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ABSTRACT Ciprofloxacin is one of the most widely used antibiotics for treating
Pseudomonas aeruginosa infections. However, P. aeruginosa acquires mutations that
confer ciprofloxacin resistance, making treatment more difficult. Resistance is multi-
factorial, with mutations in multiple genes influencing the resistance phenotype.
However, the contributions of individual mutations and mutation combinations to
the amounts of ciprofloxacin that P. aeruginosa can tolerate are not well understood.
Engineering P. aeruginosa strain PAO1 to contain mutations in any one of the resist-
ance-associated genes gyrA, nfxB, rnfC, parC, and parE showed that only gyrA muta-
tions increased the MIC for ciprofloxacin. Mutations in parC and parE increased the
MIC of a gyrA mutant, making the bacteria ciprofloxacin resistant. Mutations in nfxB
and rnfC increased the MIC, conferring resistance, only if both were mutated in a
gyrA background. Mutations in all of gyrA, nfxB, rnfC, and parC/E further increased
the MIC. These findings reveal an epistatic network of gene-gene interactions in
ciprofloxacin resistance. We used this information to predict ciprofloxacin resistance/
susceptibility for 274 isolates of P. aeruginosa from their genome sequences.
Antibiotic susceptibility profiles were predicted correctly for 84% of the isolates. The
majority of isolates for which prediction was unsuccessful were ciprofloxacin resist-
ant, demonstrating the involvement of additional as yet unidentified genes and
mutations in resistance. Our data show that gene-gene interactions can play an im-
portant role in antibiotic resistance and can be successfully incorporated into models
predicting resistance phenotype.
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The frequency of antibiotic resistance is rapidly increasing, making infections more diffi-
cult to treat. One of the most problematic bacteria in this regard is Pseudomonas aeru-

ginosa, a member of the so-called ESKAPE pathogens (1). P. aeruginosa is an opportunistic
pathogen responsible for a large number and broad range of infections, ranging from
acute infections that can lead to death within 2 to 3days to chronic infections that can last
several decades (2, 3). Treatment strategies for bacterial infections are commonly based on
measurement of antibiotic resistance (4), but this can be time-consuming and, for acute
infections, can cost valuable time before appropriate treatment can begin. Inappropriate
treatment of acute infections can significantly increase patient mortality (5, 6).

Analysis of genome sequences is emerging as a potential approach to more rapidly
predict the antibiotic resistance of bacteria and hence allow effective treatment at an
early stage of infection (4, 7–10). The possibility of using this approach with P. aerugi-
nosa has been explored, and shows promise (11–13), but a number of challenges must
be overcome for it to be implemented effectively. This approach depends on a strong
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understanding of the genetic basis of resistance which, in P. aeruginosa, is multifacto-
rial and complex (14–17).

The fluoroquinolone antibiotic ciprofloxacin is one of the most commonly prescribed
antibiotics used to treat P. aeruginosa infections but its extensive use is leading to the
emergence of resistant bacteria (18, 19). Analysis of clinical isolates and of experimentally
evolved ciprofloxacin-resistant mutants shows that resistance commonly arises through
mutations in the target-encoding genes gyrA, gyrB, parC, and parE, and in the nfxB gene
that regulates the mexCD efflux pump (16, 20–23). A probable ferredoxin gene, rnfC
(PA3491), has also been implicated in resistance (24). Plasmid-mediated ciprofloxacin re-
sistance is rare in P. aeruginosa (25–27), although a plasmid-borne gene crpP that may
contribute to resistance has been reported (28, 29). Ciprofloxacin resistance-associated
alleles can also be present in isolates that are susceptible to this antibiotic, highlighting
the incomplete understanding of the relationship between genotype and resistance
phenotype (13, 16). A possible explanation for a lack of correlation between genotype
and phenotype is that gene-gene interactions need to be taken into account, something
that has not been explored to date (9). Gene-gene interactions occur when the effect of
an allele on resistance is dependent on the alleles present in other resistance-associated
genes (30, 31). Resistance mutations can also have different effects in different genetic
backgrounds, indicating epistatic interactions with other unidentified genome compo-
nents (15, 30). A second potential complication is that different mutations are likely to
have different effects on the amounts of ciprofloxacin that can be tolerated by P. aerugi-
nosa. One approach to quantifying the contributions of different mutations to resistance
is to engineer mutants that are isogenic with a wild-type strain and then determine the
effects of the mutations on the antibiotic MIC (15, 22).

The purpose of this study was to quantify resistance conferred by individual muta-
tions and by combinations of mutations and then use the resulting data to predict
ciprofloxacin susceptibility/resistance of clinical isolates of P. aeruginosa from genome
analysis. Our findings demonstrate that gene-gene interactions play an important role
in ciprofloxacin resistance in P. aeruginosa and that understanding the contributions of
different genes can provide an effective framework for predicting the susceptibility of
clinical isolates to ciprofloxacin.

