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We determined the sequence of the entire marRAB operon in Enterobacter aerogenes. It is functionally and
structurally analogous to the Escherichia coli operon. The overexpression of E. aerogenes MarA induces a
multidrug resistance phenotype in a susceptible strain, demonstrated by a noticeable resistance to various
antibiotics, a decrease in immunodetected porins, and active efflux of norfloxacin.

The mar regulon identified in Escherichia coli (mar-Eco)
plays a key role in the expression of a multidrug resistance
phenotype, and specific mutations located in marR have been
identified in resistant strains (2, 14, 19). The regulatory func-
tion associated with the marA locus simultaneously induces a
decrease in antibiotic uptake by altering the porin content of
the outer membrane and an increase of antibiotic ejection by
activating efflux mechanisms (1). This response supports an
efficient resistance to a range of commonly used antibiotics.

The emergence of clinical strains resistant to several struc-
turally unrelated antibiotics is a contributing factor in bacterial
dissemination, outbreaks, and changes in patients’ flora.
Among the emerging resistant bacteria, Enterobacter aerogenes
is now the third leading cause of nosocomial respiratory tract
infections (6, 10). It generally exhibits high resistance to broad-
spectrum antibiotics. Such high resistance is the result of en-
zymatic responses, mutations in the antibiotic target, and mod-
ifications in envelope permeability, including porin alteration
and induction of drug efflux (7, 16, 21). A rapid modulation of
porin synthesis is observed during the course of patient ther-
apy. With broad-spectrum B-lactams, a decrease in porin ex-
pression is associated with a resistant phenotype, and, after a
pause in antibiotic therapy, a restoration of pretreatment levels
of bacterial porin coincides with de novo antibiotic suscepti-
bility. This observation suggests that in this case, resistance is
mediated by a regulation cascade rather than a mutation (5, 8).
A concomitant decrease in porin synthesis and a quinolone
efflux in several clinical isolates of E. aerogenes have been
reported (16). These characteristics suggest that a mar operon
may have a role in the antibiotic resistance strategy. In the
present study, we identified a homologue of the mar operon in
E. aerogenes (mar-Ea) and demonstrated the involvement of
the marA gene in the cascade that governs outer membrane
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impermeability and the ejection of intracellular antibiotics in
E. aerogenes.

As a first step we investigated whether a MarA-inducible
resistance system exists in E. aerogenes. To test this, the plas-
mid p9, containing the marA-Eco gene, was introduced into the
antibiotic-susceptible E. aerogenes type strain ATCC 13048
(12). MICs were determined by using E-test strips (AB Bio-
disk) on Mueller-Hinton medium or Mueller-Hinton medium
supplemented with 5 mM sodium salicylate. The gene marA-
Eco efficiently conferred resistance to various antibiotics (Ta-
ble 1). Overexpression of MarA-Eco in a sensitive E. aerogenes
strain generated a multidrug resistance (MDR) phenotype,
characterized by an alteration in porin expression, as revealed
by immunodetection (Fig. 1). These observations suggest the
existence of a system homologous to MarA in E. aerogenes.

In a previous study, Southern analysis using mar-Eco as a
DNA probe provided evidence for a homologue of the mar
operon in Klebsiella pneumoniae but not in E. aerogenes (9).
Alignment of the mar-Eco operon with the genome of K. pneu-
moniae (http://genome.wustl.edu/gsc/) allowed us to confirm
the presence of a similar operon sequence. Since E. aerogenes
and K. pneumoniae are closely related, we used PCR primers
constructed from the putative K. pneumoniae marRAB se-
quence (mar-Kp) except for M12, which is specific for the E.
aerogenes sequence (Table 2). The hexadecyltrimethylammo-
nium bromide method was used to obtain DNA (3). PCR
amplifications were performed in a GeneAmp PCR system
2400 thermocycler (Perkin Elmer), programmed for an initial
5-min denaturation at 94°C followed by 30 cycles of 30 s at
94°C, 30 s at 55°C, and 2 min at 72°C and a 7-min extension at
72°C. The sequences of the PCR products were determined
with an ABI Prism 377 DNA sequencer with dye fluorescent
terminators and the primers used in the initial PCR amplifi-
cation.

