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Sequence analysis in Pseudomonas putida DOT-T1E revealed a second toluene efflux system for toluene
metabolism encoded by the t#7gDEF genes, which are adjacent to the fod genes. The t#fgDEF genes were expressed
in response to the presence of aromatic hydrocarbons such as toluene and styrene in the culture medium. To
characterize the contribution of the TtgDEF system to toluene tolerance in P. putida, site-directed mutagenesis
was used to knock out the gene in the wild-type DOT-T1E strain and in a mutant derivative, DOT-T1E-18. This
mutant carried a Tn5 insertion in the t1g4BC gene cluster, which encodes a toluene efflux pump that is
synthesized constitutively. For site-directed mutagenesis, a cassette to knock out the #zgD gene and encoding
resistance to tellurite was constructed in vitro and transferred to the corresponding host chromosome via the
suicide plasmid pKNG101. Successful replacement of the wild-type sequences with the mutant cassette was
confirmed by Southern hybridization. A single #gD mutant, DOT-T1E-1, and a double mutant with knock outs
in the ##gD and ftgA genes, DOT-T1E-82, were obtained and characterized for toluene tolerance. This was
assayed by the sudden addition of toluene (0.3% [vol/vol]) to the liquid culture medium of cells growing on
Luria-Bertani (LB) medium (noninduced) or on LB medium with toluene supplied via the gas phase (induced).
Induced cells of the single #gD mutant were more sensitive to sudden toluene shock than were the wild-type
cells; however, noninduced wild-type and #zgD mutant cells were equally tolerant to toluene shock. Noninduced
cells of the double DOT-T1E-82 mutant did not survive upon sudden toluene shock; however, they still
remained viable upon sudden toluene shock if they had been previously induced. These results are discussed

in the context of the use of multiple efflux pumps involved in solvent tolerance in P. putida DOT-T1E.

Organic solvents with a logP, value (i.e., the logarithm of
the partition coefficient of the target compound in a mixture of
octanol and water) between 1.5 and 3 are extremely toxic to
microorganisms, a characteristic that has been well docu-
mented for toluene (logPoyw 2.5) (5, 8, 10, 38, 39). De Smet et
al. (8) demonstrated that toluene destabilizes the inner mem-
brane of gram-negative bacteria, causing a transition from a
lamellar bilayer state to a hexagonal state. This in turn gives
rise to the leakage of proteins, lipids, and ions, as well as
disrupting the cell membrane potential. The consequent col-
lapse of ATP synthesis, together with other lesions, leads to
cell death (39).

Pseudomonas putida strains have been isolated that are able
to grow in culture medium with toluene or related aromatic
hydrocarbons added to the liquid medium (7, 12, 19, 32, 40).
The key element involved in the tolerance to organic solvents
in these P. putida strains is a series of energy-dependent pumps
that actively remove the organic solvent from cell membranes
(17-19, 23, 33, 34). This conclusion was based on the following
findings: (i) P. putida strains treated with the uncoupler car-
bonyl cyanide p-trifluoromethoxyphenyl hydrazone accumu-
lated higher levels of solvents in cell membranes than did
untreated cells (14, 34), and (ii) transposon mutants of P.
putida that were sensitive to toluene and other chemicals ac-
cumulated 5- to 20-fold higher levels of solvents in cell mem-
branes than did the wild-type strain (17, 19, 33, 34).

Constitutive and inducible efflux pumps seem to be involved
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in solvent tolerance. These efflux pumps, which belong to the
resistance-nodulation-division (RND) family of pumps, consist
of three components: an inner membrane transporter (com-
ponent B), an outer membrane protein (component C), and a
periplasmic protein (component A). Together, these compo-
nents coordinate the efflux of solvents from the cytoplasmatic
membrane across the outer membrane, although the mecha-
nism by which this occurs is still unknown (5, 28, 38). Recently,
Ramos et al. (33) described a constitutive efflux pump encoded
by the 11gABC genes that makes the P. putida DOT-TIE cells
tolerant to toluene; Kieboom et al. (17, 18) have suggested that
the SrpABC pump involved in solvent tolerance in P. putida
S12is inducible. In both cases all three proteins are encoded by
genes that seem to be organized in a single operon (17, 18, 33).