RESULTS
Subsets of mutations confer ciprofloxacin resistance in experimentally evolved

mutants. P. aeruginosa strain PAO1 is sensitive to ciprofloxacin, with an MIC of
0.0625mg/liter. Previously, 13 mutants of strain PAO1 were experimentally evolved to
become ciprofloxacin resistant (MIC above 2mg/liter) by exposing the bacteria in a step-
wise manner to sequentially increasing concentrations of ciprofloxacin (24). The cipro-
floxacin MIC for mutants was up to 128mg/liter. Each mutant had mutations in between
4 and 8 genes. To characterize the effects of subsets of these mutations, bacteria from
that study that had undergone fewer selection steps and could only tolerate smaller
amounts of ciprofloxacin were analyzed by whole-genome sequencing and by MIC test-
ing. Three independent mutants that had the same combination of gyrA, nfxB, and rnfC
mutations all had MICs of 4mg/liter (Table S1 in the supplemental material). Four inde-
pendent mutants with the combination of gyrA, nfxB, rnfC, and parC mutations all had
MICs of 32mg/liter (Table S1). These data indicate that subsets of mutations can cause
the MIC to be above the clinical breakpoint for resistance (2mg/liter; CLSI, clsi.org), as
well as demonstrating the reproducibility of the quantitative contribution of mutation
combinations to resistance. They also show that subsets of mutations cause the MIC to
be between that of the parental strain PAO1 and the maximally resistant mutants that
contain up to 8 mutations, emphasizing the multifactorial nature of resistance.

gyrAmutations increase the MIC of ciprofloxacin for P. aeruginosa. The mutants
described above contained combinations of mutations that collectively enable growth in
the presence of high concentrations of ciprofloxacin. To quantify the effects of individual
mutations, we engineered mutants of P. aeruginosa containing only specific mutations of
interest. We first investigated mutations in gyrA that are frequently associated with
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ciprofloxacin resistance. Three different gyrA mutations, T83I, D87N and D87G, are fre-
quently observed in experimentally evolved mutants of PAO1 and also in clinical isolates
of P. aeruginosa (20). Each of these mutations was engineered into P. aeruginosa PAO1 and
MICs were determined (Fig. 1). The MICs of the resulting mutants were between 4- and
16-fold higher than that of the parental strain PAO1 (Fig. 1), confirming that gyrA muta-
tions increase the ciprofloxacin MIC and showing that different mutations have different
effects.

Clinically, P. aeruginosa with MICs for ciprofloxacin of 0.5mg/liter are considered
susceptible; those with an MIC of 1mg/liter are considered to have intermediate resist-
ance; and those with an MIC of 2mg/liter or more, to be resistant (clsi.org). The gyrA
T83I mutation conferred intermediate resistance to ciprofloxacin and mutants contain-
ing gyrA D87N or D87G remained susceptible to ciprofloxacin.

Mutations in other genes do not increase the ciprofloxacin MIC in the absence
of a gyrA mutation. As well as mutations in gyrA, experimentally evolved ciprofloxa-
cin-resistant mutants commonly have mutations in other genes, including nfxB, parC,
parE (20), and rnfC (24). Mutations in each of these genes were engineered into strain
PAO1. None of the mutations altered the MIC (Fig. 1). This result showed that these
mutations do not by themselves increase the MIC of ciprofloxacin for strain PAO1.

Mutants were constructed to test the possibility that combinations of mutations
would increase the amount of ciprofloxacin tolerated by the mutants. Bacteria contain-
ing three mutations, in rnfC, nfxB, and parC or parE, had the same MIC as PAO1 (Fig.
2A). These data show that in the absence of a gyrA mutation, mutations in these genes
do not increase the ciprofloxacin MIC even when present together.

In a complementary approach, we took advantage of two experimentally evolved
mutants of PAO1, CH5 and CK4, which have mutations in all 4 genes gyrA, nfxB, rnfC,
and parC. The gyrA T83I mutation was replaced with the wild-type allele in each of
these mutants, giving rise to strains containing only the nfxB, rnfC, and parC mutations.
The absence of the gyrA mutation led to a reduction in resistance by 128-fold relative
to the parent mutant, with an MIC of 0.25mg/liter (Fig. 2A). Whole-genome sequenc-
ing confirmed the presence of only the intended mutations in these bacteria. This
result confirmed that when the gyrA wild-type allele was present, none of the other
tested mutations led to resistance either individually or in combination. Intriguingly,
the MIC of these mutants was reproducibly 4-fold higher than for bacteria engineered
to contain combinations of mutations, despite the genome sequences being identical.

parC and parE mutations confer ciprofloxacin resistance when combined with
gyrA T83I. We next tested the possibility that mutations in parC, parE, nfxB, or rnfC
might increase the amount of ciprofloxacin tolerated by P. aeruginosa when combined
with mutated gyrA. The MICs of double mutants containing gyrA T83I and one other