The marORAB-Ea locus is mapped into an operon of 1,335
bp. The predicted amino acid sequence alignments of MarA,
MarR, and MarB from E. aerogenes with the known homo-
logues in E. coli, Salmonella enterica serovar Typhimurium,
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TABLE 1. Susceptibility of E. aerogenes ATCC 13048 and E. coli IM109 to various antibiotics

MIC (pg/ml)

E. aerogenes ATCC 13048

Antibiotic

E. coli IM109

LB

LB + salicylate” Without plasmid With marA-Ea“

Without plasmid With marA-Eco®

With marA-Ea“

0.038 8
Norfloxacin 0.05 2
Cefepime 0.032 0.19
Tetracycline 2 32
Chloramphenicol 4 32

Imipenem

0.064

2 0.047 0.128

1 0.19 0.75

0.064 0.016 0.094
16 0.5 3

8 4 32

“5 mM sodium salicylate.
® Plasmid p9.
¢ Plasmid pRC1.

Antibodies

ATCC13048 + sal.
ATCC13048,pRC1
ATCC13048,p9

ATCC13048

OmpA

OmpC "

OmpF

F4

FIG. 1. Immunodetection of E. aerogenes outer membrane pro-
teins. The proteins were electrotransferred to membranes and immu-
nodetected with polyclonal antibodies directed against denatured
OmpA, OmpC, and OmpF porins and F4 antibodies against peptide
from the internal L3 loop domain, which determines pore permeability
properties (11). sal., salicylate.

Enterobacter cloacae (except MarB), and K. pneumoniae are
presented in Fig. 2. The various MarA proteins exhibit a high
interspecific conservation. MarA-Ea showed greater amino
acid similarity to MarA-Kp (96.1%) than MarA-Eco (88.4%),
and several amino acid substitutions or deletions were ob-
served in the COOH-terminal region. The amino acid se-
quences varied in length: 125 amino acids for MarA-Kp, 128
for MarA-Ecl, and 129 for MarA-Eco and MarA-St. The length
of the putative sequence of the MarR-Ea protein is compara-
ble to the length of the known MarR proteins. Amino acid
similarities of 91% between MarR-Ea and MarR-Kp and
81.2% between MarR-Ea and MarR-Eco were observed. The
differences are scattered throughout the protein and are lo-
cated in the two helix-turn-helix regions and the conserved
motif comprising amino acids 92 to 104, but in particular at
position 103, which showed a high interspecies variability (neu-
tral and acidic residue transition between the five species).
Moreover, four of the first amino acids in the NH, portion of
MarR were specific to E. aerogenes. As regards MarB, impor-
tant differences in size and in sequence were observed.
Searches of protein databases with the amino acid residues
that are conserved between species gave no significant results.
These differences are consistent with the lack of a discernible
role of MarB.

Plasmid pRC1, a multicopy plasmid containing the cloned
marA-Ea gene, was constructed by cloning the 632-bp PCR
product (marA and most of marB) obtained with the M12 and
M7 primers in pPGEM-T (Promega) and the Kan" gene derived
from plasmid pUC4K digested with Hincll was introduced into
the Amp" gene of pGEM-T following Scal digestion. For the
transformed strains, selection was made after overnight incu-
bation on prewarmed Luria-Bertani agar (LB) containing tet-
racycline (5 pg/ml) for p9 and kanamycin (30 pg/ml) for pRCI.
To characterize the role of MarA-Ea in the MDR phenotype in
E. aerogenes, we determined the susceptibility to unrelated
antibiotics by E-tests (Table 1). The introduction of pRC1 into
E. aerogenes ATCC 13048 or E. coli IM109 caused a 2- to
100-fold increase in MIC of the antibiotics tested. Similar
modifications were obtained when ATCC 13048 was grown in
the presence of sodium salicylate. Effectively, in E. coli, salic-
ylate binds to the MarR repressor at the binding site and allows
constitutive expression of the mar operon, and for comparative
purposes, the antibiotic resistance phenotype induced by salic-
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TABLE 2. Selective primers used to obtain marRAB-Ea PCR products

Size (bp) and nature of PCR product obtained with primer combination

Primer Sequence
M4 M7 M18
M3 5'-GATCGCCTGCTCAATGACTAC-3' 353 ('marR") 985 (marRAB'")
M4 5'-GCAGGACCTTCTTGAGCA-3’
M5 5'-CCTGTTTATTACGCTCGGCGT-3' 819 (marOR") 1,451 (marORAB'") 1,695 (marORAB)
M7 5'-TATGATTGAAATCAAACGGCG-3’
M12 5'-CAG ACGAAGTGGTCATGCTTG-3' 632 (marAB') 900 (marAB)
M18 5'-TGGCGC GCTGTCGCTGCT-3'

ylate via the induction of MarA was investigated in E. aero-
genes (18).

