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Pseudomonas putida encodes 20 extracytoplasmic sigma factors (ECFs). In this study, we show that one of
these ECFs, known as ECF-Pp12 (PP3006), plays a role in tolerance of toluene and other organic solvents.
Based on this finding, we have called the gene that encodes this new ECF rpoT. The rpoT gene forms an operon
with the preceding gene and with the gene located downstream. The translated gene product of the open
reading frame PP3005 is an inner membrane protein, whereas the PP3007 protein is periplasmic. A nonpolar
�rpoT mutant was generated by homologous recombination, and survival of the mutant was tested under
various stress conditions. The mutant strain was hypersensitive to toluene and other solvents but just as
tolerant as the wild type of stress imposed by heat, antibiotics, NaCl, paraquat, sodium dodecyl sulfate, H2O2,
and benzoate. In the �rpoT mutant background, expression of around 50 transcriptional units was affected: 31
cistrons were upregulated, and 23 cistrons were downregulated. This indicates that about 1% of all P. putida
genes are under the direct or indirect influence of RpoT. The rpoT gene controls the expression of a number
of membrane proteins, including components of the respiratory chains, porins, transporters, and multidrug
efflux pumps. Hypersensitivity of the P. putida RpoT-deficient mutant to organic solvents can be attributed to
the fact that in the �rpoT strain, expression of the toluene efflux pump ttgGHI genes is severalfold lower than
in the parental strain.

In natural environments, microorganisms are exposed to
changing conditions and have therefore developed a series of
strategies to cope with these stressors (17, 48). With world
industrialization, humans have synthesized a large number of
chemicals, many of which reach the biosphere and constitute a
new burden for the environment. Among the most toxic chem-
icals are organic solvents, such as toluene, xylenes, and styrene,
which dissolve in the cell membrane, disorganize it, cause the
loss of lipids and proteins, and eventually lead to cell death (8,
45, 56). Microorganisms have developed various mechanisms
to resist the lethal effects of these chemicals. One of the most
relevant of these mechanisms is the active reduction of their
entry into the cells through the action of membrane efflux
pumps, which belong to the group of multidrug resistance
pumps (45). These efflux pumps extrude a broad range of
structurally unrelated synthetic and natural chemicals and thus
constitute an effective barrier against toxic chemicals.

Pseudomonas putida DOT-T1E exhibits the unusual prop-
erty of being highly tolerant of organic solvents (39, 47). Sol-
vent tolerance in this strain is ultimately the result of an inter-
play between three efflux systems known as TtgABC, TtgDEF,
and TtgGHI, which have been assigned to the root nodulation

cell division family (15, 45, 46, 55). Of these three efflux pumps,
the TtgGHI pump seems to be the most critical for the removal
of solvents from a quantitative point of view (51). The ttgGHI
and the ttgDEF operons are induced in response to a variety of
solvents (16; W. Terán, M. A. Felipe, M. E. Guazzaroni, T.
Krell, R. Ruı́z, J. L. Ramos, and M. T. Gallegos, submitted for
publication), whereas the TtgABC efflux pump is expressed
constitutively. The latter pump protects the cell, not only from
solvents, but also from antibiotics, monocationic compounds
(e.g., ethidium bromide), and toxic secondary products of
plants (12, 61, 62).

Domı́nguez-Cuevas et al. (11) have shown that at the tran-
scriptional level, changes in the response of P. putida KT2440
to toluene occur without significant changes in the levels of
mRNAs of RNA polymerase components (core or sigma fac-
tors). This suggests that a certain amount of “roaming” RNA
polymerase is involved in setting up these new programs. In
eubacteria, �70, encoded by rpoD, is responsible for the expres-
sion of most of the housekeeping genes required for normal
cellular metabolism during exponential growth. To maintain
cellular homeostasis in a variety of stress environments, bac-
teria use alternative sigma factors to redirect RNA polymerase
and selectively express discrete subsets of genes. Among these
are the extracytoplasmic function (ECF) subfamily of � factors,
which are divergent in sequence with respect to nonessential
and secondary sigma factor groups (17, 19). In many cases, the
ECF � factor is cotranscribed with a transmembrane anti-�
factor with an extracytoplasmic sensory domain and an intra-
cellular inhibiting domain and often control functions associ-
ated with aspects of the cell surface or transport (17, 31).

Twenty-four sigma factors have been identified in the genome
of P. putida, 20 of which correspond to the ECF subfamily (35).
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Of these 20 sigma factors, 13 are potentially involved in iron
acquisition in P. putida. Of the remaining seven, roles have
been assigned to AlgU, also known as �E (RpoE), which is
involved in the biosynthesis of alginate and in thermoresistance
(36), and to �H (RpoH), which is engaged in heat and oxida-
tive-stress responses. The functions of the other sigma factors,
ECF-Pp1, ECF-Pp10, ECF-Pp11, ECF-Pp12, and ECF-Pp13,
are unknown.