FIG 1 Effects of single mutations on the amount of ciprofloxacin required to inhibit growth of P. aeruginosa
PAO1. MICs of ciprofloxacin for parental strain PAO1 and isogenic mutants are shown. Each point represents a
biological replicate. The breakpoint for ciprofloxacin susceptibility is#0.5mg/liter and intermediate resistance is
1mg/liter (clsi.org). MICs for the gyrA T83I mutant are in yellow (intermediate resistance), and MICs of strains
carrying the other mutations are in turquoise (susceptible).
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mutation are shown in Fig. 2B. Mutations in parC and parE made the bacteria resistant
to ciprofloxacin, increasing the MIC by 4-fold relative to the gyrA mutant. The presence
of nfxB and rnfC mutations did not increase the MIC. As parC and parE mutations did
not increase the ciprofloxacin MIC for bacteria with wild-type gyrA, the increase in MIC
that they caused in the gyrA mutant indicates that gene-gene interactions are impor-
tant in determining amounts of ciprofloxacin that can be tolerated by P. aeruginosa.

nfxB and rnfC mutations combine to increase the amount of ciprofloxacin that
can be tolerated by P. aeruginosa PAO1. Mutations nfxB T39P and rnfC H87P were
present in experimentally evolved ciprofloxacin resistant mutants of strain PAO1 at a
high frequency, indicating that they contribute to resistance (24). However, in contrast
to previous studies where mutations in nfxB have been associated with ciprofloxacin
resistance in laboratory-evolved mutants of P. aeruginosa strain PA14 (15, 22), the pres-
ence of the nfxB mutation did not increase the MIC above that of PAO1 containing the
gyrA T83I mutation (Fig. 2B). These findings led to the question of how much the muta-
tion effects the function of NfxB. NfxB represses the expression of genes encoding the
MexCD-OprJ efflux pump, which is associated with ciprofloxacin resistance (32–34). To
evaluate the effect of the nfxB T39P mutation on expression of the efflux pump, quanti-
tative reverse transcriptase PCR (RT-qPCR) of the mexD gene was carried out. The
results showed that the nfxB T39P mutation increased mexD expression by approxi-
mately 50-fold (Fig. 3; Tables S2 and S3). This indicated that the nfxB T39P mutation
resulted in significant derepression of the mexCD-oprJ efflux pump, but this increase
was not sufficient to increase the ciprofloxacin MIC.

The co-occurrence of the nfxB T39P and rnfC H87P mutations in experimentally
evolved mutants (Table S1) suggested that these mutations may interact to increase
the amount of ciprofloxacin that can be tolerated by the bacteria. To test this possibil-
ity, a mutant containing gyrA T83I, nfxB T39P, and rnfC H87P was constructed. This mu-
tant was resistant to ciprofloxacin with an MIC of 4mg/liter (Fig. 4), the same as experi-
mentally evolved bacteria with this combination of mutations (CK3, Fig. 4) and 4-fold

FIG 2 A gyrA mutation is required for ciprofloxacin resistance. (A) Effects of combinations of mutations with and
without a gyrA mutation. Mutants of strain PAO1 were engineered to contain combinations of rnfC, nfxB, parC, and
parE mutations in the absence of a gyrA mutation, and also by replacing a gyrA mutation with the wild-type allele in
experimentally evolved mutants CH5 and CK4. Genotypes of mutants are shown, where � denotes the presence of
mutation. (B) Effects of mutations in combination with a gyrA mutation. Mutants were engineered to contain the
mutations shown. Each point represents one replicate of MIC testing. Turquoise, yellow and red denote susceptible
(#0.5mg/liter), intermediate (1mg/liter), and resistant range ($2mg/liter) of MICs, respectively.
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higher than double mutants containing gyrA T83I and nfxB T39P or gyrA T83I and rnfC
H87P (Fig. 2B). These findings indicated that nfxB and rnfC can increase the ciprofloxa-
cin MIC when present together, but not separately, a further example of gene-gene
interactions in ciprofloxacin resistance.

As rnfC has not been previously associated with antibiotic resistance, its involve-
ment was examined further. In the experimentally evolved CK3 mutant that has muta-
tions gyrA T83I, nfxB T39P, and rnfC H87P, the rnfC mutation was replaced with the
wild-type allele. The resulting strain had an MIC of 2mg/liter, 2-fold lower than the par-
ent strain (Fig. 4). MIC results were reproducible when mutant construction and MIC
testing were repeated (Fig. 4). These data show that rnfC contributes to ciprofloxacin
resistance in PAO1 when in combination with the nfxB T39P mutation. The MIC of
these strains was reproducibly 2-fold higher than that of the engineered mutant in
which the gyrA and nfxB mutations were introduced separately (Fig. 2B), despite the
bacteria having the same genotype, and the reason for this difference is not clear.

