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We isolated mutant YM644, which showed elevated resistance to norfloxacin, ethidium bromide, acriflavine,
and rhodamine 6G, from Pseudomonas aeruginosa YM64, a strain that lacks four major multidrug efflux pumps.
The genes responsible for the resistance were mexHI-opmD. Elevated ethidium extrusion was observed with
cells of YM644 and YM64 harboring a plasmid carrying the genes. Disruption of the genes in the chromosomal
DNA of YM644 made the cells sensitive to the drugs.

Several mechanisms by which microorganisms overcome the
toxicity of antimicrobial agents are known. Extrusion of toxic
agents from microbial cells is one of these mechanisms. So far,
five major groups of drug extrusion systems are known (2, 3,
11, 12, 15, 19): the MFS (major facilitator super), SMR (small
multidrug resistance), RND (resistance nodulation cell divi-
sion), MATE (multidrug and toxic compounds extrusion), and
ABC (ATP binding cassette) families.

Pseudomonas aeruginosa shows significant degrees of intrin-
sic resistance to a wide variety of antimicrobial agents, includ-
ing most B-lactams, fluoroquinolones, tetracycline, chloram-
phenicol, and erythromycin. At least five RND family drug
efflux pumps are known to exist in cells of P. aeruginosa,
MexAB-OprM (13), MexCD-OprJ (14), MexEF-OprN (6),
MexXY-OprM (8), and MexJK-OprM (4). Very recently, it
was reported that MexHI-OpmD is involved in resistance to
vanadium (1). However, it is not known whether MexHI-
OpmD functions as a multidrug efflux pump. Whole-genome
sequence data of P. aeruginosa are now available (17) and
suggest the presence of about 10 RND family multidrug efflux
pumps in this microorganism. Previously, we reported the
functional cloning of multidrug resistance genes in a drug-
hypersensitive Escherichia coli mutant (8) and obtained many
candidate plasmids conferring multidrug resistance. We cloned
mexAB, mexCD, and mexXY, but not mexEF and others (8).
The first three pumps are functional in wild-type P. aeruginosa
(7,9, 10, 11). It is likely that other genes for the RND family
of multidrug efflux pumps are silent in wild-type P. aeruginosa.

It is very likely that mutation in the hitherto uncharacterized
pumps leads to other multidrug resistance. Thus, the aim of
our study was to analyze such uncharacterized multidrug
pumps in P. aeruginosa. For this purpose, it would be valuable
to isolate multidrug-resistant mutants from P. aeruginosa
YM64, which lacks four major multidrug efflux operons (11). It
is expected that silent genes for multidrug efflux pumps are
functional in such mutants.
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Isolation of a drug-resistant mutant. Cells of P. aeruginosa
strain YM64 (AmexAB-oprM AmexCD-opr] AmexEF-oprN
AmexXY) (11) were grown in Luria-Bertani (LB) medium (1%
Bacto tryptone, 0.5% Bacto yeast extract, 1% NaCl [pH 7])
and were spread onto LB agar plates containing eightfold-
higher concentrations than the MIC of norfloxacin. We ob-
tained many mutants and selected the mutant YM644, which
showed resistance to norfloxacin, ethidium bromide, acrifla-
vine, and rhodamine 6G (Table 1). Thus, it seems that one of
the uncharacterized multidrug efflux pumps, the gene or genes
for which are silent, became functional.

Cloning of genes responsible for the observed multidrug
resistance. As a second step, we cloned genes responsible for
the multidrug resistance from the chromosomal DNA of the
mutant YM644. By using the shotgun method with YM64 (11)
as a host and pUCP20T (16, 20) as a cloning vector, we ob-
tained many candidate hybrid plasmids. Cells of YM64 har-
boring a plasmid showed elevated resistance against several
antimicrobial agents. We selected a plasmid, pUPA2, which
carried a DNA insert derived from the chromosomal DNA of
the mutant that was the shortest among the candidate plasmids
tested. Cells of YM64/pUPA2 showed elevated resistance
against norfloxacin, ethidium bromide, acriflavine, and rhoda-
mine 6G (Table 1). The MICs of these drugs for cells of
YMO64/pUPA2 were almost same as those for cells of YM644.
The levels of drug resistance to other antimicrobial agents
tested (such as carbenicillin, gentamicin, and triclosan) were
the same as those in YM64 and YM644. These results support
the view that the cloned genes are responsible for the elevated
drug resistance observed with YM644.

