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The relationship between efflux system overexpression and cross-resistance to cefoxitin, quinolones, and
chloramphenicol has recently been reported in Klebsiella pneumoniae. In 3 previously published clinical isolates
and 17 in vitro mutants selected with cefoxitin or fluoroquinolones, mutations in the potential regulator genes
of the AcrAB efflux pump (acrR, ramR, ramA, marR, marA, soxR, soxS, and rob) were searched, and their impacts
on efflux-related antibiotic cross-resistance were assessed. All mutants but 1, and 2 clinical isolates, overex-
pressed acrB. No mutation was detected in the regulator genes studied among the clinical isolates and 8 of the
mutants. For the 9 remaining mutants, a mutation was found in the ramR gene in 8 of them and in the soxR
gene in the last one, resulting in overexpression of ramA and soxS, respectively. Transformation of the ramR
mutants and the soxR mutant with the wild-type ramR and soxR genes, respectively, abolished overexpression
of acrB and ramA in the ramR mutants and of soxS in the soxR mutant, as well as antibiotic cross-resistance.
Resistance due to efflux system overexpression was demonstrated for 4 new antibiotics: cefuroxime, cefotaxime,
ceftazidime, and ertapenem. This study shows that the ramR and soxR genes control the expression of efflux
systems in K. pneumoniae and suggests the existence of efflux pumps other than AcrAB and of other loci

involved in the regulation of AcrAB expression.

Klebsiella pneumoniae is an important pathogen, both in the
community and in the hospital setting, and is responsible for a
variety of infections, including urinary tract infections, pneu-
monia, liver abscesses and bacteremia (18, 34). Acquired re-
sistance to B-lactams in this bacterial species can be due to
expression of different enzymes, such as extended-spectrum
B-lactamases (ESBLs) (39), plasmid-mediated AmpC B-lacta-
mases (30), and, more recently, carbapenemases (45). More-
over, two other nonenzymatic mechanisms participate in resis-
tance to B-lactams in K. pneumoniae. One of them is porin
alteration, which has been involved in resistance to cefoxitin
and, more recently, to ertapenem in mutants producing the
ESBL CTX-M-15 (20). The second is efflux system overexpres-
sion, which has recently been shown to induce low-level cross-
resistance to different antibiotic families, including quinolones,
chloramphenicol, and B-lactams (28, 29). This efflux-related
antibiotic cross-resistance has been observed in almost 5% of
the non-plasmid-mediated B-lactamase-producing K. pneu-
moniae clinical isolates in our hospital since 2000 (29).

The efflux system most extensively studied to date is the
AcrAB pump, which belongs to the resistance-nodulation-di-
vision (RND) family and is associated with the outer mem-
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brane protein TolC. AcrAB-TolC is present in various bacte-
rial species belonging to the family Enterobacteriaceae, such as
Salmonella enterica, Enterobacter aerogenes, Enterobacter clo-
acae, Escherichia coli, Morganella morganii, Proteus mirabilis,
and K. pneumoniae (21, 26, 31, 33, 35, 36, 41). Substrates for
this efflux system include quinolones, chloramphenicol, mac-
rolides, tetracycline, tigecycline, trimethoprim, and -lactams
(3, 23, 32, 36, 37, 38). Besides its implication in antibiotic
resistance, the participation of the AcrAB efflux system in
bacterial virulence has been demonstrated in S. enterica, E.
coli, and, recently, K. pneumoniae (3, 6, 15, 28).

More insight into the regulatory pathways that control ex-
pression of the AcrAB-TolC system in some Enterobacteriaceae
species has been gained over the last few years. Expression of
the acrAB operon is regulated by its local repressor, AcrR (32).
At a global level, it is also influenced by several transcriptional
activators belonging to the AraC/XylS family, especially MarA,
RamA, SoxS, and Rob (2, 12). Transcription of the marRAB
locus is activated by the binding of MarA to the marO operator
region, whereas it is repressed by the binding of MarR (9, 40).
More recently, the local repressor of RamA, called RamR,
whose gene is found directly upstream of ramA in the opposite
orientation, has been identified in S. enterica (1). SoxS is the
effector of the soxRS global superoxide response regulon, and
its expression can be activated by its regulator, SoxR, pres-
ent in its oxidized form (43). It has also been shown that
mutations in the regulator genes acrR, marR, ramR, and
soxR can result in overexpression of the acr4AB operon and
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TABLE 1. Primers used in this study
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Primer use and