A combination of four mutations further increases ability to tolerate to
ciprofloxacin. To determine whether the amount of ciprofloxacin that can be tolerated
by P. aeruginosa is further increased by combinations of more mutations, quadruple
mutants were constructed by engineering parC and parE mutations into a gyrA nfxB rnfC
triple mutant. The resulting quadruple mutants had an 8-fold higher MIC (32mg/liter)
than the parental mutant, and also higher MICs than gyrA parC and gyrA parE double
mutants (Fig. 4). The MICs of both quadruple mutants were the same as experimentally
evolved mutants carrying the same mutations (Table S1). These results show that muta-
tions in multiple resistance-associated genes can act synergistically to enable P. aerugi-
nosa to grow despite the presence of high concentrations of ciprofloxacin.

Combinations of resistance mutations can reduce growth rate in antibiotic-free
medium. Growth of resistant mutants in the absence of antibiotic is an important con-
sideration in determining how well resistant bacterial populations would be maintained

FIG 3 Effects of mutation in nfxB on expression of mexD. Expression of mexD was quantified by RT-
qPCR. Bars represent the average value of three biological replicates, which are shown as dots. Each
dot is the average of 2 technical replicates. Individual values are listed in Table S2. The � denotes
the presence of mutations. P values were calculated from one-way ANOVA followed by Tukey’s test
(post hoc t test) and showed significant (P, 0.01) difference in mexD expression between NfxB1 and
nfxB mutant bacteria (Table S3).
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when antibiotic exposure is interrupted (35). Generally, resistance-associated mutations
result in changes in proteins that are involved in important biological functions and so
may affect the growth of bacteria in the absence of antibiotic (35). The growth of
mutants in antibiotic-free medium was quantified (Fig. 5; Fig. S1 and Table S4). None of
the mutations affected the growth rate when present individually. However, a significant
reduction in growth was observed in bacteria containing mutations in each of nfxB, rnfC,
and gyrA (Fig. 5) (36).

Prediction of ciprofloxacin resistance from genome sequences. We next tested
whether analysis of variants in genes associated with ciprofloxacin resistance would
predict the MICs of clinical isolates of P. aeruginosa. Ciprofloxacin resistance-associated
variants used for prediction are listed in Table 1. Sequence variants were chosen for
inclusion based on meeting at least two of three criteria: (i) the gene had an estab-
lished association with antibiotic resistance, (ii) effects of the variant on MIC had been
quantified, and (iii) the sequence variant was predicted to have a significant effect on
protein function. The gene rnfC was not included in the resistance prediction because
its association with resistance, beyond strain PAO1, has not been established.
Conversely, variants in gyrB were included because, although they did not arise in our
earlier studies with strain PAO1, they were present in 2 out of 5 mutants of strain PA14
that had been evolved to become ciprofloxacin resistant (Table S5) and gyrB mutations
are known to contribute to ciprofloxacin resistance (15, 20). The effects of gyrB gene
variants on resistance have been quantified previously (15, 20). The plasmid-encoded
CrpP protein has also been associated with increased ciprofloxacin resistance in P. aer-
uginosa (29) and so was included in the analysis.

FIG 4 Effects of rnfC H87P on ciprofloxacin MIC. P. aeruginosa PAO1 was engineered to contain
mutations in gyrA, rnfC, nfxB, and parC or parE. CK3 is an experimentally evolved mutant of strain
PAO1 containing gyrA, rnfC, and nfxB mutations. The wild-type rnfC allele was engineered into CK3
with two independent derivatives being analyzed. Genotypes of mutants are shown, where �

denotes the presence of mutation. (A) and (B) are independently engineered biological replicates.
Each point represents one replicate of MIC testing. Orange and red denote MICs of 2mg/liter
and.2mg/liter, respectively.
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Criteria to predict the MICs and resistance phenotypes of clinical isolates of P. aerugi-
nosa (Table 2) were developed from the MICs of engineered mutants of strain PAO1
(Table S1). They were then applied to 274 clinical isolates for which genome sequences
were available (Table S6). Protein BLAST was carried out on the proteins of interest to
identify amino acid variations from strain PAO1. Amino acid variations and ciprofloxacin
MICs of each isolate are listed in Table S7. MIC values were available for 200 of the iso-
lates and were determined for the remaining 74 (Table S7). Predicted and actual MICs
were then compared to evaluate the accuracies of these criteria for prediction.
Ciprofloxacin MICs determined experimentally and predicted from genotypes are termed
actual and predicted MICs, respectively. A comparison of predicted and actual MICs
(Table 3) showed that 225/274 (82%) isolates had correctly predicted MICs or within one
doubling dilution of the actual MIC, whereas 18% hada $4-fold MIC difference between
actual and predicted MICs (Table 3), indicating a high predictive power for our approach.