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and porin immunodetection were investigated (15). Polyclonal
antibodies directed against porin monomers OmpC, OmpF,
and OmpA and the antipeptide F4, directed against the inter-
nal porin L3 loop (described elsewhere), were used to deter-
mine if plasmid-borne marA-Ea has an effect on the immu-
norelated porin expression in E. aerogenes (8, 11). As a control,
sodium salicylate was used to induce the MDR phenotype.
Overexpression of MarA-Ea in the strain transformed by

pRCI, as in E. aerogenes grown in the presence of salicylate,
induced a strong diminution of porins (Fig. 1). The amount of
OmpA, an outer membrane protein that plays a role in enve-
lope architecture, was not significantly modified, irrespective of
the culture conditions used or the plasmids present. These
results indicate the absence of a general membrane modifica-
tion that would alter the overall profile of outer membrane
proteins. This low level of porin synthesis suggests that salicy-
late and MarA-Eco or MarA-Ea have an efficient repressor
activity in the genetic cascade of porin regulation in E. aero-
genes cells. Finally, no modification of the F4 epitopes from the

MAR A

1 72
E. coli :MTMSRRNTDAITIHSILDWIEDNLESPLSLEKVSERSGYSKWHLQRMFKKETGHSLGOYIRSRKMTETIAQKL
S. typhimurium :MT T D D M
E. cloacae :MT T D D L
E. aerogenes :-M N S B L
K. pneumoniae M N S D L

73 129
E. coli :KESNEPILYLAERYGFESQQTLTRTFKNYFDVPPHKYRMTNMOGESRFLHPLNHYNS
S. typhimurium : E I NMH YML  NHGNY
E. cloacae E I SMP YLY KHCS-
E. aerogenes e} I NVP YLM NNYCC
K. pneumoniae Q I NVP YLH NN---

MAR R

1 80
E. coli :MKSTSDLFNETITPLGRLIHMVNQKKDRLLNEYLSPLDITAAQFKVLCSIRCAACITPVELKKVLSVDLGALTRMLDRLLC
S. typhimurium : KS SD ET Y N L T K AG T R L L L
E. cloacae : KS SD DI H D L T K EV I K L L v
E. aerogenes : EN NN EM Q D M T R BV T T P M v
K. pneumoniae : KS SD EM Q D M T R EV I T P M A

81 144
E. coli :KGWVERLPNPNDKRGVLVKLTTGGAAICEQCHQLVGODLHQELTKNLTADEVATLEYLLKKVLP
S. typhimurium : I L N VVK PDG I G RP D T AT Y I
E. cloacae I S N VIK 8SDG M Q Lv T T AT L I
E. aerogenes I L N I VvV PEG L H vV K T VM Q \%
K. pneumoniae I L A VVvQ PGR L Q vv K S AM  Q v

MAR B
1 72

E. coli :MKPLSSATIAAALILFSAQGVAEQTTQPVVTSCANVVVVPPSQEHPPFDLNHMGTGSDKSDALGVPYYNQHAM
S. typhimurium MLFP LPGLLLIASGYGI TLL AQNSRDVMLL-PCVGDP N LHPVSVNS E NDQHL
E. aerogenes LFAT AIVLMALAAGQSY TTT RHNNRDAMII SEHNDS F FNHMAAGN E N-—-~-
K. pneumoniae LFAA AIVLLSLASSLSY NTT RQNQRDTMII SEHNDS F FNHMAAGN E QOHDL

FIG. 2. Amino acid sequence alignment of MarA, MarR, and MarB from E. coli (AG100) (12), S. enterica serovar Typhimurium (X3181) (23),
E. cloacae (DSM 3264) (accession no. 302680 and 302681), E. aerogenes (ATCC 13048), and K. pneumoniae (MGH 78578). Boldface indicates
helix-turn-helix binding motifs, and underlining indicates the conserved motif in MarR at amino acids 92 to 104.
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FIG. 3. Accumulation of [**C]norfloxacin in the E. aerogenes ref-
erence strain 13048 (wild type [WT]) and the transformed strain (car-
rying pRC1) in the absence and presence of CCCP.