In this study we report the identification in P. putida DOT-
T1E of a second efflux pump for toluene, which is induced in
response to certain aromatic hydrocarbons and which is also
made up of three proteins encoded by the #gDEF genes. These
genes are linked to the chromosomal fod genes for toluene
metabolism.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture media. P. putida DOT-T1E was grown
at 30°C in Luria-Bertani (LB) medium or minimal medium M9 (1) supplemented
with toluene (vapor phase), benzoate (10 mM), or succinate (20 mM) as the sole
carbon source. Mutant strains of P. putida DOT-T1E generated previously and
those constructed in this study are shown in Table 1. Escherichia coli DH5aF’
was used for cloning experiments and was grown at 37°C in LB medium. E. coli
CC118\pir was used to replicate plasmids based on the R6K replicon (11).
Competent E. coli cells were prepared according to the method of Inoue et al.
(14).

pUCI19 (41) and pBS(SK—) (Stratagene, Inc.) were used for cloning experi-
ments. The helper plasmid pRK600 was used to mobilize fra-lacking mob™
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant characteristics® Source or
reference
Strains

P. putida DOT-T1E Ap" Rif" Tol" Tol* 32

P. putida DOT-T1E-18  Ap" Km" #gBV Tn5 Tol™ 33

P. putida DOT-T1-Bé6m1 Ap* #tgDVTel" Tol" This study

P. putida DOT-T1E-82  Ap" 1tgDVTel" tigBVTn5 Tol* This study

E. coli DHSaF’ recAl Stratagene,

Inc.

E. coli CC118\pir Rif", host for replication of 11
plasmids based in R6K
replicon

Plasmids
pBluescript IT KS(—) Ap’, cloning vector Stratagene,
Inc.

pT1-125 Ap" todT 27

pKNG101 Sm* mob™" sacBR, R6K replicon 16

pKNG6-11 pKNG101 bearing dut::telAB:: This study
‘ttgD gk’ genes

pRK600 Cm" mob™ tra™, ColE1 replicon 11

pT1-B6 Ap" todT-ttgDEF This study

pT1-B611 Ap" Tel, dut::kilA telAB:: This study
‘ttgD gk’

pUC19 Ap*, cloning vector 41

pUT/tel Ap" Tel" oriR6K mob™ 37

“ Ap', Cm’, Rif", Sm", Tel", and Tol" represent resistance to ampicillin, chlor-
amphenicol, rifampin, streptomycin, telurite, and toluene, respectively. Tol™
indicates the ability to use toluene as the sole carbon source.

plasmids (11). The R6K-based pKNG101 plasmid was used for in vivo allelic
replacements as described before (16). The plasmids constructed in this study are
shown in Table 1, and their relevant properties are described in the Results
section.

Potassium tellurite was used at a concentration of 15 pg/ml for P. putida
DOT-TIE and 5 pg/ml for E. coli DH5aF'. The antibiotics used were as follows:
ampicillin (Ap), 100 pg/ml; kanamycin (Km), 50 pg/ml; streptomycin (Sm), 100
pg/ml; and rifampin (Rif), 20 wg/ml.

Construction of a gene bank of P. putida DOT-T1E. DNA from P. putida
DOT-TIE was isolated by the CTAB (cetyltrimethylammonium bromide)
method as described before (4). To construct a gene bank, P. putida DOT-T1E
DNA was partially digested with Sau3AI, and DNA fragments were separated
through a sucrose gradient (10 to 40% [wt/vol]) for 20 h at 24,000 rpm in a 50 Ti
Sorvall rotor (36). Aliquots of 0.5 ml were collected and analyzed by agarose gel
electrophoresis and then visualized after ethidium bromide staining. Fractions
containing fragments of longer than 6 kb were pooled, dialyzed against sterile
and deionized water, concentrated for further ligation to pUC19 digested with
BamH]I, and dephosphorylated with calf intestinal phosphatase. More than 3,000
white colonies were obtained after transformation into E. coli DH5aF' and
selection on LB solid medium supplemented with 100 pg of ampicillin, 20 pg of
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside, and 20 wg of isopropyl-B-p-
thiogalactopyranoside per ml. Colony screening hybridization was performed
according to the method of Sambrook et al. (36) to find clones with the genes of
interest. Probes were obtained by PCR using appropriate primers, and labeling
was done with dUTP-digoxigenin (Boehringer Mannheim).