For clinical purposes, bacteria are classified as being susceptible (sensitive or inter-
mediate resistance) or resistant (clsi.org). Using these definitions, 84% of isolates were
correctly predicted to be susceptible or resistant to ciprofloxacin, with 97% (187/192)
of susceptible isolates and 50% of the resistant isolates (41/82) being predicted cor-
rectly (Table 4). The largest group of isolates that were incorrectly predicted was 24 re-
sistant isolates that were predicted as susceptible (false negatives) because they did
not have any of the analyzed resistance-associated variants but had MICs greater than
1mg/liter (Table 3, Table S7).

The approach described above incorporated information on gene-gene interactions
into the prediction framework. For comparison, we carried out the same analysis without
taking into account gene-gene interactions. In this case, isolates were predicted to be re-
sistant if they had any of the ciprofloxacin resistance-associated alleles (Table 2), without
considering the effects of other alleles. Isolates containing no ciprofloxacin resistance-
associated alleles were predicted to be susceptible. Using this approach, resistance/sus-
ceptibility phenotypes of 63% of clinical isolates were predicted correctly, significantly
less than the 84% correctly predicted when taking combinations of alleles into account.

FIG 5 Effects of mutations on growth in antibiotic-free medium. Culture growth, represented as area under the
curve, is shown. Each point represents a biological replicate. Average values (Table S4) are represented by
black bars. Tukey’s test (post hoc t test) showed that the difference of AUC between PAO1 and strains
containing three or four mutations was significant (P value 0.0005) and the difference between PAO1 and
mutants containing one or two mutations was not significant.
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The majority of the incorrectly predicted isolates were ciprofloxacin sensitive, having
been predicted to be resistant.

DISCUSSION

Antibiotic resistance in P. aeruginosa, as in other species, is multifactorial with
sequence variants in multiple genes determining the amounts of antibiotic that can be

TABLE 1 List of amino acid variations searched in clinical isolates of P. aeruginosa to predict the ciprofloxacin resistance

Protein
Amino acid
variation

Reference for presence in clinical
isolates or experimentally
evolved mutants

Reference for quantification
of resistanceb

PROVEAN
valuea

G81C 24 - 28.7
G81D 23 - 26.8

GyrA T83I This study, 15, 24 This study, 15 23.7
Y86N 23 - 28.7
D87N This study, 15, 24 This study, 15, 22 24.6
D87G 23 This study, 22 26.6
Q106L 23 - 26.8
E153K 21 - 23.8
S612L 24 - 25.3

GyrB S466Y This study, 15 15 25.1
S466F This study, 15, 16 15 25.1
P749S This study - 25.9

NfxB P22Q This study - 26.7
A30V This study - 23.9
A38G This study - 23.8
T39P 24 This study, 22 25.6
R42C This study, 76 - 27.5
E75G This study - 23.8
R82L This study, 77 - 24.5
H87R 76 - 24.8

ParC S87L This study, 24 This study 25.9
S87W 15 15 26.9

ParE M437I 15 - 22.9
P438S This study, 23 - 27.9
S457C This study, 23 - 24.9
V460G 24 This study 26.9
A473V This study, 78 - 22.4

Plasmid mediated protein CrpP This study, 29 - -
aPROVEAN analysis was carried out as described in reference 24. Variants with PROVEAN values equal to or below22.5 are likely to be function-altering variants.
bThe symbol - indicates not tested.

TABLE 2 Criteria used to predict ciprofloxacin MICs and resistance/susceptibility phenotypes for clinical isolates

Gene variantsa Corresponding PAO1 mutants
Predicted MIC (predicted ciprofloxacin
resistance phenotype)b

No analyzed variants in gyrA, parC, nfxB, gyrB, or
parE

- Less than 1 (S)

Wild-type gyrA and variant parC, nfxB, gyrB, parE,
or have crpP genec

parC S87L Less than 1 (S)
parE V460G

nfxB T39P

gyrBd

gyrAD87N gyrAD87N 0.25 (S)
gyrAT83I gyrA T83I 1 (I)
gyrAT83I 1 parC gyrAT83I 1 parCS87L 4 (R)
gyrAT83I 1 parE gyrAT83I 1 parEV460G 2 (R)
gyrAT83I 1 nfxB gyrAT83I 1 nfxBT39P 1 (I)
gyrAT83I 1 nfxB1 parE/parC gyrAT83I 1 nfxB T39P 1 parCS87L 2–4 (R)
aVariants are as listed in Table 1.
bCriteria to predict MICs were based on MICs of equivalent engineered mutants (Table S1). S, susceptible; I, intermediate; R, resistant. The MICs are given in mg/liter.
cPlasmid-borne gene (29).
dReference 15.
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tolerated by the bacteria. In the case of ciprofloxacin, mutations in gyrA, gyrB, parC,
parE, and nfxB are all associated with resistance (20). However, the effects of individual
mutations and of combinations of mutations on the amount of ciprofloxacin tolerated
by P. aeruginosa have not been well quantified. Here, we show that mutation of gyrA is
required for the increased ciprofloxacin MIC in P. aeruginosa PAO1 and that mutations
in other genes act in combination to further increase the ability of the bacteria to grow
in the presence of ciprofloxacin, conferring resistance. We also show that analysis of
appropriate combinations of genetic variants is a strong predictor of ciprofloxacin re-
sistance/susceptibility in isolates of P. aeruginosa. We also confirm rnfC as a contributor
to ciprofloxacin resistance in strain PAO1.