target region Primer Oligonucleotide sequence T, (°C)* Reference
Sequencing
grA gyrA6 5'-CGACCTTGCGAGAGAAAT-3' 56 7
gyrA631 5'-GTTCCATCAGCCCTTCAA-3'
parC parC F 5'-CTGAACGCCAGCGCGAAATT-3' 58 7
parC R 5'-TGCGGTGGAATATCGGTCGC-3’
acrR actrR F 5'-GCTAAGCTGCCTGAGAGCAT-3’ 58 This study
acrR R 5'-ATGCAAATGCCGGAGAATAC-3'
ramR ramR F 5'-CACGGTTCATATCCTGACCA-3’ 60 This study
ramR R 5'-CCRTCGACCTTAAACACGTC-3’
ramA ramA F 5'-TGGGATGAACCGTATCAACG-3’ 58 This study
ramA R 5"-ATCTTACTGCTGGCCCTGCT-3'
marA-marR loc mar F 5'-CATAGCTGAGGCTGGAGRCC-3’ 56 This study
loc mar R 5'-TCGGCCAATTCATAATGTTG-3’
soxS-soxR loc sox F 5'-CGGAACCTCCATCAACAGATT-3’ 60 This study
loc sox R 5'-GCAGGTAAGCTGGCTCTACAA-3’
rob rob F 5'-TCACGCACTTAGCAGAAAAGG-3’ 60 This study
rob R 5'-ACTATCAGCAAAGCCCGTGG-3'
RT-PCR
acrB acrB F 5'-CGATAACCTGATGTACATGTCC-3’ 60 10
acrB R 5'-CCGACAACCATCAGGAAGCT-3’
ramA ramA F 5'-ATCGTCGAGTGGATTGATGA-3' 60 5
ramA R 5'-AGATGCCATTTCGAATACCC-3'
soxS soxS F 5'-GCATCACGGTACGGAACAT-3’ 60 5
soxS R 5'-AGTCGCCAGAAAGTCAGGAT-3’
rpoB rpoB F 5'-AAGGCGAATCCAGCTTGTTCAGC-3' 60 10
rpoB R 5'-TGACGTTGCATGTTCGCACCCATCA-3’
Cloning
ramR ramR F 5'-CACGGTTCATATCCTGACCA-3’ 60 This study
ramR R 5'-CCRTCGACCTTAAACACGTC-3’
soxR soxR F 5'-AACCAGCGAGATAATGCGAA-3’ 53 This study
soxR R 5'-ATAAAGCGGCCTCTCTCAAT-3'

contribute to a multidrug-resistant phenotype (1, 19, 24, 27, 38,
42). However, these systems have been studied mainly in E.
coli and S. enterica, and little is known about their roles in K.
pneumoniae, and the effects of mutations in the regulator genes
on resistance to B-lactams are still unclear.

Therefore, the present study had a triple objective: (i) as-
sessing the effect of antibiotic pressure by cefoxitin, on one
hand, and by fluoroquinolones, on the other hand, on in vitro
selection of resistant mutants overexpressing an efflux system
from fully susceptible K. pneumoniae strains; (ii) searching for
the presence of mutations in the regulator genes acrR, ramR,
ramA, marR, marA, soxR, soxS, and rob in clinical isolates and
in in vitro-selected mutants displaying an efflux-related anti-
biotic cross-resistance pattern; and (iii) determining the im-
pacts of these mutations on the susceptibilities of the different
strains to a large panel of antibiotics.

MATERIALS AND METHODS

Bacterial strains. The collection studied comprised (i) 3 previously published
K. pneumoniae clinical isolates shown to have cross-resistance to cefoxitin, quin-
olones, and chloramphenicol (KPBj E+), with increased expression of the acrB
gene for 2 of them (KPBjl E+ and KPB;j3 E+) (3, 29); (ii) their spontaneous
revertants (KPBj Rev) susceptible to the three antibiotic families (3); and (iii)
mutants selected from these 3 revertant strains with cefoxitin, ciprofloxacin, or
levofloxacin. For all experiments, K. pneumoniae strain ATCC 138821 was used
as a control.