Plasmid isolation and DNA sequence. Plasmids were isolated with a Qiagen kit
(Qiagen GmbH). Plasmid DNA was sequenced in both strands with universal,
reverse, or specifically designed primers in an automatic DNA sequencer (model
377; Perkin-Elmer, Inc.). Sequences were analyzed and compared with the Blastx
programs (2), which are available from the National Institute for Biotechnology
Information server.

PCR. DNA amplification reactions were done in a GeneAmp PCR system
2400 by using the appropriate primers. Internal primers for amplification of t#gD
(5'-CATGGCATGAACGGCTGTTTC-3" and 5'-CTGACTTGAGCCTGATT
ATCCC-3'), t1gE (5'-GTGGTCCAGGTTATCGAGCAGC-3' and 5'-CGGCG
CAAGTGCAGGCAGTCAGCACTCCATT-3'), and tgF (5'-GCAGATAACG
ATGGTGACAGCGAAC-3' and 5'-CAGATAATTGTCCACGCCCTCGTCG-
3") were used. The cycling conditions were as follows: 68°C for 2 min and 94°C
for 2 min, followed by 30 cycles of 94°C for 30 s, 52°C for 30 s, and 68°C for 1 min.

Primer extension analysis. P. putida DOT-T1E was grown overnight in M9
minimal medium with succinate as the sole carbon source. Cells were then
pelleted and resuspended in fresh medium at a turbidity of 0.4 at 660 nm.
Aliquots of the culture were incubated in the absence or in the presence of
different aromatic hydrocarbons supplied via the gas phase, at 200 rpm and at
30°C until the culture reached a turbidity of 1.0 at 660 nm.

Samples (3 ml) were collected into chilled tubes, and cells were pelleted and
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processed for RNA isolation according to the method of Marqués et al. (26).
RNA was treated with DNase I-RNase-free and RNase inhibitor (Boehringer
Mannheim) to ensure complete removal of DNA and to maintain the integrity of
mRNA. The sequence of the primer used for primer extension (5'-CTCTAC
GAACATGCGTTTCTGCAG-3") was complementary to the tigD gene. This
primer was labeled at its 5'-end with [y-*>P]JATP and T4 polynucleotide kinase.
About 10° cpm of labeled primer was hybridized to 30 pg of total RNA, and
extension was carried out with an avian myeloblastosis virus reverse transcriptase
(RT) as described earlier (26). Electrophoresis of cDNA products was done in a
urea-polyacrylamide sequencing gel to separate the reaction products, and dry
gels were exposed to X-ray film and visualized (26).

RT-PCR. RNA was prepared as described above. RT-PCR was carried out
with the Titan One Tube RT-PCR system (RT-PCR) by using the appropriate
primers. Positive and negative controls were included in each experiment. The
cycling conditions were as follows: 50°C for 3 min and 94°C for 2 min, followed
by 10 cycles of 94°C for 30 s, 60°C for 30 s, 68°C for 1 min, and further cooling
to 4°C. PCR products were separated in agarose gels in TAE buffer (40 mM
Tris-acetate, 1 mM EDTA; pH 8.0) and visualized after staining with ethidium
bromide.

Accession number. Nucleotide sequences of efflux system genes described here
have been submitted to the GenBank-EMBL data bank under accession number
AFY19106.