The MICs of strain PAO1 derivatives and of clinical isolates showed that the gyrA T83I
allele is a key determinant of ciprofloxacin resistance in P. aeruginosa, consistent with
earlier studies (15). Mutations other than gyrA T83I did not increase the MIC of P. aerugi-
nosa PAO1 individually or in combination when gyrA was wild type (Fig. 1 and 2A).
Similarly, clinical isolates containing other genetic variants, but not gyrA T83I, were pre-
dominantly (57/63) susceptible to ciprofloxacin with 43 being fully sensitive (Table 3,
Table S7). Mutations in gyrA reduce the affinity of ciprofloxacin for GyrA, its primary tar-
get (37). Mutations in parC and parE that encode DNA topoisomerase, a secondary target
of ciprofloxacin, would not prevent inhibition of GyrA by ciprofloxacin, explaining why
mutations in these genes do not by themselves increase the MIC. Mutations in nfxB that
cause upregulation of themexCD efflux pump are also evidently insufficient to overcome
the inhibitory effect of ciprofloxacin on GyrA.

Quantification of the effects of combinations of mutations showed that gene-gene
interactions contribute to ciprofloxacin resistance in P. aeruginosa. For example,
although mutations in parC or parE did not by themselves increase the ciprofloxacin
MIC above that of PAO1, they did increase the amount of ciprofloxacin that could be
tolerated by a gyrA mutant (Fig. 2B), reflecting reduced inhibition of ParCE protein var-
iants by ciprofloxacin. Similarly, a mutation in nfxB increased the MIC only in bacteria
with a gyrA mutation, presumably because increased efflux associated with loss of
functional NfxB does not reduce the intracellular concentration of ciprofloxacin suffi-
ciently to prevent inhibition of wild-type DNA gyrase. The nfxBmutation only increased
the MIC when a mutation was also present in rnfC, but the biochemical function of the
RnfC protein is not known.

Unexpectedly, the MICs of evolved mutants were in some cases different from bac-
teria that had been engineered to have the same mutations (Fig. 2 and 4). Whole-ge-
nome sequencing confirmed that the same mutations were present in evolved and
engineered bacteria and so the reason for the difference in MICs is not clear. It may be
that the evolved bacteria contain one or more additional mutations that were not
detected when the sequence reads were aligned with the parental PAO1 genome.
Alternatively, there is some evidence that epigenetic factors can play a role in antibi-
otic resistance in other bacterial species (38, 39) and the same may apply to ciprofloxa-
cin resistance in P. aeruginosa.

Although the nfxB T39P mutation did not by itself increase ciprofloxacin resistance
in our study, the same mutation in P. aeruginosa strain PA14 increased the MIC for

TABLE 4 Predicted ciprofloxacin resistance/susceptibility in isolates of P. aeruginosa

Predicted antibiotic susceptibility profilea

Actual antibiotic susceptibility
profileb

S/I (n=192) R (n=82)
S/I 187 41
R 5 41
aPredictions were based on the alleles in genes gyrA, gyrB, parC, parE, and nfxB (Table 1) and MICs of mutants
carrying those alleles (Table 2).

bCLSI breakpoints were used to categorize isolates; S, susceptible (MIC# 0.5mg/liter); I, intermediate
(MIC = 1mg/liter); R, resistant (MIC$ 2mg/liter); n, number of isolates.
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ciprofloxacin by 8-fold (22), supporting the proposal that genetic background impacts
the quantitative contribution of mutations to ciprofloxacin resistance (15). Mutations in
nfxB cause increased expression of mexC-mexD-oprJ efflux pump genes (Fig. 3) (34).
Further, nfxB variants arise at high frequency in experimental evolution studies select-
ing ciprofloxacin-resistant P. aeruginosa (22, 24, 40) but are much less frequent in clini-
cal isolates (Table S7) (41–43). The lower frequency of nfxB variants in clinical isolates is
likely due to a fitness cost associated with nfxB genetic variations. Although a nfxB
mutation did not by itself affect growth, mutants containing combinations of nfxB and
other mutations had reduced growth (Fig. 5), consistent with earlier studies (22, 35,
44). Gene-gene interactions also affect fitness in ciprofloxacin-resistant E. coli (36). It is
notable that gene-gene interactions when multiple mutations are present result in
increased resistance (Fig. 2 and 4; Table S1) but reduced growth (Fig. 5) in the absence
of ciprofloxacin.

