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The effects of simultaneous expression of several efflux pumps on antibiotic resistance were investigated in
Escherichia coli and Pseudomonas aeruginosa. Several combinations of efflux pumps have been studied: (i)
simultaneous expression of a single-component efflux pump, which exports antibiotics into the periplasm, in
combination with a multicomponent efflux pump that accomplishes efflux directly into the external medium;
(ii) simultaneous expression of two single-component pumps; and (iii) simultaneous expression of two mul-
ticomponent pumps. It was found that when efflux pumps of different structural types were combined in the
same cell (the first case), the observed antibiotic resistance was much higher than that conferred by each of the
pumps expressed singly. Simultaneous expression of pairs of single-component or multicomponent efflux
pumps (the second and third cases) did not produce strong increases in antibiotic resistance.

Efflux of antibiotics out of cells is broadly recognized as a
major component of bacterial resistance to many classes of
antibiotics (26, 28). This efflux occurs due to the activity of
membrane transporter proteins, the so-called drug efflux
pumps. Some efflux pumps selectively extrude specific antibi-
otics, while others, referred to as multidrug resistance (MDR)
pumps, expel various structurally diverse antibiotics. While
antibiotic-specific efflux pumps are usually encoded on trans-
missible plasmids and transposons, genes encoding many
MDR pumps are normal constituents of bacterial chromo-
somes. Efflux pumps occur as either single-component or mul-
ticomponent systems. In gram-negative bacteria, single-com-
ponent efflux pumps extrude their substrates into the
periplasmic space (40). Examples of such single-component
efflux pumps include the transposon-encoded tetracycline- and
chloramphenicol-specific pumps, TetA and CmlA, respectively
(2, 38), and the MDR pump MdfA, encoded in the chromo-
some of Escherichia coli (6). Multicomponent efflux pumps
(which are found exclusively in gram-negative bacteria) tra-
verse both inner and outer membranes. Examples include the
MDR pumps AcrAB-TolC (19) and MexAB-OprM (34) from
E. coli and Pseudomonas aeruginosa, respectively. Each pump
contains a transporter located in the cytoplasmic membrane
(as exemplified by AcrB or MexB), an outer membrane chan-
nel (TolC or OprM), and a periplasmic linker protein (AcrA or
MexA), which is thought to bring into contact the other two
components (42). This structural organization allows extrusion
of substrates directly into the external medium, bypassing the
periplasm and the outer membrane (27). The outer membrane
of gram-negative bacteria serves as an efficient permeability
barrier for both hydrophobic and hydrophilic antibiotics (29).
Therefore, when antibiotics are extruded directly into the ex-
ternal medium, two independent mechanisms, efflux and low
uptake through this permeability barrier, contribute to de-
creased intracellular accumulation of antibiotics (26).

A single bacterial cell may contain multiple efflux pumps
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that are capable of extruding the same antibiotic. Cells of E.
coli or P. aeruginosa may acquire plasmid-encoded transporters
such as TetA or CmlA, even though they already encode in
their genomes endogenous MDR pumps (AcrAB-TolC or
MexAB-OprM) that also can extrude tetracycline and chlor-
amphenicol. P. aeruginosa contains at least four MDR pumps
that can confer resistance to fluoroquinolones (1, 13, 34, 35).
We sought to investigate the effect that simultaneous expres-
sion of several efflux pumps would have on susceptibility to
antibiotics that are the substrates of both pumps. Our results
indicate that pairs of efflux pumps may produce either additive
effects or much greater than simple additive effects on drug
resistance.

MATERIALS AND METHODS

Bacterial strains and media. The bacterial strains used in this study are listed
in Table 1. Bacterial cells were grown in L broth (1% [wt/vol] tryptone, 0.5%
[wt/vol] yeast extract, 0.5% [wt/vol] NaCl) or L agar (L broth plus 1.5% agar) at
37°C. Antibiotics were added to the media at the following concentrations:
tetracycline, 20 wg/ml for E. coli and 100 to 150 wg/ml for P. aeruginosa; chlor-
amphenicol, 20 pg/ml for E. coli and 100 pg/ml for P. aeruginosa; HgCl,, 15
pg/ml for both E. coli and P. aeruginosa; ampicillin, 100 pg/ml for E. coli; and
kanamycin, 50 wg/ml for E. coli. Levofloxacin was synthesized at Daiichi Phar-
maceutical Co., Ltd. (Tokyo, Japan). All other antibiotics were purchased from
Sigma Chemical Co. (St. Louis, Mo.). MC-207,110 is an efflux pump inhibitor
(36) with activity against various RND transporters from several bacterial species
(J. Blais, D. Cho, K. Tangen, C. Ford, A. Lee, O. Lomovskaya, and S. Cham-
berland, Abstr. 39th Intersci. Conf. Antimicrob. Agents Chemother., abstr.
F-1266, p. 327, 1999). ABS and EFS compounds are recently discovered inhib-
itors that are selective for the P. aeruginosa MexAB-OprM and MexEF-OprN
pumps, respectively (D. Cho, J. Blais, K. Tangen, K. Ford, A. Lee, O. Lo-
movskaya, S. Chamberland, and G. Miller, Abstr. 39th Intersci. Conf. Antimi-
crob. Agents Chemother., abstr. F-1267, p. 327, 1999). All compounds were from
Microcide Pharmaceuticals, Inc. or from Daiichi Pharmaceutical Co., Ltd.