RESULTS

Genes homologous to efflux pumps for solvents are located
downstream from the tod operon of P. putida DOT-TI1E. P.
putida DOT-T1E metabolizes toluene via the toluene dioxyge-
nase pathway (27). The genes of this pathway are organized in
two adjacent transcriptional units, todXFCI1C2BADEGIH and
todST, which are transcribed in the same direction (27). About
400 bp downstream from fodT, a partial open reading frame
(ORF) in the opposite direction to todT was found. It showed
high sequence identity with the oprM, ttgC, and srpC genes of
several Pseudomonas strains. This partial sequence could not
be completed with the available subclone (pT1-125) because
no more adjacent DNA was available in this plasmid. Given
that the genes encode the outer membrane element of RND
pumps involved in the efflux of toxic compounds from the cell,
including antibiotics and solvents (OprM and TtgC) or solvents
only (SrpC), and because the genes form part of the operons
(mexAB oprM, t1gABC, and srpABC), we decided to determine
whether the identified ORF was part of a similar type of gene
cluster. To this end, we screened a genomic P. putida DOT-
TI1E library against a PCR probe generated by using primers
based on the todT gene (5'-CTGGTTCGAGTAACTGAGCG
GCTCAAGATAGCCT-3") and the DNA of the partial ORF
we had identified (5'-CGGCGCAAGTGCAGGCAGTCAGC
ACTCCATT-3"). This yielded a 2-kb fragment which was la-
beled with dUTP digoxigenin during amplification. Four pos-
itive clones were found, all of which were identical in size after
digestion with different restriction enzymes (not shown). One
random clone, pT1-B6 (Table 1), was retained for further
studies. The clone was characterized and was found to contain
the 3’ end of the fodT gene and about 8 kb of the adjacent
DNA (Fig. 1). This DNA was sequenced on both strands
(DNA sequence deposited at GenBank under accession num-
ber AFY19106). Analysis of the DNA sequence revealed the
existence of three ORFs of 1,147, 3,143, and 1,439 bp which
were organized like an operon and whose transcriptional di-
rection was opposite to that of the todT gene (Fig. 1). Because
the ATG of the third ORF overlaps the stop codon of the
second ORF, and a stretch of only 14 bp bridges the first and
the second ORFs, we deduced that the three ORFs might form
part of an operon. We confirmed the operon’s structure by
performing RT-PCR with RNA isolated from cells growing in
the presence of toluene in the gas phase. Using oligonucleotide
primers based on ORF1 (5'-GCGTATCAACATGCAGTAC
AC-3") and ORF2 (5'-CGGTCAATGAAGAAGCGAGACA
TG-3"), ORF2 (§'-CGGCGCAAGTGCAGGCAGTCAGCA
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FIG. 1. Physical map of the todST operon and the #tgDEF gene cluster in the solvent-tolerant P. putida DOT-T1E strain. Restriction sites for Xhol, HindIII, EcoRI,
Clal, Kpnl, EcoRV, Nhel, and Xbal are shown. The arrows indicate the direction of transcription.

CTCCATT-3"), and ORF3 (5'-CAGATAATTGTCCACGCC
CTCGTCG-3'), we obtained amplification products of 730 and
1,455 bp. These sizes were plausible based on the DNA se-
quence we determined. This confirmed the operon structure of
the genes. Upstream of the first ORF, a stretch of about 1,500
bp was sequenced, but no evidence for the presence of other
ORFs was found (we called this piece of DNA dut, for DNA
upstream #gD genes).

The three ORFs were translated in the corresponding poly-
peptides sequences, yielding putative peptides of 382, 1,048,
and 480 amino acids. The polypeptide sequences were com-
pared against sequences deposited in the data bank, and we
found that the first, second, and third peptides exhibited ho-
mology to the periplasmic fusion protein, to the pump element
of RND efflux pumps, and to the porin component of RND
efflux pumps. The highest homologies were with the SrpABC
system of P. putida S12 (75% identity, 88% similarity) (17) and
with the TtgABC pump of P. putida DOT-T1E (59% identity,
77% similarity) (33); for this reason the putative new pump of
P. putida DOT-T1E was named TtgDEF, and the genes were
named #tgDEF. Lower homology was found with the efflux pumps
of P. aeruginosa mexEFoprN (44% identity) (21) and the of
E. coli actAB (45% identity) and acrEF (43% identity) (3, 9,
24). The homology between these efflux pumps was further
confirmed when multiple alignments of the pump elements
were performed. As an example, an alignment of the periplas-
mic fusion TtgD protein with homologous proteins (SrpA,
TtgA, MexA, AcrE, AcrA, and MexC) is shown in Fig. 2.

Transcription of the ##zgDEF cluster takes place in response
to solvents in the culture medium. To determine the pattern of
expression of the #gDEF genes in response to solvents, we
isolated total RNA from P. putida DOT-T1E cultures growing
exponentially in the absence and in the presence of the aro-
matic hydrocarbons toluene, styrene, and m-xylene. Equal
amounts of mRNA were used in primer extension analyses,
which revealed that transcription occurred only in the presence
of toluene and styrene. The transcription initiation point in
both cases was the same and was located 50 bp upstream from
the G of the first GTG—the start codon—of #tgD (Fig. 3).