L3 loop domain, which determine the pore properties, was
observed.

The accumulation of radiolabeled norfloxacin was measured
in the presence of the uncoupler carbonyl cyanide m-chloro-
phenylhydrazone (CCCP), which inhibits the energy-depen-
dent efflux of antibiotic as described (16). Since the increase in
the MICs of quinolones and tetracycline for the strain contain-
ing pRC1 indicates the activation of an efflux mechanism (Ta-
ble 1), we determined the intracellular accumulation of radio-
labeled norfloxacin in this strain. The results showed a severe
reduction in the intracellular accumulation of norfloxacin in
the presence of pRCI1, with a reduction of about sixfold com-
pared to the wild-type strain (Fig. 3). CCCP blocks the efflux
pump and restores a level of intracellular norfloxacin similar to
that in the wild-type strain. These results suggest that
MarA-Ea expression from pRCl1 is able per se to induce a
complete expression of the active efflux pump.

No functional or genetic information is available concerning
the regulation of the MDR phenotype in E. aerogenes, al-
though some data suggest similarities with the E. coli cascade
(16). In other Enterobacteriaceae, the presence of a mar operon
was confirmed, and it was shown to be structurally identical in
the genus Salmonella and in Shigella flexneri (4, 13). A mar
operon has been partially identified in Klebsiella oxytoca, E.
cloacae, and Enterobacter agglomerans by Southern blot hybrid-
ization with an E. coli marRAB probe (9). Here, we describe a
marRAB locus in E. aerogenes that is structurally and function-
ally almost identical to that identified in marRAB-Eco and
marRAB-St (23).

The crystal structure of MarA-Eco indicates the existence of
two comparable subdomains containing a helix-turn-helix
DNA binding motif. The differences that we have observed in
the amino acid sequence of the protein MarA-Ea do not map
to the two conserved helix-turn-helix regions involved in the
regulatory function. The COOH-terminal region, which does
not interact in the MarA-DNA complex, is the most variable
(22). The similarity between MarA-Ea and MarA-Kp was
greater, and this is certainly due to their genetic proximity.

Three regions of MarR repressor are important for its ac-
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tivity: two helix-turn-helix DNA binding domains and the first
31 amino acids, which are involved in the dimerization process
(2). Alignment of the different MarR repressors shows that
there are some variations in the two helix-turn-helix motifs.
Except for three cases (N3—S, E52—A, and E103—D103—G),
substitutions do not modify the charge of the residue. The first
eight amino acids of the COOH-terminal helix-turn-helix
MarR-sequence belong to the conserved motif, corresponding
to amino acids 92 to 104, which plays a critical role in repressor
function and constitutes the DNA binding site (2). Interest-
ingly, major interspecies substitutions are found at residues
102 and 103. Moreover, some of these interspecific amino acid
differences are located at mutation sites (positions 3, 53, 96,
103, and 137) identified in MarR-Eco in multidrug-resistant E.
coli strains (2, 17, 19, 20). These five positions are particularly
susceptible to amino acid variations among Enterobacteriaceae
and are also responsible for marA overexpression. It is worth
mentioning the substitutions G103—E and Y137—Q, found in
E. aerogenes in particular, which introduce a local negative and
positive charge, respectively. Mutations which allow a similar
charge transition, G103—S and Y137—H, have previously
been identified in several clinical E. coli isolates that exhibit an
antibiotic efflux mechanism (24). The N-terminal helix-turn-
helix amino acid composition is more conserved, probably be-
cause it is fundamental to the function of DNA binding and
determines its specificity. The MarR sequence is not particu-
larly conserved, perhaps because it is specifically active on
marO and differences do not influence its function.

In this study, we identified the E. aerogenes mar operon and
characterized the role of MarA in the induction of an MDR
phenotype. Clinical E. aerogenes isolates that have a decreased
susceptibility to cephalosporins associated with a loss of the
major porins and an active efflux are frequently found. A
MarA-mediated response could support the in vivo selection of
such resistant E. aerogenes strains. Further studies are now
necessary to evaluate the distribution of MarA expression lev-
els in clinical strains and characterize the role of potential
inducers in the regulation of the mar cascade.

Nucleotide sequence accession number. The nucleotide se-
quence of the marORAB-Ea locus has been submitted to the
EMBL database and has been given accession no. AJ404624.
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