We hypothesized that the set of responses to toluene in P.
putida could involve one or more of these alternative sigma
factors, since this solvent induces the misfolding of periplasmic
and membrane proteins. The work reported here demonstrates
that the protein originally designated ECF-Pp12 (35), now
called �T because of its involvement in toluene resistance, is
required for P. putida to endure solvent shocks. The ttgGHI
operon, which encodes the major efflux pump in terms of
solvent extrusion, is a member of a �T regulon that also in-
cludes about 1% of the P. putida genes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture media. Pseudomonas putida DOT-
T1E (Rifr Tolr) (47) and DOT-T1E-�rpoT (Rifr Kmr Tols �rpoT) (this study)
were grown at 30°C in LB medium or in M9 minimal medium supplemented with
glucose (0.5% [wt/vol]) or citrate (10 mM) as the carbon source. Escherichia coli
DH5� and E. coli CC118�pir cells were grown on LB medium at 37°C. The
former was used for cloning experiments and the latter to replicate plasmids
based on pKNG101 (18).

Plasmid pGEMT was used for cloning PCR-amplified DNA fragments. Plas-
mid pRK600 (Cmr mob� tra�; ColE1 replicon) was used as a helper for the
mobilization of tra mob� plasmids (18). A derivative of the suicide plasmid
pKNG101 (Kmr mob�; ColE1 replicon) was used to generate a knockout of the
rpoT gene in vivo through a double-recombination event without exerting polar
effects on the downstream genes (37; see below). Plasmid pUCH218 (59) was
used for the construction of the different �phoA fusions. Subsequently, the cor-
responding �phoA fusions were subcloned into pBBR1MCS-5 (25) to transfer
them to P. putida. The broad-host-range tetracycline-resistant pMP220 plasmid
that carries a promoterless �lacZ gene was used as a promoter-probe vector (58).

The antibiotics used were ampicillin, 100 �g/ml; kanamycin (Km), 50 �g/ml;
piperacillin, 100 �g/ml; rifampin (Rif), (20 �g/ml); streptomycin, 50 to 100
�g/ml; and tetracycline, 15 �g/ml. Gentamicin was used at a concentration of 5
�g/ml for E. coli and 20 �g/ml for P. putida.

Stress assays using double-diffusion plates. To test the effects of a number of
stressor agents, we used the double-diffusion plate assay (14) so that the con-
centration of the chemical ranged between zero and the highest concentration
desired. Compounds and ranges were as follows: ampicillin (0 to 1,000 �g/ml),
chloramphenicol (0 to 100 �g/ml), paraquat (0 to 0.3% [wt/vol]), benzoate (0 to
20 mM), NaCl (0 to 1.5 M), and SDS (0 to 1% [wt/vol]).

H2O2 and solvent shock assays in liquid culture medium. Cells were grown
overnight in 30 ml LB medium with or without toluene in the gas phase. On the
following day, the cultures were diluted 1:100 in the same medium and grown
under the same conditions. When the cultures reached the mid-exponential
growth phase (turbidity, 0.8 � 0.05 at 660 nm), they were divided into three
aliquots. We added 0.3% (vol/vol) toluene to one of the aliquots and 1.5%
(vol/vol) H2O2 to another, and the third was kept as a control. The number of
viable cells was determined as CFU/ml before the stressor agent was added and
10, 30, and 60 min later. These assays were run in duplicate and repeated at least
three times. The values are the averages of at least six determinations.

DNA techniques. Plasmid DNA was isolated according to the alkaline lysis
method with the QIAprep Spin Plasmid Minipreps Kit. Total DNA was isolated
as described by Ramos-González et al. (49). DNA digestions with restriction
enzymes, ligations, and transformations were performed with standard proce-
dures (53). For PCRs, the standard mixture (25 �l) contained 10 ng of DNA, 200
�M of each deoxynucleoside triphosphate, 50 pmol of each primer, 2 �l of
dimethyl sulfoxide, and 0.25 U of Taq polymerase. The PCR conditions were as
follows: 4 min at 95°C and then 35 cycles at 60°C for 45 s, 72°C for 30 to 180 s,
and 94°C for 4 s, followed by a final 5-min step at 72°C. Southern hybridization
under high-stringency conditions (50% [vol/vol] formamide at 42°C) was carried

out with digoxigenin-labeled probes and immunologically developed using
Roche’s kit.

