nfxB or mexR) cou-
pled with a clinically relevant outcome (overexpression of MexCD-OprJ
efflux system) is likely the reason for the rapid and robust evolution of
collateral sensitivity in P. aeruginosa, which we did not observe in the E. coli
isolates evolved in this study.

While this work attempts to overcome limitations in previous studies
on collateral sensitivity, it is not without limitations itself. (i) The clinically

relevant resistancemutationswere only constructed in E. coli, but not in any
of the other species that were part of this study. Thus, the conclusion that
these mutations do not result in collateral sensitivity is only valid for E. coli,
and further tests would be required to strengthen this finding for other
bacterial species. (ii) While we extended the evolutionary conditions to test
for the robustness of collateral sensitivity development,we still usedartificial
in vitro conditions. For a more relevant clinical outcome, it could be ben-
eficial to study resistance developmentwithin an in vivo setting. (iii) Finally,
we only investigated the evolution of ciprofloxacin resistance development,
and it is possible that resistance development to other antibiotics result in
more robust collateral sensitivity effects. However, ciprofloxacin is one of
the few antibiotics where clinical resistance development is mainly caused
by chromosomal mutations rather than the acquisition of horizontally
transferred resistance genes,making it oneof themost relevant antibiotics to
be tested18.

Methods
Bacterial strains and growth conditions
All strains were derived from Escherichia coli K-12 strain MG165558, Sal-
monella enterica serovar Typhimurium strain 14028s59, Pseudomonas aer-
uginosa strain PA0160, Klebsiella pneumoniae strain ATCC 13883,
Acinetobacter baumannii strain ATCC 19606, or Staphylococcus aureus
strain ATCC 29213. Bacteria were generally grown at 37 °C in Luria Broth
(LB; 10 g L−1 tryptone, 5 g L−1 yeast extract, 5 g L−1 NaCl) or on LB agar
plates (LA; LB solidified with 1.5% Oxoid agar). Strains containing
temperature-sensitive pSIM plasmids were maintained at 30 °C61,62.
Chloramphenicol (25mg L−1 or 50mg L−1), rifampicin (100mg L−1),
streptomycin (100mg L−1), tetracycline (15mg L−1), and sucrose (50 g L−1)
were added to the media as required. Ciprofloxacin was added at various
concentrations during the evolution experiments.

Genetic engineering
Mutations in gyrA, rpoB, and rpsLwere introduced into wild-type E. coli by
lambda-red recombineering using ssDNA oligonucleotides63, selecting for
increased resistance to ciprofloxacin, rifampicin, and streptomycin,
respectively. The parC(Ser80Ile) mutation was introduced into E. coli with
gyrA(Ser83Leu + Asp87Asn) mutations by lambda-red recombineering
using ssDNA oligonucleotides, selecting for increased ciprofloxacin resis-
tance. For genes that increase resistance due to loss-of-function mutations
within the clinical setting (nfsA, nfsB, acrR, marR, and soxR), clean gene
deletionswere constructed to fully abolish gene activity.Genedeletionswere
constructed using DiRex64. All deletions were designed to omit the first six
and last six amino acids, and no known regulatory elements for unrelated
genes were deleted. Mutant alleles were moved between strains by P1
transduction using Dup-In or direct selection for DiRex intermediates of
deletions65,66.

PCR and DNA sequencing
DNA amplifications were performed using 2× Taq PCR Mastermix
(Thermo Scientific) or 2× Phusion PCRMastermix (New England Biolabs)

Fig. 7 | Proposed molecular mechanism under-
lying collateral sensitivity to gentamicin in E. coli
with tusC or mnmA gene deletion. Deletion of the
tusC ormnmA gene abolished s2U34 modification of
specific tRNAs. This undermodification results in
less efficient charging of tRNAs, leading to activa-
tion of the stringent response via RelA/DksA.
Consequently, this activation increases drug efflux,
resulting in heightened resistance to ciprofloxacin
(top). Additionally, the absence of s2U34 tRNA
modifications elevates the basal translational error
rate in the isolates, causing collateral sensitivity to
gentamicin (bottom).
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according to the manufacturer’s protocol. Genomic DNA was prepared
using the DNeasy UltraClean Microbial Kit (Qiagen) following the manu-
facturer’s instructions. Sanger sequencing of PCR products and whole
genome sequencing were performed by Macrogen (The Netherlands).
Sequences were analyzed using the CLC Genomics Workbench 24.0.1
(CLCbio, Qiagen).

Antibiotic susceptibility testing
Minimal inhibitory concentration (MIC) testing was conducted following
EUCAST guidelines by broth microdilution in LB media, with incubation
for 18–20 h at 37 °C. Collateral sensitivity was determined using the disc
diffusion method. Colonies were resuspended in 0.9% NaCl solution to 0.5
MacFarland standard. Bacteriawere spread onLAplates using sterile cotton
swaps, antibiotic discwere applied, and plates were incubated for 18–20 h at
37 °C.A list of all tested antibiotics and the quantity of antibiotic in each disc
is provided in Supplementary Table S8. Tests were performed in biological
triplicates, and changes in the zone of inhibitionwere considered significant
if the mean change was >2mm and a two-sided t-test indicated significant
differences (P < 0.05).