Construction of a #7gDEF null mutant of P. putida DOT-T1E
by gene replacement. To assign the TtgDEF proteins a possible
role in solvent tolerance, we decided to inactivate the cluster
via site-directed mutagenesis with the mobilizable suicide plas-
mid pKNG6-11 (Table 1). Plasmid pT1-B6 was digested with
Xhol and a 2.5-kb fragment comprising part of the #gD gene,
and its upstream region was removed and replaced with a 3.0-
kb cassette encoding tellurite resistance (37). The resulting
plasmid was called pT1-B611. Then, a 7-kb BamHI fragment of
pT1-B611 bearing the tellurite cassette flanked on one side by
“ttgD and ttgE” and on the other side by ca. 2 kb of P. putida
DNA, which we have called dut, was cloned into the single
BamHI site of pKNG101 to yield pKNG6-11. Plasmid pKNG6-
11 was used to deliver the dut::telAB::’ttgD t1gE’ mutation to the

host chromosome via homologous recombination. This plas-
mid has the advantage of containing the streptomycin resis-
tance gene (Sm) as a selectable marker for the cointegration
event and the Bacillus subtilis sacB gene as a counterselectable
marker to enhance the second step, i.e., allelic exchange (16,
35).

After triparental mating as described in Materials and Meth-
ods, transconjugants of P. putida DOT-T1E that were Sm ap-
peared at a rate of 10> per recipient cell. A sucrose-sensitive
clone was retained for further study. Upon repetitive growth of
the merodiploid at 30°C in LB medium, cells were spread on
LB plates with 5% (wt/vol) sucrose. The second crossover
event was expected to result in the acquisition of tolerance to
sucrose and in the loss of the Sm character. We searched for
Sm clones among sucrose-tolerant colonies; one of these
clones was retained for further study. The second crossover
event was confirmed by hybridization (Fig. 4). This mutant
strain was called P. putida DOT-T1E-1.

Phenotypic analysis of the #gDEF null mutant of P. putida
DOT-TIE. To determine the possible role of the #zgDEF gene
products in solvent tolerance, wild-type DOT-T1E and mutant
DOT-T1E-1 bacterial cells were grown overnight on LB me-
dium with or without toluene supplied via the gas phase. Cells
were then diluted and allowed to grow exponentially under the
same culture conditions. When the turbidity of the cultures at
660 nm was ca. 1, the cultures were challenged by adding
toluene to a 0.3% (vol/vol) concentration in the liquid medium.
The results obtained are shown in Fig. 5. Upon the addition of
toluene, a similar fraction (ca. 10~*) of the wild-type and
mutant cells survived the toluene shock. In cultures preinduced
with toluene through the gas phase, almost 100% of the wild-
type cells survived the toluene shock, whereas only about 1%
of the mutant cells remained viable (Fig. 5).

Because a number of efflux pumps are involved in antibiotic
efflux, we studied the behavior of the wild-type and mutant
DOT-T1E-1 on LB plates with toluene in the gas phase to
induce the #tgDEF pump. The plates were supplemented with
different antibiotics supplied in a disk (cefotoxime, 30 g,
ciprofloxamine, 15 wg; gentamicin, 10 ng; kanamycin, 30 ng;
nalidixic acid, 30 pg; neomicin, 30 pg; piperacillin, 100 pg; and
tetracycline, 30 wg), and the halo of growth inhibition was
measured. The #gD mutant strain was as sensitive as the wild
type to the antibiotics, suggesting that this efflux pump is prob-
ably not involved in the efflux of these antibiotics.

Construction of a double #gABC ttgDEF null mutant and its
phenotypic analysis. To further elucidate the role of the dif-
ferent solvent efflux pumps in tolerance to toluene in P. putida
DOT-TI1E, we decided to explore the phenotype of a mutant
lacking both the constitutive t#gABC pump genes and the
ttgDEF pump genes. To this end, we took advantage of the fact
that after random Tn5 mutagenesis we had isolated a mutant
that exhibited an insertion within the ##g4BC genes (33). This
mutant was more sensitive than the wild type to toluene shocks
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FIG. 2. Sequence alignment of TtgD protein with homologues. The sources of protein sequences were as follows: P. putida SrpA (17), P. putida TtgA (33), P.
aeruginosa MexA (30, 31), E. coli ActE (20), E. coli AcrA (24), and P. aeruginosa MexC (29). The ALIGN program was used (2). If the residue was identical to all the
aligned proteins it appears against a black background. If the residue was identical to at least 51% of the aligned proteins, it appears against a gray background. A
residue was chosen for the consensus if it appeared in at least four of the seven aligned proteins.