Generation of a �rpoT mutant by insertional inactivation. To generate a
�rpoT::Km P. putida mutant strain, a 2,660-bp DNA fragment covering the rpoT
gene and adjacent DNA was amplified by PCR from the P. putida DOT-T1E
chromosome using primers 5�-GGAAAGCCAGTAGCGACTTC-3� and 5�-CT
TCAGCGTGGCTTCCTTGCCG-3�. The amplified product was cloned in
pGEMT to yield pGEMT-rpoT. Then, DNA was digested with PmlI and
Eco47III, which removed 400 bp from the rpoT gene, and the aphA3 gene
encoding kanamycin resistance (37) was inserted between these sites to yield
pGEMTrpoTaph3. This plasmid was digested with NotI, and the resulting 3.3-kb
NotI fragment was cloned at the NotI site of pKNG101 (23) to yield plasmid
pEDX-1. This plasmid was designed for marker exchange mutagenesis because
it replicates in E. coli CC118�pir but not in P. putida. Transfer of pEDX-1 to P.
putida DOT-T1E, selection of merodiploids, and subsequent resolution and
generation of mutants after homologous double recombination were carried out
as described before (50). A random mutant clone, called DOT-T1E-�rpoT, was
retained for further studies. The absence of the wild-type allele in DOT-T1E-
�rpoT and the presence of the rpoT::aphA3 allele were confirmed by PCR and
Southern blotting (not shown). Consistency of the mutation was confirmed by
sequencing DNA.

Gene fusions to �phoA. To construct the PP3007�::�phoA translational fusion, a
KpnI-BamHI-digested PCR fragment amplified from P. putida DOT-T1E
genomic DNA with primers PP3007-5 (5�-CAGGTACCTAGTGGGCGGCCT
TTGAC-3�) and PP3007-3 (5�-TAGGATCCCATTGAGCACTGCCTTGG-3�)
was cloned into KpnI-BamHI-cut pUCH218 and transformed into E. coli
CC118�pir. Two PP3005 gene in-frame �phoA fusions were generated in the
same way as described above but using primers PP3005-5 (5�-CAGGTACCAA
GAGGACGGGAGTGTCTGGAATG-3�) and PP3005-3S (5�-TAGGATCCAC
AGGCGGGGGCTTGGG-3�) to amplify the first 70 codons of PP3005 and
primers PP3005-5 and PP3005-3L (5�-TAGGATCCGCTCGCCCTTGGTCCA
GAAC-3�) to amplify the first 171 PP3005 codons. Subsequently, the �phoA
fusion constructs were excised as KpnI-HindIII fragments, cloned into
pBBR1MCS-5 digested with the same enzymes, and transformed into E. coli
CC118�pir to render plasmids pB3007AP (PP3007::phoA fusion), pB3005AP-S
[PP3005(1-70)::phoA fusion], and pB3005AP-L [PP3005(1-171)::phoA fusion].
The KpnI-HindIII fragment from pUCH218 carrying the �phoA gene was also
cloned into pBBR1MCS-5, and the resulting plasmid, designated pBBRphoA,
was used as a negative control. All four plasmids were further transferred into P.
putida DOT-T1E via triparental mating using pRK600 as the helper plasmid, as
described previously (49). Colonies containing active �phoA fusions were
screened for blue color on LB plates containing 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) at 40 �g/ml.

Cell fractionation and Western blot analysis. P. putida cells harboring the
different �phoA fusion constructs were grown in LB medium with gentamicin to
reach an optical density at 660 nm of 	1.0. The cultures (2 ml) were then
centrifuged (10,000 
 g; 5 min; 4°C), and the resulting pellet fractions were
solubilized in 100 �l of Laemmli sample buffer (28), treated with Benzonase
(Merck, Madrid, Spain) for 10 min to degrade the DNA, and heated for 5 min
at 95°C. The resulting sample was designated a whole-cell lysate. For cell frac-
tionation experiments, cells from 1 ml of culture were harvested by centrifuga-
tion as described above and gently suspended in 1 ml of an ice-cold solution
containing 10 mM Tris-HCl (pH 8), 0.5 M sucrose, 1 mM EDTA, lysozyme (100
�g/ml), and a mixture of protease inhibitors (Complete EDTA-free; Roche;
catalog no. 11873580001). After a 10-min incubation on ice, spheroplasts were
recovered by centrifugation (5,000 
 g; 10 min; 4°C), and the periplasmic pro-
teins in the supernatant were acid precipitated by the addition of 0.1 volume of
trichloroacetic acid (TCA). After incubation on ice for 30 min, the precipitated
proteins were sedimented by centrifugation at 20,000 
 g for 30 min at 4°C,
washed with 80% (vol/vol) acetone to remove residual TCA, air dried, resus-
pended in 100 �l of Laemmli buffer, and boiled for 10 min. To obtain the
cytoplasmic and membrane fractions, the spheroplast pellet was suspended in 1
ml of an ice-cold solution containing 10 mM Tris-HCl (pH 8), 1 mM EDTA, 10
mM MgCl2, and protease inhibitors and subjected to three freeze-thaw cycles in
liquid nitrogen and a 37°C water bath. To digest DNA, Benzonase (5 U) was
added to the suspension and incubated on ice for 10 min. Following centrifuga-
tion of the sample at 5,000 
 g for 10 min at 4°C to remove unbroken sphero-
plasts, the supernatant was centrifuged at 30,000 
 g for 30 min at 4°C to
separate the membrane fraction (pellet) from the soluble cytosolic fraction
(supernatant). The pellet fraction was resuspended in 100 �l of Laemmli buffer
and boiled for 10 min. The cytoplasmic proteins were TCA precipitated from the
supernatant and processed as described above for the periplasmic proteins.
Samples (15 �l) of the different fractions were analyzed by sodium dodecyl
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sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western immuno-
blotting as described previously (30). The nitrocellulose blots were probed with
an anti-PhoA monoclonal antibody (1:1,000 dilution; Caltag Laboratories; ref-
erence ME6200) and an alkaline phosphatase-conjugated rabbit anti-mouse sec-
ondary antibody (1:5,000 dilution; Calbiochem; catalog no. 401262), and devel-
oped in 10 ml of developing buffer (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 5
mM MgCl2) with 33 �l of nitroblue tetrazolium (100 mg/ml) and 33 �l of BCIP
(50 mg/ml).

