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Sensitization of resistant bacteria to existing antibiotics depends on the identification of candidate targets whose activities con-
tribute to resistance. Using a transposon insertion library in an Escherichia coli mutant that was 2,000 times less susceptible to
ciprofloxacin than its parent and the relative fitness scores, we identified 19 genes that contributed to the acquired ciprofloxacin
resistance and mapped the shortest genetic path that increased the antibiotic susceptibility of the resistant bacteria back to a
near wild-type level.

Discovery of new antibacterials can be facilitated by the system-
atic identification of mutations that suppress antibiotic resis-

tance phenotypes, which can be used to establish specific and pri-
oritized lists of targets for drug development. Genetic suppressors
of antibiotic resistance can be identified by using ordered libraries
of mutants (e.g., references 1–4). Growth differences among mu-
tants in response to antibiotics can be amplified by the competi-
tive nature of the assays, which are based on pooled libraries (e.g.,
references 5, 6). Such comparative fitness assays may increase the
sensitivity of the antibiotic suppressor screens, but they do so at
the expense of very low specificity (5). However, in the absence of
reference lists of genes whose inactivation is expected to result in
increased antibiotic susceptibility, it is impossible to assess the
sensitivity of such methods. Furthermore, there may not be a dis-
cernible relationship between the relative fitness under the antibi-
otic selective pressure and changes in the MIC of the antibiotic.

To independently evaluate these issues, we designed a compar-
ative fitness study that used a laboratory strain of Escherichia coli
that was resistant to clinically relevant concentrations of the fluo-
roquinolone antibiotic ciprofloxacin (Cipro) (7–10) and took ad-
vantage of existing information about the gene modulators of the
parental, or intrinsic, quinolone resistance (4, 11–14).

Using a double-controlled experimental design (Fig. 1), we
found that the true discovery rate of the screen was higher than
35%, with 90% sensitivity, assuming that the transposon inser-
tions are functionally equivalent to the loss-of-function muta-
tions. Additionally, we identified several new genes that contrib-
ute to ciprofloxacin resistance, which allowed us to develop a
minimal functional classification of genes whose loss of function
sensitizes E. coli to the fluoroquinolone, and demonstrated that
ciprofloxacin resistance can be almost completely suppressed by a
combination of three nonepistatic mutations with the largest in-
dividual fitness effects.

Quantifiable mutant alleles were generated by saturation trans-
poson mutagenesis using a modified mariner transposon (15, 16)
in an E. coli K-12 wild-type strain and its ciprofloxacin resistant
derivative, rCip-8 (see text in the supplemental material). The
mutant was obtained in 4 selection steps, had a final MIC of 28 �
4 �g/ml, and carried mutations known to be associated with quin-
olone resistance: gyrA (D87N), acrR (deletion of 1 bp in coding,
73/648 nt), marR (deletion of 1 bp in coding, 399/435 nt), and
parC (S80I).

Following verification of the transposon libraries (see Table S1

and the text in the supplemental material), the rCip-8 mutant
library (Cipro MIC, 30 �g/ml) was exposed to ciprofloxacin at 4
�g/ml for 10 generations. We observed that the abundance of
insertions in 310 out of 4,516 genes significantly decreased (� �
0.05; P value adjusted for multiplicity of measurements, ��0.05).
However, insertion mutants in 253 of those 310 genes were also
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FIG 1 Experimental design. The schema shows all 18 samples used in the
analysis, which have been procured from 9 growth experiments. The first sub-
script, 0 or 1, refers to the start and endpoint, respectively. The second sub-
script, 1, 2, or 3, refers to the independent sample drawn from the library
mixture. Identity of the second subscripts (for one strain) implies that the same
sample was used to seed the growth experiment. wt, Wild type.
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significantly and comparably depleted without the drug selective
pressure in rCip-8, the wild-type sample, or both. That left 57
candidate genes whose insertions were likely to sensitize the resis-
tant strain to the antibiotic. We were able to construct 52 out of 57

in-frame deletions (17, 18) in the rCip-8 background and test their
effect on the MIC of Cipro. Nineteen of the 52 deletions sensitized
the drug-resistant strain to Cipro. The 52 deletion mutants could
be divided into the following two classes (see Table S2 in the sup-
plemental material): class 1 where insertion alleles were signifi-
cantly depleted only upon exposure of the culture to the drug and
class 2 where insertion alleles were also reproducibly depleted in at
least one antibiotic-free selection experiment but to a significantly
lesser extent than under antibiotic pressure. Despite having the
same number of genes, the first class contained more than 4 times
as many correct predictions. The overall rate (for classes 1 and 2)
of true positives was higher than 35%.