In vitro selection of mutants. Mutants were selected by using the procedure
previously described by Miller et al. (22). Briefly, 5 wl of an overnight culture was

transferred into 9 ml of fresh Mueller-Hinton (MH) broth containing ciprofloxa-
cin (Sigma Aldrich, Saint-Quentin-Fallavier, France), levofloxacin (Sigma Al-
drich), or cefoxitin (Panpharma, Fougeres, France) at 0.25X MIC for the strain
tested and incubated for 18 h at 37°C. Such growth conditions were repeated
until mutants were obtained from overnight culture aliquots plated after each
broth culture cycle on MH agar containing 4X the original MIC.

Antibiotic susceptibility. The susceptibilities of the in vitro-selected mutants to
the well-known markers of efflux system overexpression (i.e., cefoxitin, nalidixic
acid, and chloramphenicol) were determined by using the agar disk diffusion
method. Only the mutants displaying cross-resistance to these 3 antibiotics were
further studied. Susceptibility to a large panel of antibiotics, including B-lactams
(cefoxitin, amoxicillin, and amoxicillin associated with clavulanic acid, ticarcillin,
cefazolin, cefuroxime, cefotaxime, ceftazidime, ertapenem, imipenem, mero-
penem, and doripenem), quinolones (nalidixic acid, ciprofloxacin, and levofloxa-
cin), chloramphenicol, tetracycline, and tigecycline, was determined by the agar
dilution method. MIC determination, replicated 3 times, was performed and
interpreted following the recommendations of the French Antibiogram Com-
mittee [http://www.sfm.asso.fr/nouv/general.php?pa=2].

Real-time RT-PCR for analysis of gene expression. The transcription (nRNA)
levels of the acrB, ramA, and soxS genes were determined according to the
method previously described by Doumith et al. (10). Briefly, total cellular RNA
was extracted using the RNeasy Mini kit (Qiagen, Courtaboeuf, France) and
treated with RNase-free DNase (Qiagen) for 30 min at 37°C, after which a
second step of purification was performed. Reverse transcription (RT)-PCR was
carried out in a LightCycler using the one-step LightCycler RNA Master SYBR
green I kit (Roche Applied Science, Meylan, France) and the primers listed in
Table 1. The specificity of the generated products was tested by melting-point
analysis. Amplifications were performed in duplicate from two different RNA
preparations. The cycle threshold (Cy) values of the target genes were compared
with the C; values of the housekeeping rpoB gene, chosen as an endogenous
reference for normalizing the transcription levels of the target genes. Strain
ATCC 138821 was used as a control, and the normalized relative expression of
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TABLE 2. GenBank accession numbers

Accession number

Strain
acrR ramR marA-marR soxS-soxR rob
KPB;jl Rev GU985172 HMO036711 GU985178 HMO010916 HMO036717 HQ992823
KPBjl E+ GU985173 HMO036712 GU985179 HMO010917 HMO036718 HQ992824
KPB;j3 Rev GU985174 HMO036713 GU985180 HMO010918 HMO036719 HQ992825
KPBj3 E+ GU985175 HMO036714 GU985181 HMO010919 HMO036720 HQ992826
KPB;jS Rev GU985176 HMO036715 GU985182 HMO010920 HMO036721 HQ992827
KPBj5 E+ GU985177 HMO036716 GU985183 HMO010921 HMO036722 HQ992828

the acrB, ramA, and soxS genes was determined for each strain according to the
following formula: 27447, where AAC; = (Cy — Crypop)studicd strain = (C —
CTrpoB)control strain®