Pseudomonas putida microarrays. P. putida arrays (Progenika, Spain) consist-
ing of 5,539 gene-specific oligonucleotides (50-mer) spotted in duplicate onto
�-aminosylane-treated 25 by 75 microscope slides and linked to the slide with UV
light and heat (60) were used. The oligonucleotides represented 5,350 of
the 5,421 predicted open reading frames (ORFs) annotated in the P. putida
KT2440 genome (http://cmr.tigr.org/tigr-scripts/CMR/GenomePage.cgi?org_search
�pse&org�gpp). In addition, 140 of the 148 putative ORFs predicted for the
TOL plasmid pWW0 were also represented, together with the genes coding for
the toluene efflux pumps of P. putida DOT-T1E (ttgABC, ttgDEF, and ttgGHI)
and their corresponding regulatory genes (ttgR, ttgT, and ttgV), plus a suite of
commonly used reporter genes and antibiotic resistance markers. The chips were
also endowed with homogeneity controls consisting of oligonucleotides for the
rpoD and rpoN genes spotted at 20 different positions, as well as duplicated
negative controls at 203 predefined positions. Further details of the array char-
acteristics were reported elsewhere by Yuste et al. (68). Assays under each set of
conditions were replicated at least four times (4, 13).

RNA isolation and preparation of labeled cDNA. P. putida DOT-T1E and
DOT-T1E� rpoT cells were grown in LB medium to an optical density at 660 nm
of 0.5. The cultures were then divided into two halves with toluene (gas phase)
added to one of them and were further incubated at 30°C for another 20 min.
The exposure time was long enough to allow the complete transcription of all P.
putida operons but was short enough to disclose the initial response of the cells
to the solvent shock. After the 20-min incubation, cells from 12-ml culture
samples were harvested by centrifugation at 4°C in tubes precooled in liquid
nitrogen. After centrifugation, the cell pellets were immediately immersed in
liquid nitrogen, and total RNA was isolated using TRI Reagent (Ambion; ref-
erence 9738) as recommended by the manufacturer. The RNA preparations
were then subjected to DNase treatment, followed by purification with RNeasy
columns (QIAGEN; catalog no. 74104). The RNA concentration was deter-
mined spectrophotometrically, and its integrity was assessed by agarose gel
electrophoresis.

For the preparation of fluorescently labeled cDNA, 25 �g of RNA was primed
with 7.5 �g of random hexamers (Amersham; catalog no. 27-2166-01). Probe
synthesis was performed at 42°C for 2 h in a 30-�l reaction volume containing 0.5
mM (each) dATP, dCTP, and dGTP; 0.25 mM (each) dTTP and aminoallyl-
dUTP (Sigma; catalog no. A0410); 10 mM dithiothreitol; 40 U of RNaseOUT
(Invitrogen; reference 10777-019); 400 U of SuperScript II reverse transcriptase
(RT) (Invitrogen; reference 18064-014) in RT reaction buffer. The reaction was
stopped by adding 10 �l of 50 mM EDTA, and the RNA template was hydro-
lyzed by adding 10 �l of 1 N NaOH, followed by incubation at 65°C for 15 min.
Samples were then neutralized by adding 25 �l of 1 M HEPES (pH 7.5), and the
hydrolyzed RNA and residual deoxynucleoside triphosphates were removed us-
ing QIAquick PCR purification columns (QIAGEN; reference 28104) according
to the manufacturer’s recommendations, except that the Tris buffers were re-
placed with phosphate wash (5 mM K2HPO4, pH 8.0, 80% [vol/vol] ethanol) and
elution buffers (4 mM K2HPO4, pH 8.5) to avoid interference with the subse-
quent labeling. cDNA samples were dried in a Speed-Vac to completion. The
dried aminoallyl-labeled cDNA was resuspended in 9 �l of 0.1 M sodium car-
bonate buffer (pH 9.0), mixed with either Cy3 or Cy5 fluorescent dye (mono-
reactive N-hydroxysuccinimide esters; Amersham Biosciences; catalog no.
PA23001 and PA25001, respectively), and allowed to couple for 2 h at room
temperature in the dark. After the coupling, the reaction was quenched with 4.5
�l of 4 M hydroxylamine for 15 min. Then, 35 �l of 100 mM sodium acetate (pH
5.2) was added to the reaction mixtures, and they were again purified with
QIAquick PCR purification columns, but this time using the supplied buffers.
Labeling efficiency was assessed using a NanoDrop ND1000 spectrophotometer
(NanoDrop Technologies).