under both noninduced and induced conditions (33; see also
Fig. 5). We transferred the dut::telAB:’ttgD ttgE’ mutation into
the chromosome of the #g4BC mutant as described above for
the wild-type strain. A mutant clone called P. putida DOT-
T1E-82 was obtained and challenged with toluene. It was
found that under noninduced conditions, mutant DOT-T1E-82
cells were nonviable when exposed to a toluene shock of 0.3%
(volivol) (Fig. 5). When DOT-T1E-82 cells preexposed to tol-
uene were subjected to toluene shock, a significant fraction of
the mutant cells (0.01 to 0.1%) survived (Fig. 5).

Location of the ttggDEF genes in Pseudomonas strains bear-
ing the fod pathway. Huertas et al. (M. J. Huertas, E. Duque,

R. Rosell6-Mora, G. Mosqueda, P. Godoy, B. Christensen, S.
Molin, and J. L. Ramos, submitted for publication) have char-
acterized a number of Pseudomonas strains that grow on tol-
uene via the toluene dioxygenase pathway encoded by the rod
genes. They found that some of these strains (e.g., P. putida
SMO116) were toluene sensitive, whereas others were moder-
ately tolerant to toluene (e.g., P. putida F1) or able to tolerate
high toluene concentrations (e.g., P. putida MTB6). We used
oligonucleotide primers designed based on the 3’ end of todT
(5'-CTGGTTCGAGTAACTGAGCGGCTCAAGATAGC
CT-3’) and on the end of the 3’ end of ttgF (5'-CGGCGCAAG
TGCAGGCAGTCAGCACTCCATT-3’) (note that the genes
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5 - GTGCCTGCTCATGATTGGCCACCACTCTAATGGCAAGTGAACG
ATCAGGCCAGCCGAGCGACTGATCTCTCTTGTCTCTGCATTTT
CTGGGTGCAGGTCAGTCACGCATGGCATGAACGGCTGTTTCGC
L AAACCACA TAGTGATACACTATTTGCAAT CGGGCCATGC
ATTGTGATTCCCAAAAGATCAGTTCTACAACCAGGAGACGAAC
GGTGAGACTCGAGCGAGCTTTGCGTGCGAGAGACAGTTAATTC
CGCTAGCAGCCATCTGGTTGCTGGTGGGTTGCGGTAAGCAGGA
AACGGTGGAAAGCACTGCGGTGCCTCCCGAAGTTGGGGTCTAT
ACCGTGAAGGCCCAAGCACTGACCCTGACCACGGACCTGCCCG
GACGCACCTCGGCCTACCGAGTCTCCGAAGTGCGTCCTCAGGS

CTCCGaCATTEIGCAGARACGCATOTICGTAGRGGGCGCAGAG- 3

FIG. 3. Determination of the transcription initiation site of the t#gDEF op-
eron. (A) Total RNA was isolated from P. putida DOT-TIE cells grown on
succinic acid (lane 1) or with succinic acid in the presence the aromatic hydro-
carbon (supplied via the gas phase toluene [lane 2], m-xylene [lane 3], or styrene
[lane 4]). Then primer extension was done as described in Materials and Meth-
ods. The figure shows the cDNA (296 nucleotides) obtained after reverse tran-
scription of 20 pg of total RNA with an oligonucleotide complementary to t1gD.
A DNA sequencinqg ladder is also shown. (B) DNA sequence of the tigD
promoter region. The transcription initiation point is indicated by an asterisk
followed by an arrow which shows the direction of transcription: the —10 and
—35 sequences are boxed; the first GTG of gD is shown in boldface, and the
complementary sequence of the oligonucleotide used for primer extension of
gD is double underlined.