Analysis of gene sequences. The presence of mutations in the gyr4 and parC
genes, which encode targets for quinolones, and in the acrR, ramR, ramA, marR,
marA, soxR, soxS, and rob genes was assessed by PCR and sequencing. The
sequences of the primers used, as well as the annealing temperature (7,,), for
each gene are shown in Table 1 (7). PCR was performed with a 0.2 uM con-
centration of each primer, a 500 uM concentration of the deoxynucleoside
triphosphates (dNTPs), 1X PCR buffer with MgCl,, and 2.5 U of Tag DNA
polymerase per 50-ul reaction mixture. After a 5-min denaturation at 95°C,
amplification was performed for 35 cycles of 1 min at 95°C, 1 min at 7,,,, and 1
min at 72°C, with a final extension of 10 min at 72°C. After purification of the
PCR products on Bio-Gel P-100 polyacrylamide gel (Bio-Rad, Marne-la-Co-
quette, France) columns, the presequencing amplification reaction was per-
formed with a BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosys-
tems, Courtaboeuf, France) according to the manufacturer’s protocol. The PCR
products obtained were then purified on Sephadex G-50 (Amersham Biosci-
ences, Orsay, France) columns and sequenced on the 3130xl Genetic Analyzer
(Applied Biosystems). The presence of mutations in the amplified regions was
assessed by multiple-sequence alignments using CLUSTALW (http://www.ebi
.ac.uk/Tools/msa/clustalw2/). Nucleic acid sequences were then translated
into corresponding protein sequences using the EMBOSS Transeq applica-
tion (http://www.ebi.ac.uk/Tools/emboss/transeq/), in order to further analyze
the consequences of the mutations observed.

Complementation with the wild-type ramR or soxR gene. The 895-bp ramR
fragment, generated by PCR using primers RamR F and RamR R (Table 1)
from the genomic DNA of strain ATCC 138821, was cloned into the pSC-A-
amp/kan plasmid vector using a StrataClone PCR Cloning Kit (Agilent Tech-
nologies, Massy, France). The same procedure was carried out for the 617-bp
soxR fragment, using primers SoxR F and SoxR R (Table 1). The empty plasmid
pSC-A-amp/kan-E1, used as a negative control, was generated from pSC-A-amp/
kan-ramR after digestion with EcoRI enzyme (Ozyme, Saint-Quentin-en-Yve-
lines, France) and ligation with the LigaFast Rapid DNA Ligation System (Pro-
mega, Charbonniéres-les-Bains, France). All constructs were verified by
sequencing them. The cloned wild-type ramR and soxR genes were transferred
into electrocompetent ramR and soxR mutant strains, respectively, by transfor-
mation with the recombinant plasmids pSC-A-amp/kan-ramR and pSC-A-amp/
kan-soxR.

Nucleotide sequence accession numbers. The sequences determined in this
study have been submitted to GenBank, and their corresponding accession num-
bers are presented in Table 2.

RESULTS

Antibiotic resistance pattern of the mutants. Resistant mu-
tants were obtained after one or two passages in low antibiotic
concentrations from the susceptible KPBj Rev strains with a
frequency of approximately 10~ ¢ when ciprofloxacin or levo-
floxacin was used as a selector and 2 X 10~ ° when cefoxitin was
used. Four of the 9 mutants selected with cefoxitin presented a
low level of resistance only to that molecule and remained
susceptible to nalidixic acid and chloramphenicol. The remain-
ing 5 mutants, similarly to the mutants selected with ciprofloxa-
cin (n = 6) or levofloxacin (n = 6), displayed cross-resistance
to the 3 antibiotics, suggesting the selection of mutants over-

expressing an efflux system. These 17 mutants were retained
for further analysis, after having been checked for the absence
of mutations in both the gyr4 and parC genes.

Transcription of the acrB gene. The relative transcription
levels of acrB for the 3 KPBj Rev strains and their respective
mutants are shown in Table 3. There was a notable increase in
acrB transcription for all the mutants selected by both cefoxitin
and fluoroquinolones from strains KPBj1 Rev and KPBj3 Rev
compared with the parental strains: 2.9 to 6.1 times and 1.8 to
4.2 times, respectively. This increase (2.8 to 10 times) was
observed for all of the mutants originating from strain KPB;j5
Rev except one, mutant KPBj5 M1 Cip, for which the level of
transcription of acrB was equivalent to that of the parental
strain.