Selection of MDR mutants overexpressing multiple pumps in P. aeruginosa.
Selection was performed using pump-specific efflux pump inhibitors referred to
as the ABS and EFS compounds. The structures of these compounds will be
presented elsewhere. To isolate mutants simultaneously overexpressing the
mexAB-oprM and the mexCD-oprJ operons, 0.1 ml of overnight culture of strain
PAM1032 (nalB; mexAB-oprM overexpressed) was plated on L-agar plates con-
taining levofloxacin at 1 pg/ml and the ABS compound at 20 pg/ml to inhibit the
activity of MexAB-OprM. Strain PAM1438 was selected under these conditions.
To confirm functionality of both pumps, the mexB gene and the mexCD-opr]
operon were disrupted in strain PAM1438, resulting in strains PAM1465 and
PAM1466, respectively. The antibiotic susceptibility profiles of PAM1465 and
PAM1466 were consistent with overexpression of either mexCD-oprJ or mexAB-
oprM, respectively (see Results).
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype® Construction, selection, source, or reference”
P. aeruginosa strains

PAM1020 PAOI1 prototroph 17

PAM1032 nalB1032 17

PAM1033 nfxB1033 17

PAM1034 nfxC1034 17

PAM1262 (K879) met-9011 amiE200 rpsL pvd-9 mexB::QHg K. Poole

PAM1154 oprM::Q)Hg 17

PAM1014 nfxC oprM::QQHg 17

PAM1610 nalB1032 AmexEF-oprN::Q)Hg 17

PAM1409 AmexCD-oprJ::Gm 17

PAM1275 mexB::()Hg PAM1020 X (PAM1262); HgCL*

PAM1277 nfxB1033 mexB::QYHg PAM1033 X (PAM1262); HgCl,

PAM1438 nalB1032 nfxB1438 Selection on LBA + levofloxacin at 1 wg/ml
and ABS at 20 pg/ml from PAM1032

PAM1465 nfxB1438 mexB::(Q)Hg PAM1438 x (PAM1262); HeClL,

PAM1466 nalB1032 AmexCD-oprJ::Gm PAM1438 X (PAM1409); Gm

PAM1278 nfxC1034 mexB::Q0Hg PAM1034Xx (PAM1262); HgCl,

PAM2281 nalB2281 nfxC1034 Selection on LBA + levofloxacin at 1 pg/ml
and EFS at 5 pg/ml from PAM1034

PAM2282 nalB2282 nfxC1034 Selection on LBA + levofloxacin at 1 pg/ml
and EFS at 5 pg/ml from PAM1034

PAM1610 AmexEF-oprN::QQHg 17

PAM2359 nalB2281 AmexEF-oprN::Q0Hg PAM2281 X (PAM1610); HeCl,

PAM2360 nalB2282 AmexEF-oprN::Q)Hg PAM2282 X (PAM1610); HgCl,

PAM2302 nalB2281 nfxC1034 nfxB2302 Selection on LBA + levofloxacin at 1 pg/
ml, ABS at 20 pg/ml, and EFS at 5 pg/ml
from PAM2281

PAM2303 nalB2281 nfxC1034 nfxB2303 Selection on LBA + levofloxacin at 1 pg/
ml, ABS at 20 pg/ml, and EFS at 5 pg/ml
from PAM2282

PAM2387 oprM::QHg nfxC1034 nfxB2303 PAM2303 X (PAM1014); HeCl,

PAM1064 mexA-phoA::Tc 17

PAMI1116 nalB1032 mexA-phoA::Tc Integration of plasmid pSUP202-mexA-phoA
(Tc* Cb* Cm") in the chromosome of
PAM1032; Tc" Cb"

PAM2454 nalB1032 mexA-phoA::Tc oprM::QHg PAM1116 X (PAM1014); HgCl,

PAM2455 mexA-phoA::Tc oprM::Q0Hg PAM1064 X (PAM1014); HgCl,

PAM1194 oppA::Tc Transposon mutagenesis with D171; Tc

PAM2386 nalB1032 oppA::Tc PAM1032 X (PAM1194); Tc

PAM1316 oprM::QHg oppA::Tc PAM1194 x (PAM1014); HgCl,

PAM2458 oprM::QOHg mexA-phoA::Tc oppA::Tc PAM1194 X (PAM2455); HgCl,

E. coli strains

ECM1194 (AMS6) wt 18

ECM1642 marR1642 Selection on LBA + chloramphenicol at 10
pg/ml from ECM1194

ECM1694 AacrAB:: Km ECM1194 X (ECM1343); Km

ECM1668 marR1642 AacrAB::Km ECM1642 X (ECM1343); Km

ECM1749 marR1642 AacrAB::Km/pLQ821 ECM1668/pLQ821; Ap

ECM1750 AacrAB::Km/pLQ821 ECM1694/pLQ821; Ap

ECM1735 marR1642 AacrAB::Km/pAL261 ECM1668/pAL261; Ap

ECM1640 AacrAB::Km/pAL261 ECM1694/pAL261; Ap

ECM1748 wt/pLQ821 ECM1194/pLQ821; Ap

ECM1730 wt/pAL261 ECM1194/pAL261; Ap

ECM1751 marR1642/pLQ821 ECM1642/pLQ821; Ap

ECM1754 marR1642/pAL261 ECM1642/pAL261; Ap

ECM1776 (UTL2) AmdfA::Km 7

ECM1174 (ZK796) F~ araD139 A(argF-lac)205 ptsB5301 ptsF25 relAl R. Kolter

ECM1556
ECM1816
ECM1888

ECM1915
ECMI1911
ECM1908
ECM1955

rpsL150 deoC1 fIbB tolC::Tnl0
tolC::Tnl0
tolC::Tnl10 AmdfA::Km
tolC::Tnl0 mdfR

tolC::Tn10 mdfR AmdfA::Km
tolC::Tnl0 AmdfA::Km/pLQ821
tolC::Tn10 mdfR/pLQ821

tolC::Tnl10 mdfR AmdfA::Km/pLQ821

ECM1194 x (ECM1174); Tc

ECM1556 X (ECM1176); Km

Stepwise selection on LBA +
chloramphenicol (first at 1 pg/ml, then at
4 pg/ml) from ECM1556

ECM1888 X (ECM1176); Km

ECM1816/pLQ821; Ap

ECM1888/pLQ821; Ap

ECM1915/pLQ821; Ap

Continued on following page
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TABLE 1—Continued

Strain or plasmid Genotype® Construction, selection, source, or reference”

ECM1343 (AG100A) argE3 thi-1 rpsL xyl mlt A(gal uvrB) supE44 31
AacrAB::Km

DH5«a endA hsdR17 supE44 thi-1 recAl gyrA relAl 2
A(lacZYA-argF)U169 deoR [80dlacA(lacZ)M15)