The enhanced ability of strain PAO1 to tolerate ciprofloxacin when other mutations
were present in combination with gyrA T83I demonstrated the importance of gene-
gene interactions in ciprofloxacin resistance. Emphasizing this point, clinical isolates
with gyrA T83I and other ciprofloxacin resistance-associated mutations also had (on av-
erage) higher MICs than isolates with the gyrA T83I variant alone. The correct predic-
tion of MIC in a high proportion of clinical isolates containing multiple resistance-asso-
ciated variants (Table 3) suggested that the variants analyzed are good predictors of
ciprofloxacin resistance. An alternative approach to predict ciprofloxacin resistance
from P. aeruginosa genome sequences, involving the use of machine learning without
consideration of candidate genes or gene-gene interactions, also had a high (90%) pre-
dictive value (13). It is likely that combining experimental and machine learning-based
approaches will maximize the ability to predict antibiotic susceptibility/resistance from
genome sequences. Quantitatively predicting the effectiveness of antibiotics has the
potential to improve chemotherapeutic dosages and antibiotic-resistance manage-
ment (9). Isolates able to survive high concentrations of antibiotic may not be eradi-
cated with dosages that eliminate P. aeruginosa with lower MICs (9).

In P. aeruginosa, resistance to many other antibiotics is also multifactorial, with lev-
els of antibiotic resistance being determined by sequence variants of several genes, as
well as the presence or absence of horizontally acquired resistance genes (45, 46).
However, the role of gene-gene interactions in determining levels of antibiotic resist-
ance has not been investigated, except in the case of colistin resistance (47). Our
results indicated that gene-gene interactions play a major role in determining levels of
ciprofloxacin resistance, and may well do so for other antibiotics from different classes.
Resistance is also multifactorial for a range of antibiotics in other species, including
both Gram-negative and Gram-positive species (48–50), although there has been little
or no investigation of the importance of gene-gene interactions. It may well be that
such interactions play a role in determining levels of resistance to many antibiotics, in
many species, with widespread implications for prediction of antibiotic resistance/sus-
ceptibility from genome sequences.

Overall, our genome-based methodology correctly predicted 98% of susceptible
isolates and 50% of resistant isolates. The relatively large number of false negatives
(i.e., resistant strains predicted to be ciprofloxacin susceptible) was primarily due to 24
isolates that did not have resistance-associated variants in gyrA or any of the other ana-
lyzed genes but were nonetheless resistant to ciprofloxacin (Table 3). These isolates
did not have any other sequence variants in the genes listed in Table 1, indicating that
other genes contribute to the resistance phenotype. All but 2 of these isolates had
MICs of 2mg/liter, only just reaching the threshold for resistance. Other studies (15, 16,
51–55) have also reported ciprofloxacin-resistant isolates that did not have gyrA var-
iants. Resistance variants in such isolates could be due to sequence variants in gyrA,
gyrB, parC, or parE that were not included in our prediction framework (Table 2), or
changes in efflux pump genes that confer a resistance phenotype (56–59). A number
of other genes can affect ciprofloxacin susceptibility (14) and variants of these genes,
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or currently unidentified genes acquired by horizontal gene transfer, may also influ-
ence susceptibility of clinical isolates. Identification of resistance mechanisms that do
not involve any of the genes or variants included in this study will be an important
step in optimizing the genome-based prediction of ciprofloxacin susceptibility in P.
aeruginosa.

In conclusion, gene-gene interactions determine the amount of ciprofloxacin that
can be tolerated by P. aeruginosa. The gyrA T83I mutation is needed for an increased
ciprofloxacin MIC in strain PAO1, with other mutations increasing the amount of antibi-
otic that can be tolerated only if the gyrA T83I mutation is present. Analysis of gene
variants, taking gene-gene interactions into account, successfully predicted resistance
phenotypes in the majority of clinical isolates but showed that in some isolates the
genetic basis of resistance is not yet fully understood. Our findings have important
implications for understanding the genetic basis of antibiotic resistance in bacteria, as
well as for using genomic data to predict resistance phenotypes.

MATERIALS ANDMETHODS
Strains used and growth of bacteria. Experimentally evolved ciprofloxacin-resistant mutant deriva-

tives of P. aeruginosa reference strain PAO1 (24) and PA14 (this study) were obtained using the antibiotic
gradient agar plate method (60). Bacteria were grown in LB medium at 37°C with shaking (200 rpm).

Bacterial growth analysis. Growth analysis of PAO1 mutants was carried out using the method pre-
viously described (24). Briefly, mutants were grown overnight in LB medium and diluted to 1.5� 106

CFU/ml. Cultures were diluted and 200 ml portions were dispensed into wells in a 96-well tissue culture
plate (JETbiofil). Plates were incubated in a BMG FLUOstar Omega microplate reader at 37°C/200 rpm for
18 h. The optical density at 600 nm (OD600) was measured every 30 min as a measure of growth. The
blank-corrected OD600 data were used to calculate the area under the growth curve (AUC) using
GrowthCurver package version 0.2.1 (61) in software RStudio. The logistic area under the curve (AUC)
was used as the parameter for quantifying bacterial growth.