Microarray hybridization and data analysis. Prior to the hybridization pro-
cess, the microarray slides were blocked by immersion in 5
 SSC (1
 SSC is 0.15
M NaCl, 15 mM sodium citrate, pH 7), 0.1% (wt/vol) SDS, 1% (wt/vol) bovine
serum albumin for 1 h at 42°C. Then, the slides were washed by two successive
immersions in MilliQ water at room temperature, followed by a final wash with
isopropanol. The slides were spin dried by centrifugation at 1,500 
 g for 5 min
and used within the next hour. Equal amounts of Cy3- and Cy5-labeled cDNAs,
one of them corresponding to the control and the other to the problem to be

analyzed, were mixed, dried in a Speed-Vac, and reconstituted in 35 �l of
hybridization buffer (5
 SSC, 25% [vol/vol] formamide, 0.5% [wt/vol] SDS, 5

Denhardt’s solution, 5% [wt/vol] dextransulfate) preheated to 42°C. The labeled
probe was denatured at 98°C for 3 min, applied to the microarray slide, and
covered with a glass coverslip. The slide was then introduced into a humidified
hybridization chamber (AHC ArrayIt Hybridization Cassette; Telechem Inter-
national, Inc.) and incubated for 18 to 20 h in a water bath at 42°C, preserved
from light. Following hybridization, the microarrays were washed by gentle
agitation in 2
 SSC, 0.1% [wt/vol] SDS at 42°C for 5 min, followed by a 5-min
wash at room temperature in 1
 SSC, two 5-min washes in 0.2
 SSC, and a final
5-min wash in 0.1
 SSC. Finally, the slides were spin dried in a centrifuge at
1,500 
 g for 5 min and scanned on a GenePix 4100A scanner (Axon Instru-
ments, Inc.). Images were acquired at 10-�m resolution, and the background-
subtracted median spot intensities were determined using GenePix Pro 5.1 image
analysis software (Axon Instruments, Inc.). Signal intensities were normalized by
applying the lowest intensity-dependent normalization method (65) and statisti-
cally analyzed using the Almazen System software (Alma Bioinformatics S. L.).
To allow appropriate statistical analysis of the results, RNA preparations from at
least four independent cultures were tested for each strain (4). P values were
calculated by using Student’s t test. A particular ORF was considered differen-
tially expressed if (i) the change was at least 1.8-fold and (ii) the P value was 0.05
or lower.

Computational methods. Protein signal sequences and transmembrane do-
mains were predicted by using the SignalP 3.0 (http://www.cbs.dtu.dk/services
/SignalP/) (2) and TMHMM v2.0 (http://www.cbs.dtu.dk/services/TMHMM/)
servers (27), respectively. Kyte-Doolittle hydropathy plots were generated with
DNA Strider v1.4f5 (34) by using a window size of 9 (for PP3007) or 19 (for
PP3005).

RESULTS

The gene that encodes ECF-Pp12 is clustered with genes
encoding PP3005 and PP3007. Martı́nez-Bueno et al. (35) sug-
gested that ECF-Pp12 is related to alternative sigma factors
involved in stress endurance (9, 19, 54, 57, 60, 63, 67); however,
no clues to the role of ECF-Pp12 are available. The gene
encoding ECF-Pp12 is located in a chromosomal cluster with
two ORFs (PP3007 and PP3005) that are transcribed in the
same direction as rpoT (Fig. 1A). Located divergently with
respect to PP3005 is a cluster of two genes involved in aromat-
ic-acid biosynthesis (aroQ and aroE) and an ORF that encodes
a protein (PP3004) of unknown function. Divergent with re-
spect to PP3007 is a cluster of four genes that encode proteins
PP3008 to PP3011 of unknown function (41). PP3005 and
PP3007 show no significant homology to any other known
proteins, including anti-sigma factors. Sequence analysis re-
vealed that the PP3006 and PP3005 ORFs overlap by 13 bp,
and PP3006 and PP3007 overlap by 3 bp, suggesting a putative
operon structure for the three genes (GenBank DQ338456).
To test whether the three ORFs indeed formed a transcrip-
tional cluster we performed RT-PCR extension using primers
based on the 3�- and 5�-terminal ends of adjacent genes. In all
cases, we found mRNA covering orf3007 and orf3006 on one
hand and orf3006 and orf3005 on the other (Fig. 1B). Further-
more, primers based on PP3005 and PP3007 were also positive,
confirming the operon structure of the cluster (not shown).