Evolution of resistance to ciprofloxacin
Evolution of resistance to ciprofloxacin was performed with three different
volumes: 0.1 mL, 1mL, and 10mL. Cultures were grown in 15mL Falcon
tubes (0.1mL and 1mL) or 50mL Falcon tubes (10mL). Independent
lineages were grown shaking at 37 °C in LB to initiate cultures. Every 24 h,
cultures with visible growth were diluted 100-fold in fresh media. The
concentration of ciprofloxacin in the media was stepwise increase from
0.008mg L−1 (0.5× MIC of wild-type E. coli MG1655) to the clinical
breakpoint of 1mg L−1 using 1.5-fold or 2-fold increments (Supplementary
Table S9). The culture at the highest ciprofloxacin concentration with
observable growth (end-point culture) of each lineagewas stocked at−80 °C
in 15% glycerol. Each evolution was performed in five independent repli-
cates (three replicates for species other than E. coli). End-point populations
were diluted from the freezer into 0.9% NaCl solutions and plated onto LA
plates to obtain single colonies. Five colonies were isolated from each end-
point lineage for further analysis (three colonies for species other than
E. coli).

Fitness-compensatory evolution
Fitness-compensatory evolution of isolates that exhibit collateral sensitivity
to gentamicin was perform by serial passage. Three independent lineages of
each isolate were grown shaking at 37 °C in LB. Every 24 h, cultures were
diluted 1000-fold in fresh media, resulting in 10 generations of growth per
cycle. After 10 cycles (100 generations), populations were plated on LA
plates to obtain single colonies. For each lineage, the largest colony was
isolated for further analysis.

Genome analysis of clinical isolates
E. coli genomes were downloaded on the 27th Aug 2024 from the Bacterial
and Viral Bioinformatics Resource Center (BV-BRC)67 with the following
filters. Genome Status: Complete, Genome Quality: Good, Host Group:
Human. Genomes with a size below 4Mb or a Sequencing Depth <100×
were removed from the collection. To further ensure good sequencing
quality, all genomes were analyzed for a set of essential genes (dnaA, fusA,
gyrA, parC, rplA, rpoA, rpoB, rpoC, rpsA) with a combined length of >20 kb.
Genomes containing frameshift mutations within any of these genes were
excluded, resulting in a set of 835 genomes. All genomes were classified as
ciprofloxacin-sensitive (CIPS) or ciprofloxacin-resistant (CIPR) basedon the
presence of mutations in gyrA (amino acids Ser83 and Asp87) and parC
(aminoacids Ser80 andGlu84). See SupplementaryTable S4 for anoverview
of identified mutations. Protein sequences for all genes of interest were
extracted from the genomes and aligned to determine the conservation of
each amino acidwithin the proteins. Positionswith conservation below99%
were ignored from further analysis, and genomes with mutations in the
remaining parts of the protein sequences were identified. All sequence

analyses were performed using the CLC Genomics Workbench 24.0.1
(CLCbio, Qiagen). For each gene, the likelihood of mutations being present
in ciprofloxacin-resistant isolates compared to sensitive ones was deter-
mined using a two-sided Fisher’s exact test (Supplementary Table S5).

Growth rate measurements
Exponential growth rates were determined using a Bioscreen C Pro
machine. Overnight cultures were 1000-fold diluted in fresh LB, and 300 µL
of each culture was transferred into a Bioscreen Honeycomb 2 plate. Cul-
tures were incubated for 18 h under continuous shaking, and OD600nm was
measured every 5min. Exponential growth rates were determined over a
window of 10measurement points (approximately 2 doublings of wild-type
E. coli) from the point that the culture reached an OD600nm of 0.015. See
Supplementary Data 2 for raw data.

Statistics and Reproducibility
Statistical analysis was performed using R (version 4.4.1)68. All mea-
surements were performed in three biological replicates. Unpaired two-
tailed t-tests were used to compare results from disc diffusion test. The
Mann-Whitney U test was used to compare results fromMIC tests using
broth dilution, and to test for differences in the number of mutations or
growth rates between classes of evolved isolates. A two-sided Fisher’s
exact test was used to test if specific mutations are more prevalent in
isolates that display collateral sensitivity to gentamicin, or in
ciprofloxacin-resistant clinical isolates of E. coli. P < 0.05 was considered
statistically significant.

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

Data availability
The raw whole-genome sequencing data are available at the NCBI SRA
database (PRJNA1262320). All raw data are provided with this paper in
Supplementary Data 1 and 2. The numerical source data for the graphs are
provided in Supplementary Data 3-8. Strains used in this study are available
upon request to the corresponding author.
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