Determination of antibiotic MIC. MIC testing of engineered and experimentally evolved mutants
was conducted using the protocol given in Wiegand et al. (62) and Wardell et al. (24). Briefly, overnight
cultures in L-broth were diluted to 106 CFU/ml and spotted onto DifcoTM Muller-Hinton (MH) agar plates
containing ciprofloxacin (Mylan, New Zealand Ltd.) in doubling dilutions. A control MH agar plate with-
out antibiotic supplementations was also inoculated with bacterial culture. Plates were dried and incu-
bated overnight at 37°C. Results were recorded the next day.

Whole-genome sequencing. Genomic DNA was extracted using the MoBio UltraClean microbial
DNA isolation kit from overnight-grown cultures of bacteria. Genome sequencing was carried out by
New Zealand Genomics Limited using Illumina HiSeq2000 and Illumina MiSeq.

Allelic exchange. Mutations were engineered in laboratory reference strain PAO1 using a two-step
allelic exchange method (63). Genomic DNA extracted from cultures of experimentally evolved mutants
containing the mutation of interest was used as a PCR template. The primers used are listed in Table S8
in the supplemental material. Each PCR product incorporated approximately 1,000 bp of DNA upstream
and downstream of the target mutation. Each amplified fragment was cloned into plasmid pEX18Tc (64).
Recombinant plasmids were extracted using a plasmid isolation kit (Macherey-Nagel, Germany) and
sequenced using universal M13 primers and primers specific to the mutation-containing DNA region
(Table S8) to confirm that only the intended mutation was present. A list of the recombinant plasmids
constructed in this study is given in Table S9. Mutations were engineered into the PAO1 genome
through homologous recombination as described by (65). PCR sequencing was carried out to screen the
mutant candidates, using primers specific to the mutation-containing DNA region (Table S8). Mutants
with combinations of mutations were constructed with the same procedure. Whole-genome sequencing
of selected engineered mutants was carried out to make sure the mutants had only the intended
mutations.

RT-qPCR. RNA was extracted from bacterial cultures grown in LB medium to an OD600 of 0.8 (expo-
nential growth phase) using an RNA extraction kit (RNeasy minikit, Qiagen) according to the manufac-
turer’s instructions. Gene-specific primers mexD, and reference gene primers clpX and oprL (66), are in
Table S8. Primer efficiencies were calculated using dilutions of genomic DNA and were between 1.8 and
2 for all primer pairs. For RT-qPCR, RNA was reverse transcribed to cDNA. RT-qPCR was carried out using
a LightCycler 480 SYBR Green I Master kit (Roche) as described previously (67). Two technical replicate
reactions were carried out for each sample. Melt curve analysis was carried out and PCR products were
detected by agarose gel electrophoresis to confirm single amplification products from each reaction.
LightCycler 480 software was used to calculate the crossing points, target/reference ratios, and melting
temperatures. All RT-qPCR experiments were performed on three biological replicates.

Bioinformatics and statistical analysis. Mutations were identified through comparison of genome
sequences to P. aeruginosa reference strain PAO1 (PAO1-Otago) or PA14 using BreSeq (68) as described
previously (24). One-way ANOVA and Tukey’s HSD test were carried out and P values were calculated to
evaluate the multiple comparisons. Dot plots were created using R Studio package ggplot2 (69).

Analysis of clinical isolate genomes. The 237 P. aeruginosa genomes from the International
Pseudomonas Consortium Database (IPCD) (70), available at http://ipcd.ibis.ulaval.ca, and 37 from
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International Health Management Associates (IHMA) analyzed in this study are listed in Table S6. These
isolates were chosen based on the availability of MIC data and genotypic diversity. To annotate the
genomes, Prokka v1.10 (71) was used and a protein blast database of annotated genomes was prepared.
Protein BLAST of sequences was carried out to identify amino acid sequence variants between each ge-
nome and that of the reference sequence PAO1. BLAST tabular output format 6 was produced. BLAST
results were filtered by setting the minimum percent identity at 95% and minimum coverage at 90%.
Sequences were retrieved from BLAST results and MUSCLE (72) was used to align the protein sequences
from all 274 isolates. Alignments were visualized in Jalview (version 2) (73) to identify the amino acid
variants.

Criteria to predict ciprofloxacin MICs of isolates from genome sequences were designed based on
MIC data of engineered mutants. The effects of variants on protein function were predicted using
PROVEAN version 1.1 (74) using the method described in Wardell et al. (24). The Software Resistance
Gene Identifier (RGI) (75) was used to search the plasmid-borne gene crpP in P. aeruginosa isolates using
assembled genomes.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.9 MB.
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