The P. putida DOT-T1E PP3007 protein is located in the
periplasm, whereas PP3005 is located in the inner membrane.
Kyte-Doolittle hydropathy analysis of the peptide sequence
deduced for P. putida DOT-T1E PP3007 (18.6 kDa; 175 resi-
dues) showed a rather hydrophilic protein with a hydrophobic
amino-terminal region (Fig. 2A) that resembled a signal se-
quence. A more detailed analysis of the PP3007 amino-termi-
nal sequence (MNFKYSACLLACSLALALQPAHAQT) with
the SignalP program revealed the presence of a putative signal
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peptide with a predicted cleavage site between positions 23 and
24 (AHA/QT, residues 21 through 25 [the shill indicates the
cleavage site]). Based on these observations, we predicted that
PP3007 was a periplasmic protein. To check this hypothesis, we
constructed a translational fusion with the E. coli �phoA gene
lacking its own signal sequence. This hybrid protein should
have shown alkaline phosphatase activity only if it was ex-
ported through the inner membrane to the periplasm (33). A
DNA fragment encoding the first 75 amino acids of the PP3007
protein was fused to the E. coli �phoA gene (Fig. 2B), and the
construct was cloned into the broad-host-range plasmid
pBBR1MCS-5 to yield pB3007AP and transferred into P.
putida DOT-T1E. Then, the transconjugant strain was tested
for alkaline phosphatase activity on solid LB medium contain-
ing the chromogenic substrate BCIP. Positive (blue) colonies
were observed, which proved that the amino-terminal region of
PP3007 was sufficient for targeting the hybrid protein to the
periplasm. To further confirm that PP3007�-�PhoA was located
in the P. putida periplasm, we performed subcellular fraction-
ation on DOT-T1E cells carrying the plasmid mentioned
above. Pseudomonas putida DOT-T1E(pBBRphoA) cells were
used as a negative control. Western blot analysis of the
different fractions using an anti-PhoA antibody (Fig. 2C)
showed the presence of a band (about 54 kDa, correspond-

ing to the mature protein without the predicted signal se-
quence) in the periplasmic fraction (lane 6) of P. putida
DOT-T1E(pB3007AP), but not in the cytoplasmic or mem-
brane fraction (lanes 7 and 8). In the extract of whole cells,
the mature protein was also detected (lane 5). Taken to-
gether, these results strongly suggest that PP3007 is a solu-
ble periplasmic protein.

The hydropathy plot of the deduced amino acid sequence of
P. putida DOT-T1E PP3005 (25.3 kDa; 233 residues) revealed
the presence of a central hydrophobic region (Fig. 3A). The
transmembrane prediction program TMHMM predicted a pu-
tative transmembrane domain within this region (extending
from residues 93 to 115) with the N terminus facing the cyto-
plasm. To validate this hypothesis, two translational fusions to
the �phoA gene were constructed, one upstream of the putative
transmembrane segment (at residue 70) and another down-
stream (at residue 171). Only the longest fusion gave rise to
blue colonies on solid LB medium with BCIP, both in E. coli
(not shown) and in P. putida (Fig. 3B), which implied that the
C-terminal region of PP3005 was exposed to the periplasm.

FIG. 1. Physical map of the area around ORF3006 and RT-PCR
assays. (A) Physical organization of the DNA region containing ORFs
that encode PP3005, RpoT, and PP3007 of P. putida DOT-T1E.
(B) Proof of operon structure of rpoT with adjacent genes. Total RNA
was isolated from the wild-type strain P. putida DOT-T1E, and oligo-
nucleotides 14 (5�-CGCAGAACAAAGGTGCCAGGC-3�) and 13
(5�-CGTGATCGTAGAGCGCCTGC-3�), as well as 12 (5�-GCAGC
CACGCCGTGATAGCC-3�) and 11 (5�-TGCGGGGTAGACAGCG
CGG-3�), were used to generate cDNA, which was separated on aga-
rose gels. Lanes 2 and 4 correspond to the control, which contained the
same amounts of RNA, primers, and Taq polymerase as the other
samples but no reverse transcriptase. The positions of the molecular
size markers (in bp) are indicated.