An earlier study identified 29 gene knockouts that suppressed
ciprofloxacin resistance (4). Only 13 of those were among the 19
suppressors identified in the present screen in the Cipro-resistant
strain (see Table S3 in the supplemental material), leaving 16 sup-
pressors as potential false negatives. To directly evaluate the sen-
sitivity of the screen, we tested 15 deletion mutants out of the
missing 16 (one construction failed). We found that 10 of them
affected the susceptibility of the wild-type strain but not the resis-
tant strain. Therefore, the sensitivity of the screen was about 90%
(1 � the number of false negatives [5 or 6]/the total number in-
ferred and tested [52]).

We correlated the fold decrease in the MIC values of the dele-
tion mutants relative to the resistant parent with the fold decrease
in the abundance of transposon insertions between t0 and t1 sam-
ples (Fig. 2A). The extent of the depletion of transposon insertions
explained more than 95% of the variance in the MIC values.
Changes in the abundance of individual mutant alleles in a popu-
lation can be used to evaluate the relative contribution of individ-
ual genes and gene classes to antibiotic resistance (Fig. 2B). The
resistance of rCip-8 was primarily modulated by the activity of
efflux pumps, followed by DNA repair and then regulators of the
stress response and of the genes whose products are involved in
lipopolysaccharide biosynthesis.

Deletions of 5 genes, hofO, lpxM, miaA, yciS, and ygaH, whose
activity has not been previously associated with quinolone resis-
tance, lowered the MIC of the resistant strain 1.4 to 2.8 times
(Table 1). Three of them increased the ciprofloxacin susceptibility
of the parental as well as the resistant strain, with a comparable
reduction of the MIC (Table 1).

If the suppressor effects are additive and independent, then the
shortest genetic path to sensitization of resistant bacteria below a
breakpoint MIC can be a combination of suppressors with the
largest sensitization effects. Although deletion of the acrB gene
increased the susceptibility of the resistant strain by 28 times, the
resulting MIC (1 �g/ml) was still above the clinical breakpoint

FIG 2 Correlation between the screen and antibiotic sensitivity metrics. The
screen metric is a ratio of insertion allele abundances before and after selection.
The antibiotic sensitivity metric is a ratio of the MIC of the resistant parent to
the MIC of a corresponding knockout strain. (A) Scatterplot of two metrics
obtained for each of the 19 genes detected in the screen and verified by indi-
vidual knockouts. (B) Boxplot of corresponding gene classes broadly defined
as follows. LSP, lipopolysaccharide biosynthesis and transport, yciM, yciS, and
lpxM; Reg, regulation of transcription and/or translation, hfq, dksA, marA, and
miaA; DNA, DNA metabolism, repair, and organization, hofO, recG, recB,
recA, recC, xseA, recN, and uvrD; Efflux, tolC, acrA, acrB, and ygaH.

TABLE 1 Effects of novel suppressors on ciprofloxacin MIC

Additional
suppressor
allelea

Fitness
ratiob

Genetic background MIC (�g/ml)

rCip-8 Wild type rCip-8�acrB

None 1 28 0.015 1
�hofO 0.53 20 0.015 1
�ygaH 0.43 16 0.015 1
�lpxM 0.36 16 0.007 0.5
�miaA 0.3 16 0.007 1
�yciS 0.24 10 0.007 1
a All suppressor alleles are gene knockouts, tested with the Kanr cassette present and
removed.
b The fitness ratio corresponds to the relative abundance of alleles carrying transposon
insertions in their respective genes.

TABLE 2 Significant suppression of ciprofloxacin resistance by
combinations of deletion alleles

Additional suppressor
allele

rCip-8 background MIC (�g/ml)

�acrB �acrB�uvrD

None 1 0.25
�recB 0.15 0.03
�recC 0.15 NDa

�recG 0.2 0.06
�uvrD 0.25 NAb

a ND, not determined.
b NA, not applicable.
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concentration (19). We found that the deletions of 4 genes, pre-
dicted from the screen, can further sensitize rCip-8�acrB more
than 2-fold: recB, recC, recG, and uvrD (Table 2). A combination
of three deletions, acrB, recB, and uvrD, brought the MIC of the
resistant strain within 2-fold of the sensitive wild-type strain, al-
most fully negating the effect of the quinolone resistance muta-
tions in the DNA gyrase and topoisomerase IV genes.
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