are divergently organized; see Fig. 1) to see if we could amplify
the intervening DNA fragment by using total DNA from the
strains referred to above. As a control we used P. putida DOT-
T1E. We always found a 2.0-kb amplified DNA fragment (Fig.
6), which suggests that the todST operon and the tggDEF op-
eron had the same organization in these strains. When the
same amplification was done with strains lacking the fod path-
way (e.g., P. putida KT2440, P. aeruginosa PAO1, P. mendocina
KR1, and E. coli), no amplification was found. Because these
strains lack the todT gene, the absence of amplification may
reflect not only the absence of the #gDEF genes but also the
lack of sequences homologous to todT near tgF. For this rea-
son we designed primers based on the #gD, ttgE, and ttgF
sequences (see Materials and Methods), which were expected
to result in DNA fragments of 0.8, 1.2, and 1.4 kb. No amplifi-
cation products were found when DNA prepared from P. pu-
tida KT2440, P. aeruginosa PAO1, or P. mendocina KR1 was
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used, whereas amplification of P. putida DOT-TIE, P. putida F1,
and P. putida SMOL116 yielded the expected fragments (not
shown).

DISCUSSION

Operon structure of the tfgDEF genes and linkage to the tod
genes. Our results show that adjacent to the fod genes for
toluene degradation is a set of toluene efflux genes, which we
have called #gDEF. The physical organization of the fod and
the #gDEF genes seems to be maintained in a number of
strains isolated in different countries around the world. It is
possible that in Pseudomonas spp. the tod genes for the deg-
radation of toluene via the toluene dioxygenase pathway and
the #tgDEF genes, which encode toluene efflux system, have
coevolved to confer increased tolerance to toluene. Nonethe-
less, it should be noted that among fod-proficient strains dif-
ferent levels of tolerance to toluene have been found, and no
explanation for this differential behavior has been offered to
date.

The ttgDEF genes in P. putida DOT-T1E seem to be orga-
nized as an operon. This conclusion is based on (i) the iden-
tification of a single transcription initiation point upstream
from gD, (ii) the overlapping structure of the #gE and fttgF
genes, and (iii) the positive results in RT-PCR based on prim-
ers designed on the basis of the #gD and #tgE DNA sequences
and the #gE and figFF DNA sequences.

ttgD promoter. Expression of the #zgDEF genes seems to be
under positive regulation in response to the presence of aro-
matic hydrocarbons e.g., toluene and styrene in the culture
medium (see Fig. 3). The main transcription initiation point
was identified by primer extension analysis. The sequence up-
stream from the transcription initiation point of #gD was an-
alyzed for similarity with consensus promoter sequences rec-
ognized by RNA-polymerase with different sigma factors. In
general, no significant homology in the —10 and the —35 re-
gions of this promoter was found with regard to consensus
sequences (25). The todXFC1C2BADEGIH genes form an op-

1 2 3 4

FIG. 4. Replacement of the chromosomal #gD by a knockout tgD::telAB
cassette. Total DNA was digested with EcoRI. Lane 4, lambda HindIII markers;
lane 1, wild-type P. putida DOT-T1E; lane 2, DNA from a resolve clone of
DOT-T1E-18 that was Sm Suc Tel; lane 3, DNA from a resolve clone of DOT-
T1E-18 that was Sm®, Suc’, Tel". The DNA probe was the ftigD gene randomly
labeled with digoxigenin-dUTP and the digoxigenin-dUTP hybrid DNA in the
Southern membrane was detected by using an enzyme immunoassay according to
manufacturer’s instructions (Boehringer Mannheim).
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FIG. 5. Survival in response to toluene shocks of the wild-type P. putida
DOT-TIE and mutant derivatives lacking toluene efflux pumps. Cells were
grown in 30 ml of LB medium alone (circles) or LB medium with toluene in the
gas phase (triangles) until the culture reached a turbidity of about 1 at 660 nm.
These cultures contained about 10° CFU/ml. The cultures were divided in two
halves; to one we added (0.3% [vol/vol]) toluene (solid symbols), and the other
was kept as a control (open symbols). The number of viable cells was kept as a
control (open symbols). The number of viable cells was determined before
toluene was added and 15, 30, and 60 min later. Top left panel, P. putida
DOT-TIE; top right panel, P. putida DOT-T1E-1; bottom left panel, P. putida
DOT-T1E-18; bottom right panel, P. putida DOT-T1E-82.

eron whose transcription is mediated by the TodT protein in
response to aromatic hydrocarbons (22). The P, 4x promoter
is made up of three regions, the —10/—35 region, an AT-rich
region upstream from —40 (about 66% AT), and an inverted
ATAAAGTTTAT motif at around —110 that represents the
TodT binding site (22). Sequence alignment of P,,4x and Py,p,
revealed no significant sequence conservation. This suggests
that the regulators of these two promoters are likely distinct.