S17-1 thi pro hsdR recA tra™ 39

Plasmids

pSUP202-mexA-phoA pSUP202 (Tc" Cb* Cm" oriT) carrying the 5’ upstream K. Poole
region of mexA fused to promoterless phoA gene

pSE380 trc promoter expression vector; lacl4 Ap* Invitrogen

pAL261 Ap"; pSE380 with EcoRI-HindIIl PCR fragment This study
containing the mdfA gene

pLQ821 Ap"; cmlA 3

pMarR Ap'; marR P. Miller

“ QHg, HgCl, resistance derivative of interposon (); Gm, gentamicin resistance; Ap, ampicillin resistance; Cb, carbenicillin resistance; Cm, chloramphenicol
resistance; Km, kanamycin resistance; Tc, tetracycline resistance; oriT, origin of transfer from RP4; wt, wild type.

> ABS and EFS, efflux pump inhibitors specific for the MexAB-OprM and the MexEF-OprN pumps, respectively; LBA, L agar.

¢ Description of transduction experiment. The first strain is the recipient; the strain in parentheses is the source of a transducing lysate. Antibiotics used for selection

of transductants, transformants, or transconjugants are also shown.

The mutants simultaneously overexpressing the mexAB-oprM and mexEF-oprN
efflux operons were selected by plating 0.1 ml of overnight culture of strain
PAM1034 (nfxC; mexEF-oprN overexpressed) on L-agar plates containing levo-
floxacin at 1 wg/ml and the EFS compound at 5 pg/ml to inhibit the activity of
MexEF-OprM. Susceptibility testing of the mutants selected under these condi-
tions showed that two strains, PAM2281 and PAM2282, acquired increased
resistance to the B-lactams carbenicillin and aztreonam, indicating overexpres-
sion of mexAB-oprM (23, 41). Disruption of the mexEF-oprN operon in
PAM2281 and PAM2282 rendered PAM2359 and PAM2360, with phenotypes
consistent with overexpression of the MexAB-OprM efflux pump. Both
PAM2281 and PAM2282 were used for the subsequent selection to isolate
mutants overexpressing MexCD-OprJ in addition to two other pumps. To do so,
0.1-ml portions of overnight cultures of PAM2281 and PAM2282 were plated on
L-agar plates containing levofloxacin at 1 pg/ml and the EFS and ABS com-
pounds at 5 and 20 pg/ml, respectively. PAM2302 and PAM2303 were selected
from PAM2281 and PAM2303, respectively. In all strains, overexpression of the
pumps was confirmed using Western analysis with anti-OprM, anti-OprJ, and
anti-OprN antibodies (obtained from N. Gotoh) (not shown).

Selection of mutants overexpressing various pumps in E. coli. Selection of mar
(multiple antibiotic resistance) mutants overexpressing the acr4AB operon pump
was performed by plating 0.1 ml of overnight culture of the wild-type strain
ECM1194 on L-agar plates containing chloramphenicol at 10 wg/ml. Strain
ECM1642 had the pattern of antibiotic susceptibility consistent with overpro-
duction of the AcrAB efflux pump (26, 31). Deletion of the acrAB operon in
strain ECM1642 by transducing in the Aacr4B::Km construct produced strain
ECM1668, which had a hypersensitive phenotype that was indistinguishable from
the phenotype of ECM1194 lacking the acrAB operon (PAM1694) (data not
shown). Introduction of plasmid pMarR, containing the wild-type marR gene,
into strain ECM1642 reversed the drug resistance phenotype, indicating that
ECM1642 contained a recessive mutation in this gene (data not shown).

A mutant overexpressing the gene mdfA (carrying a mutation in a gene ten-
tatively called mdfR) was selected from strain ECM1556 (ECM1194 t0lC::Tnl10)
by stepwise selection on chloramphenicol. ECM1556 lacks the functional
AcrAB-TolC pump and is hypersensitive to multiple antibiotics. It has been
previously demonstrated that TolC was not required for the MdfA activity (7).
Chloramphenicol and ethidium bromide MICs are higher for strain ECM1888
(mdfR) (16 pg/ml for both agents) than for the parent strain (MIC of 1 wg/ml for
both agents). Disruption of the mdfA gene in ECM1888 (to give ECM1915) by
transducing the mdfA::Km insertion from strain UTL2 (obtained from E. Bibi)
decreased the MICs of chloramphenicol and ethidium bromide to 1 wg/ml,
implicating MdfA in increased resistance observed for the ECM1888. The nature
of the mdfR mutation(s) in ECM1888 is presently unknown.

Transductions. Transductions in P. aeruginosa were performed using phage
F116L according to a previously described protocol (14). Transductions in E. coli
were performed using phage P1 as previously described (18).

MIC determinations. MIC determinations were carried out in 96-well micro-
titer plates using a standard broth microdilution method (25) in Muller-Hinton
broth (Difco). In the case of E. coli strains containing various plasmids, ampicillin
was added to Muller-Hinton broth to a final concentration of 50 pg/ml. In the
case of pAL261-containing strains, IPTG (isopropyl-B-p-thiogalactopyranoside)
was added to a final concentration of 0.5 mM to induce expression of the gene
mdfA (see below). Inocula were 10* to 10° cells/ml.