As a third step, we determined the nucleotide sequences of
several portions of the pUPAZ2 plasmid. The results revealed
that pUPA2 carries open reading frames PA4205 to PA4208,
which have been reported in the whole-genome sequence (17).
We constructed a plasmid, pUPA22, carrying open reading
frames PA4206 (mexH), PA4207 (mexI), and PA4208 (opmD)
(1), which was preceded by the promoter of the lactose operon
of E. coli. Cells of P. aeruginosa YM64/pUPA22 showed ele-
vated resistance against norfloxacin, ethidium bromide, acri-
flavine, and rhodamine 6G compared with YM64 (Table 1).
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TABLE 1. MICs of various antimicrobial agents in strains of P. aeruginosa
MIC (p.g/ml)
Drug

PAO1 YMo4 YMo644 YM64/pUPA2 YM64/pUPA22 PMX52 PMX54
Norfloxacin 1 0.06 1 1 0.25 0.06 0.06
Ethidium bromide 1,024 64 1,024 1,024 512 64 128
Acriflavine 4 512 512 16 4 8
Rhodamine 6G 32 512 128 64 32 32
TPPCl1 64 512 256
Carbenicillin 32 1 1 1 1
Erythromycin 64 8 8 8 8
Gentamicin 8 0.5 0.5 0.5 0.5 0.5 0.5
Tetracycline 16 0.25 0.25
Triclosan 32 32 32 32 32 32 32

Thus, it is clear that the mexHI-opmD genes are enough to
confer the drug resistance. However, the MICs of these drugs
observed with YM64/pUPA22 were lower than those of YM64/
pUPA2.

Drug efflux. As a fourth step, we investigated drug efflux.
Cells of YM64 showed a higher level of intracellular ethidium,
suggesting no or very low efflux of ethidium from cells (Fig. 1).
On the other hand, the intracellular ethidium level in YM64/
pUPA2 was lower than that in YM64, suggesting efflux of
ethidium. The intracellular ethidium level increased when an
H™" conductor, carbonyl cyanide m-chlorophenylhydrazone
(CCCP), was added to the assay mixture. Thus, energy-depen-
dent efflux of ethidium occurred in cells of YM64/pUPA2.
Addition of CCCP to a cell suspension of YM64 had little
effect on the intracellular ethidium level, suggesting that ener-
gy-dependent efflux of ethidium is very low. We observed a
similar intracellular ethidium level with YM644 compared to
that with YM64/pUPA?2 (data not shown). Thus, the energy-
dependent efflux of ethidium is high in these two types of cells.
These results support the idea that genes on the pUPA2 plas-
mid are coding for a drug efflux pump system.

mexHI-opmD deletion mutants. The mexHI-opmD genes
were removed from the chromosomal DNA of YM64 and
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FIG. 1. Accumulation of ethidium in cells. Cells were grown in LB
medium at 37°C and harvested at the middle of the exponential phase
of growth. Cells were washed twice with Tanaka buffer (18) and sus-
pended in the same buffer. Ethidium accumulation in cells was mon-
itored continuously by measuring the fluorescence of ethidium at ex-
citation and emission wavelengths of 500 and 580 nm, respectively.
Ethidium bromide (final concentration, 100 uM) was added to the
assay mixture to initiate the assay, and CCCP (final concentration, 100
wM) was added at time point indicated by a downward arrow.

YM644 by an Flp-FRT recombination system, as previously
reported (5, 11), and PMX52 derived from YM64 and PMX54
derived from YMG644 were obtained. Deletion of mexHI-opmD
(BstI-BstI fragment was removed) was confirmed by Southern
blot analysis with both the PMX52 and PMX54 strains (data
not shown).

We measured the MICs of several antimicrobial agents with
the deletion mutants and their parents (Table 1). Exactly the
same MICs of norfloxacin, ethidium bromide, acriflavine, and
rhodamine 6G were observed for YM64 and PMX52 (Table 1).
This indicates that the MexHI-OpmD pump is not expressed
or is not functional in YM64 cells. However, a great reduction
in the MICs of norfloxacin, ethidium bromide, acriflavine, and
rhodamine 6G was observed with PMX54 compared with its
parent, YM644 (Table 1). Thus, we conclude that the mexHI-
opmD element is expressed and the MexHI-OpmD pump is
functional in cells of YM644. The MICs of ethidium bromide
and acriflavine in PMX54, a mexHI-opmD-deleted derivative
of YM644, were twofold higher than those in PMX52, a
mexHI-opmD-deleted derivative of YM64. This twofold differ-
ence was reproducible. It should be pointed out that no dif-
ferences in the MICs of carbenicillin, gentamicin, and triclosan
were observed between the four strains (Table 1), as expected
from the results shown in Table 1.

Susceptibility to vanadium and tetracycline. Aendekerk et
al. recently reported that MexHI-OpmD is responsible for
resistance to vanadium (1). We investigated whether the
MexHI-OpmD pump is involved in the vanadium resistance.
We observed no detectable difference in vanadium susceptibil-
ity between YM64, YM644, PMX52, and PMX54 at concen-
trations of VOSO, ranging from 1 to 4 mM (data not shown).
Aendekerk et al. also reported changes in tetracycline suscep-
tibility with a mutant with mutation of the MexHI-OpmD
region (1); our data indicate that the MexHI-OpmD region is
not involved in tetracycline susceptibility (Table 1). These dis-
crepancies may be due to the difference in the strains used.
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