Sequences of the regulator genes. We analyzed the se-
quences of the regulator genes acrR, ramR, ramA, marR, marA,
soxR, soxS, and rob of the 3 clinical isolates (KPBj E+), the 3
revertant strains (KPBj Rev), and the 17 mutants. First, we
compared the sequences of the genes of each KPBj Rev strain
with those of the 3 K pneumoniae strains available in the
GenBank database, i.e., K pneumoniae subsp. pneumoniae
MGH 78578 (accession number NC_009648) (25), K. pneu-
moniae 342 (accession number NC_011283) (11), and K. pneu-
moniae NTUH-K2044 (accession number NC_012731) (44).
Whatever the gene, in strains KPBj1l Rev and KPBj5 Rev, the
sequences were either strictly identical to those of strains
MGH 78578 and NTUH-K2044 or displayed only one or two
silent polymorphisms. For strain KPBj3 Rev, all the genes
studied had sequences considerably different from those of
strains MGH 78578 and NTUH-K2044 but very similar to
those of strain 342, except for the ramR gene. Indeed, in strain
342, this gene showed a 96-bp deletion, resulting in the dele-
tion of 32 amino acids approximately in the middle of the
RamR protein. Such a deletion was not observed in the ramR
gene of strain KPBj3 Rev, although the other polymorphisms
characteristic of strain 342, compared with strain MGH 78578,
were present.

Second, we compared the sequences of the regulator genes
of the 3 clinical isolates and of the 17 mutants, which all
showed cross-resistance to cefoxitin, nalidixic acid, and chlor-
amphenicol, with those of the corresponding revertant strain.
No mutation was detected in the 8 regulator genes studied
from the 3 clinical isolates and 8 of the 17 mutants. However,
point mutations within the ramR gene were detected in 8 of the
9 remaining mutants. In 7 of the ramR mutants, there were
single-nucleotide substitutions, occurring at 6 different posi-
tions, whereas there was a deletion of 1 nucleotide in the last
one. These genetic changes were distributed all along the ramR



2798 BIALEK-DAVENET ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 3. Relative transcription levels of the acrB, ramA, and soxS genes in the in vitro-selected mutants, their parental strains, and their
wild-type ramR or soxR transformants (for ramR and soxR mutants, respectively) in comparison with strain ATCC 138821

Gene transcription level (fold change)”

Strain®
acrB ramA soxS

ATCC 138821 1 1 1
KPBjl Rev 1.15 (=0.15) 1.05 (+0.44) ND
ramR mutants

KPB;jl M2 Cip 7.05 (£1.58) 31.62 (+£16.67) ND

KPBj1 M2 Cip T, 5.49 (£3.87) 7.68 (£1.02) ND

KPBjl M2 Cip T,,,.» 1.93 (=0.03) 0.19 (%£0.07) ND

KPBj1 M1 Cip 3.38 (£0.92) 43.91 (%£30.32) ND

KPBjl M2 Lev 4.34 (£2.20) 38.10 (+9.24) ND

KPBjl M2 Lev T,,,.x 1.27 (£0.25) 0.12 (£0.01) ND

KPBjl M3 Fox 5.81(%2.41) 87.53 (+42.78) ND

KPBj1 M3 Fox T,,,.x 1.37 (=0.08) 0.14 (£0.04) ND
Mutant with unknown mutation

KPBjl M1 Lev 4.01 (£0.40) ND ND
KPB;j3 Rev 2.20 (£0.57) 2.31(+2.92) ND
ramR mutants

KPB;j3 M2 Fox 9.18 (£0.85) 37.50 (=18.97) ND

KPBj3 M2 Fox T,,,.x 1.52 (+0.36) 0.09 (+0.03) ND

KPB;j3 M3 Fox 6.48 (+1.32) 13.64 (£8.37) ND

KPBj3 M3 Fox T,,,.x 1.40 (£0.27) 0.06 (£0.001) ND
Mutants with unknown mutations

KPB;j3 M1 Cip 4.04 (£0.40) ND ND

KPBj3 M2 Cip 4.94 (£0.07) ND ND

KPBj3 M1 Lev 4.54 (£0.26) ND ND

KPBj3 M2 Lev 5.50 (£0.06) ND ND
KPB;jS Rev 0.97 (£0.05) 2.59 (+0.34) 2.78 (+3.17)
ramR mutants

KPBj5 M2 Lev 5.09 (£2.18) 84.21 (%72.24) ND

KPBj5 M2 Lev T,,,.z 1.45 (=0.34) 0.14 (*£0.12) ND

KPB;j5 M3 Fox 3.33 (£0.82) 80.29 (+60.10) ND

KPB;j5 M3 Fox T,,,.» 1.39 (=0.01) 0.10 (*0.06) ND
soxR mutant

KPB;j5 M1 Cip 1.37 (=0.07) 3.38 (*£0.97) 7.21 (£4.73)

KPB;j5 M1 Cip T,,r 1.66 (=0.11) 3.99 (+2.70) 2.34 (£0.33)
Mutants with unknown mutations