Construction of tetd- and tetC-containing strains of P. aeruginosa. The plasmid
pSUP202-mexA-phoA (a gift from K. Poole) contains the mexA-phoA transcrip-

tional fusion inserted into the vector pSUP202 (Tc" Cb" Cm") (39), which can
replicate in E. coli but cannot replicate in P. aeruginosa. The plasmid also carries
the mob (mobilization) site, which allows conjugal transfer. This plasmid was
transformed into E. coli strain S-17 (39) and mobilized into P. aeruginosa
PAM1020 and PAM1032 via conjugation (33). Transconjugants were selected on
tetracycline at 150 pg/ml and were expected to contain the entire plasmid
pSUP202-mexA-phoA integrated into the mexA locus. Indeed, PAM1064 and
PAM1116 were confirmed by PCR and antibiotic susceptibility profiles to con-
tain chromosomal mexA-phoA fusions, the closely linked plasmid-encoded Tc"
and Cb" markers, and functional mexA4B-oprM operons at either the wild-type or
overexpressed level, respectively. The tetracycline resistance gene in pSUP202
originates from pBR325 and belongs to the TetC class (15). To construct the
TetC-containing strains with nonfunctional MexAB-OprM, we have transduced
oprM::QHg from PAMI1014 into PAMI1116 and PAM1064. PAM2454 and
PAM2455 were among the rare transductants that retained the mexA-phoA
fusion and were still resistant to carbenicillin (MIC of 128 pg/ml for PAM2454
and PAM2455 versus 0.5 pg/ml for PAM1154). Note that PAM?2454 also con-
tained the na/B mutation.

To construct TetA-containing strains, we first performed transposon mutagen-
esis of the wild-type P. aeruginosa with the phage mini-D171Tc (TetA) (5). In one
of the strains (PAM1194) the mini-D171 insertion was mapped to the gene oppA
(A. Mistry and O. Lomovskaya, unpublished data). The oprM::QHg locus was
then transduced into PAM1194 from PAM1014 to give PAM1316, and the
oppA::Tet insertion was transduced from PAM1194 into PAM1032 (nalB; over-
expression of mexAB-oprM) using the phage F116L to give PAM2386.

To construct the strain with both Tet pumps, the entire mexA-phoA-Tc"-
Cb"-oprM::Hg locus was transduced from PAM2455 into PAM1194 to give
PAM2458.

DNA manipulations. Plasmid DNA was purified using an RPM Spin Kit (BIO
101 Inc., Vista, Calif.). Chromosomal DNA was prepared by using a Blood and
Cell Culture Mini Kit (Qiagen Inc., Valencea, Calif.). DNA fragments were gel
purified and extracted using a Qiagen Gel Purification Kit. Restriction enzymes
were obtained from New England Biolabs (Beverly, Mass.), and AmpliTaq was
obtained from Perkin-Elmer (Branchburg, N.J.). Plasmid DNA was introduced
into E. coli strains by electroporation (Bio-Rad Laboratories, Mississauga, On-
tario, Canada). All molecular biology techniques were performed according to
the manufacturer’s instructions or as described by Sambrook et al. (37). PCR was
carried out in a Perkin-Elmer GeneAmp 9600 thermal cycler. Typically, 30 cycles
of denaturing (30 s at 95°C), annealing (30 s at 55°C), and extending (1 min at
72°C) were used to amplify the chromosomally carried genes. The chromosome
of the strain DH5a was used as a template. The gene mdf4 was amplified with
primers MdfA-EcoRI (forward) GGAATTCATGCAAAATAAATTAGCTTCC
GGTGCC and MdfA-HindIII (reverse) CCCAAGCTTGGCTTACCCTTCGTG
AGAATTT (6). The PCR fragment was subsequently ligated into the EcoRI and
HindIII sites of pSE380 (Invitrogen) to create pAL261. In pAL261 mdfA was
expressed from the trc promoter of pSE380; expression required addition of
IPTG (0.5 mM). No MdfA-mediated drug resistance was seen without induction.

SDS-PAGE and Western immunoblotting. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was performed according to a previously
described protocol (8) with 10% (wt/vol) acrylamide in the running gel. SDS-
PAGE-separated proteins were electrophoretically transferred to a nitrocellu-
lose membrane (BAS8S5; Schleicher & Schuell) as described previously (9) with
the exception that SDS (0.1% [wt/vol]) was included in the buffer and transfer
was carried out at 100 mA for 90 min. Membranes were processed as described
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TABLE 3. Effect of simultaneous expression of a single-component
pump, TetA or TetC, and a multicomponent pump, MexAB-OprM,
on susceptibility to tetracycline in P. aeruginosa

MIC of chloramphenicol (wg/ml) for the indicated

Single-component strain with the following AcrAB pump status:

pump
AacrAB::Km Wild type ove?eirp?tise d
None 1 (ECM1694) 4 (ECM1194) 16 (ECM1642)

CmlA
MdfA

32 (ECM1750) 64 (ECM1748) >128 (ECM1751)
8 (ECM1740) 16 (ECM1730) 128 (ECM1754)

previously (8) with the murine monoclonal antibodies specific to the OprM,
Opr]J, and OprN protein (obtained from N. Gotoh) as the primary antibodies and
alkaline phosphatase-conjugated goat antibodies to mouse immunoglobulin G
(Bio-Rad) as the secondary antibodies, respectively. Blots were developed using
the AP Conjugate Substrate Kit (Bio-Rad) according to the manufacturer’s
protocol.

RESULTS

Effect of simultaneous expression of multicomponent and
single-component efflux pumps on resistance to chloramphen-
icol in E. coli. In the case of E. coli, we have determined the
resistance to chloramphenicol in a series of strains that carried
either plasmid pLQ821, encoding the chloramphenicol-specific
CmlA transporter (2), or plasmid pAL261, encoding the MDR
transporter MdfA (6), and that additionally either lacked
(ECM1750 and ECM1740), contained the wild-type (ECM1748
and ECM1730), or overexpressed (ECM1751 and ECM1754)
the AcrAB-TolC efflux pump. It is noteworthy that while mdfA
is a normal constituent of the E. coli chromosome, it appears to
be nonexpressed in the wild-type strains, since deleting mdfA
did not result in increased susceptibility to chloramphenicol
().