FIG. 2. Subcellular localization of P. putida DOT-T1E PP3007.
(A) Hydrophobicity (Kyte-Doolittle) plot of the PP3007 protein show-
ing the putative signal peptide (window size, 9). The average hydro-
phobicity of the amino acids included in the window is plotted in the
midpoint of the window. (B) Schematic view of the PP3007�-�phoA
fusion under the control of the Plac promoter in plasmid pB3007AP
(positive for alkaline phosphatase activity). (C) Immunoblot detection
of PP3007�-�PhoA in P. putida DOT-T1E(pP3007AP) cell fractions
(lanes 5 to 8). P. putida DOT-T1E(pBBRphoA) was used as a negative
control (lanes 1 to 4). Protein samples were subjected to electrophore-
sis (12.5% [wt/vol] SDS-PAGE), followed by Western blotting with an
anti-PhoA antibody. Lanes 1 and 5, whole-cell lysate (W); lanes 2 and
6, periplasmic fraction (P); lanes 3 and 7, cytoplasmic fraction (C); and
lanes 4 and 8, membrane fraction (M). The positions of molecular
mass markers are indicated (in kilodaltons) on the left.
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Immunoblot analysis of P. putida DOT-T1E(pB3005AP-S) and
P. putida DOT-T1E(p3005AP-L) cell fractions with an anti-
PhoA antibody verified the expression of two fusion proteins of
about 54.0 and 66 kDa (Fig. 3C, lanes 1 and 5). The results also
showed that whereas PP3005(1-70)-PhoA was recovered from
the soluble cytoplasmic fraction (Fig. 3C, lane 3), PP3005(1-
171)-PhoA was found predominantly in the membrane fraction
(Fig. 3C, lane 8).

Deletion of rpoT leads to a decrease in solvent resistance in
P. putida. To study the role of the P. putida Pp-ECF-12 protein
(PP3006), we generated DOT-T1E-�rpoT so that an internal

portion of the gene encoding PP3006 was deleted and replaced
by a promoterless Kmr cassette that exerted no polar effect on
the expression of downstream genes (37) (see Materials and
Methods for construction details). No significant differences in
the growth of the DOT-T1E-�rpoT mutant and its wild-type
strain were observed when the cells were grown on LB or M9
minimal medium with citrate or glucose as the sole carbon
source at 30°C (data not shown).

ECF-Pp12 belongs to the ECF sigma factor group (17).
Members of this subfamily are involved in responses to differ-
ent stresses. For instance, the ECF rpoE sigma factor product
is involved in heat, metal, and desiccation stresses in E. coli
(13, 20, 64). Mycobacterium tuberculosis rpoE mutants are sen-
sitive to envelope perturbations caused by polymyxin and SDS
and are also more sensitive to high temperatures than the
wild-type strain (22, 32, 67). A Bacillus subtilis sigM null mutant
lacking the ECF �M protein was sensitive to paraquat, a su-
peroxide-generating reagent (38). In Listeria monocytogenes,
�B contributes to cell survival under energy stress conditions
imposed by carbonyl cyanide m-chlorophenylhydrazone (5).
Yersinia enterocolitica rpoE mutant strains exhibited suscepti-
bility to increased osmolarity (16, 19, 26). To identify the role
of ECF-Pp12, we subjected the wild-type DOT-T1E and its
isogenic DOT-T1E-�rpoT mutant to a series of tests in which
perturbations in the cell envelope were produced. We carried
out a series of double-diffusion assays in which antibiotics
(ampicillin and chloramphenicol), SDS, NaCl, paraquat, and
benzoate were the disturbing agents. To test tolerance to tol-
uene, cells were spread on LB plates with solutions with dif-
ferent toluene concentrations (0, 0.1, and 1% [vol/vol]). We
found that the DOT-T1E-�rpoT mutant was as tolerant as the
wild-type strain of all these chemicals except toluene, since the
wild-type strain formed a lawn when solid plates were overlaid
with 1% (vol/vol) toluene whereas the mutant did not (see
below). To test the putative effect of heat on the survival of the
DOT-T1E-�rpoT mutant, wild-type and mutant cells in the
mid-exponential phase growing on LB at 30°C were split into
four aliquots and incubated at 30°C, 37°C, 42°C, and 50°C, and
CFU/ml were counted over time. We found that the mutant
and the wild type behaved similarly. Incubation of DOT-T1E
and DOT-T1E-�rpoT at 30°C and 37°C had no effect on the
survival of the two strains (Fig. 4), but survival was affected at
42°C (the number of CFU decreased by about 1 order of
magnitude after 5 h of incubation) and a rapid decline in the
number of CFU/ml was observed at 50°C, so that neither the
wild-type nor the DOT-T1E-�rpoT cells survived after 45 min
of incubation at that temperature (Fig. 4).

In our laboratory, we have optimized freeze-drying condi-
tions for Pseudomonas strains and have shown that survival of
the desiccation process is highly influenced by the composition
of C17-cyclopropane and the lyoprotectant used (40). We
tested the survival of DOT-T1E and DOT-T1E-�rpoT in the
lyophilization process and found no significant differences in
the rates of survival with cells in the exponential or stationary
phase and with myo-inositol or trehalose as the lyoprotectant
(not shown).

The above-mentioned series of results indicate that DOT-
T1E-�rpoT cells were specifically sensitive to toluene. To
quantify the effect of toluene, we carried out tests with DOT-
T1E and DOT-T1E-�rpoT cells in the mid-exponential phase.