KPB;j5 M2 Cip 2.72 (£0.11) ND ND

KPBj5 M1 Lev 3.28 (£0.83) ND ND

KPB;j5 M1 Fox 9.70 (£3.92) ND ND

“T,, strain complemented with plasmid pSC-A-amp/kan-E1; T,

a

mr> Strain complemented with plasmid pSC-A-amp/kan-ramR bearing the wild-type ramR gene; Ty, g,

strain complemented with plasmid pSC-A-amp/kan-soxR bearing the wild-type soxR gene.
? ND, not determined. For gene expression levels, the results of two different experiments are indicated as mean (*standard deviation).

gene and led either to an amino acid exchange or to occurrence
of a premature stop codon (directly or resulting from a frame-
shift mutation) and synthesis of a truncated RamR protein
(Fig. 1). Finally, in the 9th mutant, KPBj5 M1 Cip, we found a
point mutation in the soxR gene (C375G) that resulted in an
amino acid substitution (N125K) in the SoxR protein (Fig. 2).

Functional impacts of the mutations observed in the ramR
and soxR genes. The expression levels of the genes ramA and
soxS, encoding the transcriptional activators RamA and SoxS,
were measured for the mutants in which genetic changes were
detected in ramR and soxR, respectively. In all the ramR mu-
tants, we observed a dramatic increase in the ramA transcrip-
tion level, up to 80 times that of the parental strain (Table 3).
The soxR mutant, KPBj5 M1 Cip, showed an increase in the
soxS transcription level compared to the parental strain, KPBj5

Reyv, although this increase was lower than for the ramA gene
(Table 3).

In order to demonstrate that the mutations found in the
ramR and soxR regulator genes caused the observed efflux
system overexpression, phenotypically characterized by antibi-
otic cross-resistance, we complemented the ramR and soxR
mutants with the cloned wild-type ramR and soxR genes, re-
spectively. For all the ramR mutants, introduction of the wild-
type ramR gene strikingly lowered the transcription level of
ramA and also suppressed the overexpression of the acrB gene
(Table 3). For the soxR mutant, complementation with the
wild-type soxR gene normalized the transcription level of soxS.
However, it had no effect on acrB expression, consistent with
the fact that KPBj5 M1 Cip was the only mutant that did not
overexpress the acrB gene (Table 3).
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FIG. 1. Schematic diagram of the genomic region comprising the ramR and ramA genes in K. pneumoniae strain MGH 78578 (CP000647;
accession number NC_009648). The mutations identified in the 7 ramR mutants and the deduced protein changes are clarified.

Impact of efflux system overexpression on antibiotic suscep-
tibility. The MICs of members of different antibiotic families,
including quinolones, chloramphenicol, cyclines, and B-lac-
tams, among which were different penicillins, cephalosporins,
and carbapenems, for the 3 clinical isolates, their 3 revertants,
and the different types of mutants (with identified and with
unknown mutations) that all displayed an overexpressed efflux-
related resistance phenotype were measured (Table 4). When
mutants selected with a given antibiotic from the same parental
strain had the same sequence for their regulator genes (KPBjl
M1 Cip and KPB;j1 M2 Cip, KPBj3 M1 Cip and KPBj3 M2 Cip,
and KPBj3 M1 Lev and KPBj3 M2 Lev), MICs were deter-
mined for only one of them. As had previously been shown (3),
the spontaneously reverted KPBj Rev strains obtained from
the KPBj E+ clinical isolates were fully susceptible to all the
antibiotics tested except amoxicillin and ticarcillin, consistent
with the natural resistance profile of the K. pneumoniae spe-
cies. For the 14 mutants tested, the MICs of quinolones were
4 to 32 times higher than for the parental strains. All of the
mutants showed a significant increase in chloramphenicol (8 to
64 times), tetracycline (4 to 16 times), and tigecycline (4 to 16
times) MICs compared to the susceptible parental strains.
B-Lactam MICs were also increased for the mutants, except for
amoxicillin, alone or associated with clavulanic acid, imipenem,
meropenem, and doripenem. This increase was always sig-
nificant, whatever the mutant, for cefoxitin and cefuroxime
(MICs 4 to 16 times higher than for the parental strains) and
inconsistently significant for ticarcillin, cefazolin, cefotaxime,
and ceftazidime (2 to 8 times) and for ertapenem (2 to 4