The results are presented in Table 2. Overexpression of
AcrAB (ECM1642) and CmIA (ECM1750) in E. coli conferred
comparable fold increases (calculated as ratios of MICs) in
resistance to chloramphenicol, yielding MICs of 16 and 32
pg/ml, respectively. Overexpression of MdfA from the trc pro-
moter of pSE380 (induced with 0.5 mM IPTG [see Materials
and Methods]) resulted in the MIC of 8 wg/ml (ECM1740).
Interestingly, the effect on drug resistance conferred by CmlA
and MdfA appears to be independent of the level of AcrAB-
TolC expression. CmlA and MdfA conferred almost equal fold
increases in drug resistance, regardless of whether the strain
lacked, contained the wild-type level of, or overexpressed the
AcrAB pump. Consequently, the E. coli strains ECM1751 and
ECM1754, each overexpressing pairs of efflux pumps, had
MICs of >128 and 128 pg/ml, respectively.

It was important to clarify whether simultaneous overexpres-
sion of two pumps affected the activity of each individual
pump. To assess the activity of AcrAB-TolC, we took advan-
tage of the fact that AcrAB-TolC is an MDR pump with an
extremely broad spectrum of substrates (16, 31), including such
antibiotics as tetracycline, erythromycin, levofloxacin, and tri-
methoprim that are not extruded by either the CmlA or the
MdfA transporter. The level of resistance to these antibiotics
in strain PAM1642 overexpressing AcrAB-TolC was the same
whether or not CmIA or MdfA was present (data not shown),
indicating that activity (and expression) of AcrAB-TolC was
independent of CmlA or MdfA. It has previously been re-
ported that MdfA confers some resistance to aminoglycosides
(6), the rare class of antibiotics that are not extruded by
AcrAB. Unfortunately, we have not detected MdfA-mediated
resistance to apramycin, tobramycin, or gentamicin in any of

MIC of tetracycline (ug/ml) for the indicated strain with the
following MexAB-OprM pump status:

Single-
component M:QH
Tetpump  (MECAB OpeM Wild type nalB (MexAB-OprM
nonfunctional) overproduced)
None 0.5 (PAM1154) 4 (PAM1020) 32 (PAM1032)
TetA 32 (PAM1316) 512 (PAM1194) >512 (PAM2386)
TetC 16 (PAM2455) 512 (PAM1064) >1,024 (PAM1116)

our strains, possibly because of the difference in strain back-
grounds. Therefore, due to the lack of antibiotics that are
extruded exclusively by CmlA and MdfA but not by AcrAB, we
were unable to assess if an active AcrAB-TolC somehow af-
fected the activity of CmlA and/or MdfA. However, we were
able to demonstrate, with the efflux pump inhibitor
MC-207,110 (36), that the AcrAB pump did not affect the
activity of the MdfA protein. MC-207,110 at 20 wg/ml de-
creased the MIC of chloramphenicol for PAM1642 (16 wg/ml)
to the level seen for ECM1694 (acrAB deleted) (1 pg/ml),
indicating complete inhibition of the AcrAB pump. MC-207,110
did not affect the MIC of chloramphenicol for ECM1740 (lack-
ing AcrAB but containing MdfA), indicating that this com-
pound did not inhibit MdfA. For the strain ECM1754
(ECM1642/pAL261) the chloramphenicol MIC in the pres-
ence of MC-207,110 dropped from 128 to 8 pg/ml, ie., the
level of resistance was exactly that seen in the AacrAB strain
ECM1740 (Table 2). Thus, MdfA appeared to function with
the same activity whether or not AcrAB was present in the
same strain. Since CmlA itself is partially inhibited by MC-
207,110, this useful tool could not be applied in this case.

It was also important to investigate whether the marR mu-
tation, which was present in ECM 1642, had a pleiotropic effect
on expression of plasmid-carried cmlA4 and/or mdfA. To do so
we have introduced the ¢mlA- and mdfA-containing plasmids
in strain ECM1668, which contained the marR1642 (see Ma-
terials and Methods) mutation but lacked the acr4B operon.
The level of resistance to chloramphenicol conferred by
pLQ821 and pAL261 was independent of the marl642 muta-
tion (data not shown), ruling out the possibility that the marR
mutation influences antibiotic resistance by altering the expres-
sion of the cmlA or mdfA gene.

Effect of simultaneous expression of multicomponent and
single-component efflux pumps on resistance to tetracycline
in P. aeruginosa. In the case of P. aeruginosa, we have deter-
mined resistance to tetracycline in the strains that carried the
chromosomally encoded TetA or TetC transporters and addi-
tionally either lacked (PAM1316 and PAM?2455), contained
the wild-type (PAM1194 and PAM1064), or overexpressed
(PAM2386 and PAM1116) the MexAB-OprM efflux pump.

The resistance to tetracycline was then measured (Table 3).
Each singly overexpressed pump conferred similar levels of
resistance to tetracycline. MICs ranged from 16 to 32 wg/ml
for MexAB-OprM (PAM1032), TetA (PAM1316), or TetC
(PAM2455). Similar to the case described above for E. coli, it
also appeared that the effect on drug resistance conferred by
TetA or TetC was independent of the level of expression of
MexAB-OprM: the Tet pumps conferred similar fold increases
in drug resistance, whether or not the strain lacked, contained
the wild-type level of, or overexpressed the MexAB-OprM
pump. Consequently, strains PAM2386 and PAM1116, over-
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expressing both pumps, had MICs of >512 pg/ml. Activity of
the MexAB-OprM was unaffected by the Tet transporters. This
conclusion was based on the fact that the level of resistance to
levofloxacin (the substrate of the MexAB-OprM but not the
Tet pumps), provided by the overexpressed MexAB-OprM
pump, remained the same regardless of the presence of the Tet
pumps. It also appeared that the nalB mutation did not affect
expression of at least the tetC gene: the tetracycline MICs for
strains PAM2454 (nalB) and PAM2455 (not nalB), both of
which had rerC while lacking functional MexAB-OprM, were
still the same.

Our data obtained in these two groups of experiments indi-
cate that simultaneous overexpression of pairs of efflux pumps
can result in much higher levels of drug resistance than are
provided by each of the singly overexpressed pumps. In fact,
the fold increase in drug resistance that was seen for the strain
overexpressing both multicomponent and single-component
efflux pumps appeared to be close to the product of the fold
increases produced by each of the individually expressed
pumps.