Distinct profile for antibiotic efflux of TtgABC and TtgDEF
pumps. The TtgABC efflux pump of P. putida, the MexAB-
OprM pump of P. aeruginosa and the AcrAB-TolC pump of
E. coli all remove antibiotics and aromatic hydrocarbons (3,
23, 33). The TtgDEF pump seems not to remove antibiotics
such as cefotoxime, ciprofloxamine, gentamicin, kanamycin,
nalidixic acid, piperacillin, and tetracycline because the wild
type and the #tgD mutant were equally sensitive to these anti-
biotics. This suggests that the TtgDEF efflux system is more
restricted in substrate specificity than the TtgABC, MexAB-
OprM and AcrAB-TolC pumps. According to Isken and de
Bont (15), the StpABC pump of P. putida S12, which shows the
greatest homology with the TtgDEF pump, expels aromatic
hydrocarbons but not antibiotics. It thus seems that within the
RND family of solvent efflux pumps, two subfamilies can be
distinguished based on their ability to efflux certain antibiotics.

J. BACTERIOL.

Role of the TtgDEF pump in toluene tolerance. We have
shown that the TtgDEF pump is inducible by toluene and
styrene. The mutant strain P. putida DOT-T1E-1, which lacks
this pump as a result of a knockout by gene replacement, is as
tolerant as the wild-type strain to sudden toluene shock (Fig.
5). This is probably because the constitutive TtgABC pump is
functional in the mutant strain. However, the #fgDEF mutant
strain DOT-T1E-1 is less tolerant than the wild type to this
aromatic hydrocarbon under induced conditions, where only
1% of the mutant bacterial cell population survived sudden
toluene shock, in contrast to the almost 100% survival of P. pu-
tida DOT-T1E wild-type cells (Fig. 5). This is unequivocal ev-
idence that the TtgDEF pump plays a key role in solvent
tolerance.

The number of DOT-T1E-1 cells that tolerate sudden tolu-
ene shock once they have been exposed to toluene via the gas
phase is higher than the number of cells that survive this shock
if they have not been exposed to toluene before (Fig. 5). We
interpret this to mean that another inducible pump in addition
to TtgDEF may still operate in solvent extrusion. A homolo-
gous nonidentical inducible pump, called SrpABC, has been
described in P. putida S12 (17, 18). If such a pump is also
present in P. putida DOT-T1E, it would further explain how
this strain finds ways to escape death when exposed to satu-
rating concentrations of highly toxic organic solvents. It should
also be noted that in P. aeruginosa, up to three efflux pumps for
antibiotic removal (MexAB-OprM, MexCD-OprJ, and MexEF-
OprN) have been described, with all three of them contributing
to solvent tolerance (23).

A double mutant lacking the TtgABC and TtgDEF pumps
has a phenotype worthy of detailed analysis: noninduced cells
of the double mutant were nonviable when subjected to sudden
toluene shock, as expected since the parental DOT-T1E-18
mutant lacking the TtgABC system was also unable to tolerate
sudden toluene shock (Fig. 5). However, the double mutant
was more tolerant to toluene shock under induced conditions
than we had initially anticipated, with about 0.1 to 0.01% cells

M |
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FIG. 6. PCR amplification of chromosomal DNA of Pseudomonas strains
that use toluene as the sole carbon source. The primers used for amplification
and the conditions used are given in the text. Lane 1, P. putida DOT-T1E; lane
2, P. putida F1; lane 3, P. putida SMOL116; lane 4, P. putida MTBG6; lane 5,
P. putida KT2440; lane 6, P. aeruginosa PAOL1; lane 7, P. mendocina KR1; lane
M, Boehringer Mannheim DNA marker X.
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surviving the shock. This again suggests that another inducible
pump may also operate in P. putida DOT-T1E to ensure tol-
uene tolerance.

In summary, P. putida DOT-T1E is an unusual microorgan-
ism in that it is able to tolerate shocks of highly toxic com-
pounds such as toluene. This seems to be achieved through the
controlled expression of a number of energy-dependent efflux
pumps, two of which have been characterized so far.
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