X o
oS S £
o G S o
P b b
soxS soxR
(330 bp) (432 bp)
KPBj5 M1 Cip:

C375G, N125K

FIG. 2. Schematic diagram of the genomic region comprising the
soxR and soxS genes in K. pneumoniae strain MGH 78578 (CP000647;
accession number NC_009648). The mutation identified in the soxR
mutant and the deduced protein are clarified.

times). It is noteworthy that the MICs of all the antibiotics
tested were similar for all the strains sharing an overexpressed
efflux-related resistance phenotype and the in vitro-selected
mutants, as well as the 3 clinical isolates.

Table 4 also shows that the transformation of the ramR and
soxR mutants with the wild-type ramR and soxR genes, respec-
tively, restored the strains’ susceptibility to all the antibiotic
families that are substrates of the efflux systems. The contri-
bution of the wild-type regulator genes to susceptibility to
amoxicillin, alone or associated with clavulanic acid, ticarcillin,
and cefazolin, could not be evaluated because the pSC-A-amp/
kan plasmid used for transformation harbored a bla gene re-
sponsible for high-level resistance to penicillins and first-gen-
eration cephalosporins.

DISCUSSION

It has previously been shown in K. prneumoniae clinical iso-
lates that efflux system overexpression results in cross-resis-
tance to different families of antibiotics, including quinolones,
chloramphenicol, tetracycline, tigecycline, and B-lactams (13,
21, 28, 29, 37). In this study, we showed the possibility of
obtaining in vitro mutants displaying this cross-resistance as a
result of antibiotic pressure exerted either with cefoxitin (the
most impaired molecule within B-lactams) or with a fluoro-
quinolone (i.e., ciprofloxacin or levofloxacin). To obtain such
mutants, we followed the procedure described by Miller et al.
for the molecules with low endogenous resistance potential
(22). However, it is noteworthy that, when cefoxitin was used,
mutants with another kind of antibiotic resistance pattern
could be selected: a low level of resistance to cefoxitin and full
susceptibility to nalidixic acid and chloramphenicol. The mech-
anism explaining this single resistance to cefoxitin was not
investigated in this study, but according to recently published
data, porin alteration seems to be the most plausible hypoth-
esis (3).

We had previously shown in K. pneumoniae clinical isolates
that cefoxitin, quinolone, and chloramphenicol cross-resistance
was not always associated with an increase in the transcription
level of the genes encoding AcrAB, the most frequently investi-
gated efflux pump in Enterobacteriaceae (3). Interestingly, such a
feature was also found in one of our 17 mutants, KPBjS M1
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Cip. The analysis of the sequences of the genes regulating
efflux pump expression revealed that the soxR gene was mu-
tated in this strain, leading to soxS overexpression. We dem-
onstrated the involvement of this genetic modification in the
expression of a multidrug-resistant efflux phenotype through
the complementation of the mutant with the wild-type soxR
gene. The soxR mutation observed led to the replacement of an
asparagine residue by a lysine residue at position 125, which is
located close to the C-terminal cluster of 4 cysteine residues
(Cysl110, Cys113, Cysl15, and Cys121) that has been demon-
strated to be essential for the binding of the [2Fe-2S] centers
and for the activity of SoxR in E. coli (4). The fact that the
SoxR protein is a transcriptional activator of soxS and not a
repressor may explain why a single soxR mutant (versus 8 ramR
mutants) was obtained among the 17 mutants studied. Indeed,
a mutation leading to constitutive activation of a regulator
protein is probably more difficult to achieve that an inactivat-
ing one. A point mutation in this region of the soxR gene has
already been described in a multidrug-resistant clinical isolate
of S. enterica, but whether this mutation influenced the expres-
sion of AcrAB or another efflux pump was not explored (19).
To our knowledge, this is the first time that the involvement of
the soxR gene in the regulatory pathways controlling the ex-
pression of an efflux pump in K. pneumoniae has been shown.
However, a mutated soxR gene was not observed in the K
pneumoniae clinical isolate in which the transcription level of
the acrB gene was not increased (3). Overall, these results
strongly suggest the existence of an efflux pump(s) other than
AcrAB in K. pneumoniae.