In the studies described above, the pumps under investiga-
tion exhibited different efflux mechanisms due to differences in
structural organization, extruding their substrates either into
the periplasm or into the external medium. In the following
experiments, we investigated interplay between pumps with
similar structural types.

Effect of simultaneous expression of two single-component
efflux pumps on the resistance to chloramphenicol in E. coli
and to tetracycline in P. aeruginosa. In the case of E. coli, we
investigated interplay between the CmlA and MdfA transport-
ers. All E. coli strains used for these studies lacked the gene
tolC, encoding the essential outer membrane component of the
multicomponent efflux pump AcrAB-TolC. It was necessary to
inactivate AcrAB-TolC since the basal level of expression of
this pump contributes to the intrinsic resistance to the antibi-
otics studied. It is noteworthy that other known multicompo-
nent E. coli pumps either are not expressed without acquisition
of regulatory mutations, do not confer chloramphenicol or
tetracycline resistance, or require the TolC protein for activity
like AcrAB (27). Importantly, TolC is not required for the
activity of the single-component pump MdfA or CmlA: the
MIC:s of chloramphenicol, conferred by pLQ821 (cmlA) or by
PAL261 (mdfA), were the same in strains ECM1694 (AacrAB::
Km) and ECM1556 (tolC::Tnl0), lacking acrAB and 0lC, re-
spectively (data not shown). These data also indicate that de-
letion of t0lC does not impair the efflux activity of other pumps.

To investigate the interplay between the CmlA and MdfA
transporters, we first selected a mutant that overexpressed
mdfA due to a presently uncharacterized chromosomal muta-
tion. The mutant strain ECM1888, carrying a mutation in a
gene tentatively called mdfR, was selected from strain
ECM1556 (tolC::Tnl10) (see Materials and Methods). It is
noteworthy that there are no genes with homology to transcrip-
tional regulators immediately upstream or downstream of
mdfA (3). Therefore, the mdfR mutation occurred either in the
promoter region of mdfA or in a gene that was unlinked to the
mdfA locus.

Next, we compared the MICs of chloramphenicol for strains
overexpressing the chromosomally encoded MdfA and the
plasmid-encoded CmlA singly (ECM1888 and ECM1911) and
in combination (ECM1908). The results are shown in Table 4.
Each singly expressed pump conferred a similar level of chlor-
amphenicol resistance (MIC of 16 pg/ml for MdfA and 32
pg/ml for CmlA). However, combining MdfA and CmlA in the
same strain did not produce any multiplicative effect, such as
that seen in the case of the CmlA-AcrAB or MdfA-AcrAB
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TABLE 4. Effect of simultaneous expression of single-component
pumps CmlA and MdfA on susceptibility to
chloramphenicol in E. coli

MIC of chloramphenicol (wg/ml) for the indicated
strain with the following MdfA status:

CmlA
Absent Present
Absent 1 (ECM1816) 16 (ECM1888)
Present 32 (ECM1911) 32 (ECM1908)

pair: the MIC for strain ECM1908, which contained both
pumps, was still 32 pg/ml. One of the possibilities was that
CmlA and MdfA do not function independently and decreased
each other’s activity. Since the MdfA protein confers resistance
to ethidium bromide, while CmlIA does not, it was possible to
assess MdfA activity (and expression) in the presence or ab-
sence of CmlA. The MIC of ethidium bromide was not affected
by the CmlA protein, thus ruling out the possibility of an
inhibitory effect of CmlA. Due to the lack of CmlA-specific
substrates we were not able to clarify if MdfA affected the
activity of CmlA. To learn whether the mdfR mutation (assum-
ing that it is not a cis mutation but a mutation in an mdfA4-
unlinked locus) represses expression of CmlA, pLQ821 was
introduced in strain ECM1915 (mdfR AmdfA::Km). The chlor-
amphenicol MIC for the resulting strain, ECM1955, was the
same as that for ECM1911 (AmdfA::Km/pLQ821), making this
possibility very unlikely.

In the case of the two single-component pumps in P. aerugi-
nosa, we have studied the effects of simultaneous expression of
the TetA and TetC transporters on resistance to tetracycline.
All studied P. aeruginosa strains lacked the functional pump
MexAB-OprM, which is constitutively expressed in wild-type
cells of P. aeruginosa and contributes to intrinsic antibiotic
resistance (13, 32, 35).

Measurements of susceptibility for tetracycline demon-
strated that combining two different Tet transporters in the
same cell did not produce an increase in drug resistance much
stronger than that conferred by each pump expressed singly
(Table 5). The results with Tet transporters in P. aeruginosa
were similar to the results described above for the two single-
component pumps in E. coli. However, it still remains to be
clarified whether the Tet transporters are being expressed and
are working independently from each other.

Effect of simultaneous expression of multicomponent efflux
pumps on the resistance to antibiotics in P. aeruginosa. We
have studied the interplay between the three multicomponent
pumps, MexAB-OprM, MexCD-OprJ, and MexEF-OprN, in
P. aeruginosa. All three pumps confer resistance to multiple
antibiotics and, importantly, have several overlapping sub-
strates (fluoroquinolones, tetracycline, and chloramphenicol,
etc.).

We have constructed strains of P. aeruginosa overexpressing

TABLE 5. Effect of simultaneous expression of single-component
pumps TetA and TetC on susceptibility to
tetracycline in P. aeruginosa

MIC of tetracycline (wg/ml) for the indicated strain

TetA with the following TetC status:
Absent Present
Absent 0.25-0.5 (PAM1154) 16 (PAM2455)
Present 32 (PAM1316) 32 (PAM2458)
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each of the mentioned Mex pumps singly or in combination.
We have also selected a strain which simultaneously overex-
pressed all three of these efflux pumps. Mutants simulta-
neously overexpressing multiple Mex pumps were selected us-
ing pump-specific efflux pump inhibitors (see Materials and
Methods) (Table 1). Expression of multiple efflux pumps did
not affect the growth rate of P. aeruginosa (data not shown).
Western analysis with antibodies against the outer membrane
components of the pumps has confirmed overexpression of
each of the pumps in double and triple overexpressors (data
not shown). This was also confirmed in the gene disruption
experiments: the resistance to antibiotics in the double over-
expressors was not reversed when only genes encoding a single
pump were inactivated (Table 6).

To assess the effect of simultaneously overexpressing multi-
ple pumps, we compared the levels of resistance to the com-
mon substrates levofloxacin, chloramphenicol, tetracycline,
and cefepime or cefpirome (which are shared by MexAB-
OprM and MexCD-Opr]J) in the strains overexpressing single
and multiple efflux pumps (Table 6). For all common antibiotic
substrates tested, each of the efflux pumps when individually
overexpressed conferred a comparable level of resistance.
However, the effect on antibiotic resistance (for all common
antibiotic substrates, without exception) conferred by each of
the Mex pumps was dependent on the level of expression of
other Mex pumps present in the same cell. As an example,
MexCD-Opr]J and MexEF-OprN conferred 32- to 64-fold, 16-
to 32-fold, and 64- to 512-fold increases in levofloxacin, tetra-
cycline, and chloramphenicol resistance, respectively, in strains
lacking MexAB-OprM (compare PAM1465 and PAM1278
with PAM1275). However, the same pumps conferred only a
two- to fourfold increase in resistance to these antibiotics in
strains overexpressing the MexAB-OprM efflux pump (com-
pare PAM1438 and PAM2281/PAM2282 with PAM1032). The
data from Table 6 show that regardless of the nature of the
antibiotic or of the absolute level of antibiotic resistance, si-
multaneous overexpression of pairs of multicomponent efflux
pumps only results in additive effects on drug resistance similar
to that seen for pairs of single-component pumps.

As for the previously described cases, we addressed the
possibility that pumps that are simultaneously present in the
same strain are less active than when they are expressed singly.
The MexAB-OprM pump is the only one which confers resis-
tance to the B-lactams carbenicillin and aztreonam (22). The
level of resistance to these antibiotics in strains PAM1438
(MexAB-OprM and MexCD-Opr] overexpressed) and
PAM2281 and PAM2282 (MexAB-OprM and MexEF-OprN
overexpressed) or in strains PAM2302 and PAM2303 (overex-
pressing all three pumps) was the same as in strain PAM1032
(overexpressing MexAB-OprM alone) (256 and 16 pg/ml for
carbenicillin and aztreonam, respectively), indicating that the
MexAB-OprM pump is just as functional in the strains over-
expressing other pumps as it is in the strain expressing this
pump alone (Table 6). The MexCD-OprJ pump confers resis-
tance to the cephalosporins cefepime and cefpirome (21). The
level of resistance to these antibiotics in strain PAM2387
(MexAB-OprM nonfunctional, MexCD-OprJ and MexEF-
OprN overexpressed) was the same as in PAM1465 (MexCD-
OprJ overexpressed, MexAB-OprM nonfunctional), indicating
that the MexCD-OprJ pump is as active in the strain overex-
pressing MexEF-OprN as it is in the strain expressing only
MexCD-OprlJ. Finally, overexpression of known Mex pumps
did not appear to affect activity of other efflux pumps present
in P. aeruginosa. This conclusion was based on the following
observation. The antibiotic rifampin is not a substrate of the
known Mex pumps (Table 6). At the same time, the MIC of
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rifampin is significantly decreased in the presence of the broad-
spectrum efflux pump inhibitor MC-207,110 (A. Lee and O.
Lomovskaya, unpublished data), implying that rifampin is ex-
truded by a pump that has not yet been identified. We have
demonstrated that the MIC of rifampin remained unchanged
in the strains overexpressing various efflux pumps. Thus, our
data indicate that in the strains overexpressing combinations of
efflux pumps, at least some of these pumps were fully func-
tional.

DISCUSSION

Multiple mechanisms of resistance to a particular antibiotic
can coexist in the same bacterial strain. Effects on antibiotic
resistance due to interplay of different resistance mechanisms
have been previously studied in some detail. Examples include
interplay between efflux-based and target-mediated resistance
to fluoroquinolones in P. aeruginosa (17) and E. coli (30),
between increased efflux and decreased permeability in resis-
tance to carbapenems (12), and between efflux pumps and
B-lactamases in resistance to a variety of B-lactams in P. aerugi-
nosa (20, 24). For both of the first two cases it was demon-
strated that the combined presence conferred a multiplicative
effect on drug resistance; i.e., the fold increase in MIC due to
the combined presence was close to the product of the indi-
vidual fold increases produced by individual mechanisms.
However, in the third case, interplay between different mech-
anisms produced only a smaller, additive, effect (the fold in-
crease in MIC was a sum of the individual fold increases). We
sought to investigate the effect on drug resistance due to the
interplay between various efflux pumps. Several types of pump
combinations have been studied: (i) simultaneous expression
of a single-component efflux pump, which exports antibiotics
into the periplasm, in combination with a multicomponent
efflux pump that accomplishes efflux directly into the external
medium; (ii) simultaneous expression of two single-component
pumps; and (iii) simultaneous expression of two multicompo-
nent pumps. It was found that when efflux pumps with different
structural types were combined in the same cell (the first case),
the observed antibiotic resistance was much higher than that
conferred by each of the pumps expressed singly, and the fold
increase in drug resistance was close to the product of the fold
increases due to the individual pumps. Simultaneous expres-
sion of either two single-component or two multicomponent
efflux pumps (the second and third cases) did not produce
similar large increases in antibiotic resistance. It appears that
in the latter two cases, simultaneous expression of efflux pumps
resulted in only an additive effect on drug resistance.