As previously reported in 5 clinical isolates of K. pneumoniae
with reduced susceptibility to tigecycline (14), we found point
mutations in the ramR genes of 8 of our 17 mutants, and these
mutations were shown to be responsible for overexpression of
both the ramA and acrB genes. However, their locations in
the gene sequence were different from those described by
Hentschke et al. (14). Still, by complementation experiments,
we demonstrated that RamR, the local repressor of ramA, is
really involved in the regulation of AcrAB expression in K
pneumoniae, as has been demonstrated in S. enterica (1).
Whether RamA controls AcrAB expression directly or indi-
rectly through interplay with other global regulators, as previ-
ously suggested by some authors (5, 8, 27), was not studied
here.

In vitro ramR mutants were obtained at a high frequency,
irrespective of the selector used, i.e., cefoxitin or fluoroquino-
lones. Such a result might suggest that ramR mutants could
easily be obtained in vivo. Nevertheless, we did not observe
ramR mutants among the 3 clinical isolates that we analyzed, as
we did not observe soxR mutants. The most surprising obser-
vation was the absence of genetic modification in the 8 regu-
lator genes studied among the 3 clinical isolates. Alignment of
the sequences of their regulator genes with those available in
the GenBank database revealed that 2 of our clinical isolates
were very similar to the 2 published K. prneumoniae strains of
clinical origin: MGH 78578, isolated from a patient with pneu-
monia (25), and NTUH-K2044, isolated from a patient with
liver abscess and meningitis (44). On the other hand, our third
clinical isolate strongly resembled K. pneumoniae 342, a nitro-
gen-fixing endophyte strain isolated from the interior of maize
plants (11), except for the 96-bp deletion in the ramR gene.
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Also, we did not observe any mutation in 8 of the 17 mutants
studied, although all showed a typical overexpressed efflux-
related antibiotic resistance pattern, like the 3 clinical isolates,
and all had an increased acrB transcription level, like 2 clinical
isolates. This finding highlights the complexity of the regula-
tory pathways that are involved in the control of AcrAB ex-
pression in K. pneumoniae. We hypothesize that mutations in
other regulator regions, first in the binding sites of the tran-
scriptional activators and/or repressors, could explain the over-
expression of AcrAB and possibly of other efflux pumps not yet
identified.

Finally, this study allowed us to specify the B-lactam
antibiotics whose activities are impaired by efflux system overex-
pression. Considering our results, it seems clear that, besides
cefoxitin, first-generation (cefazolin), second-generation (cefur-
oxime), and even third-generation (cefotaxime and ceftazi-
dime) cephalosporins are substrates of efflux pumps. Our find-
ings seem to contradict a study by Kallman et al. (17) in which
the authors concluded that the nonsusceptibility to cefuroxime
observed in multidrug-resistant K. pneumoniae isolates was not
related to efflux. They based this conclusion on the absence of
cefuroxime activity restoration when the efflux pump inhibitor
phenylalanine arginine B-naphthylamide (PABN) was used.
However, this argument appears inadequate, since our team
showed recently that the use of both cloxacillin and PABN was
required to inhibit the efflux of B-lactams (29). Regarding
carbapenems, MICs of imipenem, meropenem, and doripenem
were not significantly increased in both clinical isolates and the
different types of mutants, whereas ertapenem MICs were sig-
nificantly increased in some mutants, notably in the ramR mu-
tants.

In conclusion, beyond suggesting the complex regulation of
efflux system expression in K. pneumoniae, this study demon-
strated that a large panel of antibiotics, including those widely
used for a long time for treating human infectious diseases
(fluoroquinolones and various B-lactams) and those more re-
cently commercialized (tigecycline and ertapenem), are sub-
strates of efflux systems in this species. Although we showed
that mutants overexpressing efflux systems display a low level
of resistance to the majority of the antibiotics studied, it is
reasonable to think that this is a threatening mechanism of
resistance. Indeed, its association with other mechanisms of
resistance, notably to B-lactams (B-lactamase production and/or
porin alteration), could provide advantages for bacterial sur-
vival, as suggested by our previous study on K. pneumoniae
virulence in the Caenorhabditis elegans model and by the
cefoxitin resistance that was present in the first ESBL-pro-
ducing K. pneumoniae strain responsible for outbreaks in
France (3, 16).
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