What are the reasons that such different effects on drug
resistance are seen for various combinations of the pumps?
One possibility is that multiplicative versus additive effects on
drug resistance could be attributed to factors specific to each
particular pair of the pumps used in experiments. For example,
depending on whether any particular efflux pump is present
singly or in combination with another pump, it may have a
different level of expression and/or activity. Moreover, one can
imagine that some pumps may increase the activity while other
pumps inhibit the activity and/or expression of another pump
present in the same cell. In several instances we specifically
addressed this possibility without obtaining any confirmatory
data. Still, this possibility shall not be ruled out completely. For
example, we did not have tools to assess the efflux activity of
the MexEF-OprN efflux pump in the presence of active
MexAB-OprM or MexCD-OprJ efflux pumps. Therefore, we
cannot exclude the possibility that the lack of a multiplicative
effect on drug resistance in case of the MexEF-MexAB com-
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FIG. 1. Simplified model of antibiotic fluxes in bacterial cells without efflux
pumps (A), cells expressing a single-component pump (B), cells expressing a
multicomponent efflux pump (C), and cells simultaneously expressing a multi-
component and a single-component pump (D). The models show the fluxes of
antibiotics at steady state. External concentrations of antibiotics are equal to
MICs and the density of dots corresponds approximately to the concentration of
antibiotic in each compartment. In each case, the concentration of antibiotics in
the cytoplasm is the same and is sufficient to inhibit the target for antibiotics.
Arrows indicate directions, and their thicknesses indicate rates of flux. The thick
line separating the periplasm and the external medium indicates the low perme-
ability of the outer membrane (OM) compared to the inner membrane (IM). In
cells without efflux pumps (A), all compartments are essentially in equilibrium.
In cells expressing a single-component pump (B), which extrudes substrates into
the periplasm, thus balancing the rapid influx across the inner membrane, the
external medium and the periplasm are in equilibrium, and the gradient of
concentrations (R1) exists at the inner membrane. In cells expressing a multi-
component efflux pump (C), which extrudes antibiotics in the external medium,
bypassing the outer membrane barrier, the cytoplasm and the periplasm are in
equilibrium, and the gradient of concentrations (R2) emerges at the outer mem-
brane. In the case of simultaneous expression of both efflux pumps (D), respec-
tive concentration gradients are maintained at both the inner and the outer
membranes. This results in a multiplicative effect on drug resistance.

bination was due to inhibition of activity of the MexEF-OprN
pump. Similarly, due to the lack of tools to assess the indepen-
dence of CmlA or MdfA from AcrAB-TolC and of TetA or
TetC from MexAB-OprM, we shall not exclude the possibility
that the multiplicative effect on drug resistance in the case of
these combinations could be explained by a stimulatory activity
of the multicomponent pumps.

It is noteworthy, however, that in several cases we could
prove that at least one pump from the pair was expressed and
worked independently of the other pump. These facts indicate
that it is feasible to assume that the studied efflux pumps are
independent of each other (when overexpressed). Based on
this assumption, a very simple and general explanation of our
results could be offered. We hypothesize that multiplicative or
additive effects are due to differences in the structural organi-
zations of the pumps and, consequently, different modes of
efflux. Our conjecture is that pumps of the same structural type
are organized in parallel, while pumps of different structural
types function in series.

This explanation is justified by considering a simple model,
presented in Fig. 1. Consider the steady state at which the



VoL. 182, 2000

concentration of an inhibitor in the cytoplasm, C;,, corre-
sponds to the concentration sufficient to inhibit the antibiotic’s
target and always remains the same regardless of whether or
not a strain has an efflux pump(s). The concentration in the
external medium, C,,,, is equal to the MIC and will be differ-
ent depending on the presence or absence of an efflux pump(s).
For the pumpless strain, C;,, = C,,. In the range of concen-
trations where neither of the pumps is saturated, each pump
maintains a concentration gradient, R, between the external
medium and the cytoplasm (R = C,,/C;,). Accordingly, R
approximately corresponds to the fold increase in drug resis-
tance in the presence of a pump. In the case of a single-
component efflux pump, whose substrates are extruded into
the periplasm, the gradient is maintained across the inner
membrane (R1) (Fig. 1B). As a result, the MIC afforded by this
pump is equal to C,,, = C;, * R1. For a multicomponent pump,
the gradient exists across the outer membrane (R2) (Fig. 1C),
and MIC =~ C_,, =~ C;, - R2. When both pumps are simulta-
neously engaged, a gradient of concentrations is maintained
across both membranes. As a result, the concentration in the
periplasm is now C;, - R1, and the concentration in the external
medium, which corresponds approximately to the new MIC, is
C;, * R1 - R2. Therefore, the fold increase in resistance for the
case of series pumps is equal to R1 - R2, or the product of the
corresponding fold increases.

If two independent pumps are of the same type, the concen-
tration in the external medium for pairs of multicomponent
pumps or in the periplasm for pairs of the single-component
pumps (which is equal to the MIC) will be equal to C;, - R1 +
Ci, - R2 (where R1 and R2 are the concentration gradients
maintained by each of the pumps). Therefore, the fold increase
in resistance for the case of parallel pumps is equal to R1 + R2,
or the sum of the corresponding fold increases.

This explanation is substantiated by the fact that the same
results were obtained for both P. aeruginosa and E. coli, for
several pump combinations belonging to each of the cases, and
that these results were independent of the antibiotics used in
the study. Moreover, chloramphenicol and tetracycline were
antibiotics that were common for each of the three cases stud-
ied.

Both cases investigated in this study could be relevant in
clinical settings. In some strains of E. coli, which are highly
resistant to chloramphenicol (MIC > 128 pg/ml), the resis-
tance observed is the result of simultaneous overexpression of
both the multicomponent AcrAB-TolC pump and the single-
component specific efflux pump, Flo (Lee and Lomovskaya,
unpublished data). This pump was first discovered in Pasteu-
rella piscicida (11) but recently has also been detected in clin-
ical strains of Salmonella typhimurium (4) and E. coli (10).
Strains simultaneously overexpressing Mex pumps have also
been reported among clinical isolates of P. aeruginosa (Cho et
al., 39th ICAAC). The difference between series and parallel
pairs of pumps should be taken into consideration when de-
vising strategies to combat efflux pump-mediated drug resis-
tance. In the case of a series pair, inhibition of either pump will
effectively decrease drug resistance. In the parallel case, inhi-
bition of both pumps is required to achieve a substantial effect.
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