FIG. 3. Subcellular localization of P. putida DOT-T1E(PP3005).
(A) Hydrophobicity (Kyte-Doolittle) plot of the PP3005 protein show-
ing a potential transmembrane segment (window size, 19; peaks with
scores greater than 1.8 indicate putative transmembrane �-helices).
(B) Schematic view of two different PP3005�-�phoA fusions under the
control of the Plac promoter in plasmids pB3005AP-S and
pB3005AP-L, indicating the expression of alkaline phosphatase activ-
ity. The numbers indicate the positions of the first and last amino acid
residues of the proposed transmembrane domain. (C) Immunoblot
detection of the PP3005�-�PhoA fusions in P. putida DOT-T1E cell
fractions. Protein samples were subjected to electrophoresis (12.5%
[wt/vol] SDS-PAGE), followed by Western blotting with an anti-PhoA
antibody. Lanes 1 through 4, P. putida DOT-T1E(pB3005AP-S);
lanes 5 through 8, P. putida DOT-T1E(pP3005AP-L). Lanes 1 and
5, whole-cell lysate (W); lanes 2 and 6, periplasmic fraction (P);
lanes 3 and 7, cytoplasmic fraction (C); and lanes 4 and 8, mem-
brane protein fraction (M).
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We reported before that only about 1 out of 104 CFU/ml of
DOT-T1E tolerated a sudden 0.3% (vol/vol) toluene shock,
whereas 50 to 100% of the cells tolerated the toluene shock if
preinduced with sublethal toluene concentrations. This behav-
ior was confirmed here (Fig. 5A). In contrast with this behav-
ior, we found that DOT-T1E-�rpoT mutant cells were very
sensitive to toluene, and survival of noninduced cells was below
1 out of 109 CFU/ml. About 1 out of 103 to 104 cells survived
the sudden toluene shock if the cultures were preinduced with
sublethal toluene concentrations (Fig. 5B). This suggested that
ECF-Pp12 sigma factor was required for full cellular defense
against toluene. We therefore called the gene rpoT to indicate
its role in sensitivity to toluene.

Global gene expression analysis and further phenotypic
analysis of the �rpoT mutant. To determine the full impact of
the �rpoT deletion on solvent homeostasis in P. putida, we
analyzed global cellular expression with microarrays. Cells of
the P. putida DOT-T1E wild-type strain and its �rpoT isogenic
deletion mutant strain were exposed or not to 1 mM toluene
for 20 min prior to RNA isolation. The concentration of tol-
uene used allowed 100% survival of wild-type and mutant cells,
and enough time was allowed for the cells to induce solvent
tolerance mechanisms as before (52). In each microarray,
5,350 gene-specific spots were analyzed. Based on the up- and
downregulated genes, a series of physiological analyses were
performed to further characterize the �rpoT mutant. For mi-
croarrays, each condition was tested at least four times, includ-

ing two independent cultures of the P. putida strains and a dye
swap experiment. The mean values for the four normalized
expression ratios were then evaluated to compare the �rpoT
mutant and the wild-type cells with and without toluene addi-
tion. A change in expression of more than 1.8-fold in either
direction, when the difference between the two signals was

FIG. 4. Survival of P. putida and its �rpoT mutant upon sudden
temperature shock. (A) Wild-type DOT-T1E and (B) DOT-T1E-
�rpoT. Cells were grown in 40 ml LB medium at 30°C, and when
indicated, four aliquots were made and incubated at 30°C (}), 37°C
(F), 42°C (Œ), and 50°C (■ ). The viable cells were counted at the
indicated times. The data are the averages of six determinations, with
standard deviations below 5% of the given values.

FIG. 5. Survival of P. putida DOT-T1E and its �rpoT mutant upon
solvent shock. The strains used were P. putida DOT-T1E (A), DOT-
T1E-�rpoT (B), and DOT-T1E-PS28 (C). Cells were grown in 30 ml
LB medium (circles) or LB medium with toluene in the gas phase
(triangles) until the culture reached a turbidity of about 0.8 at 660 nm.
The culture was divided into two halves, and to one we added 0.3%
(vol/vol) toluene (closed symbols) while the other was kept as a control
(open symbols). The numbers of viable cells were determined at the
indicated times. The data are the averages of 6 to 10 determinations,
with standard deviations in the range of 3 to 8% of the given values.
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larger than the sum of the two signal deviations, was consid-
ered a significant change.

Comparison of the �rpoT mutant and wild-type cells grown
in the absence and in the presence of the solvent revealed that
a relatively low number of genes were influenced by �rpoT
(Tables 1 to 4). In fact, we found that in the �rpoT mutant cells
growing without toluene, the expression of 53 genes was up-
regulated (Table 1) and the expression of 26 genes was down-
regulated (Table 2). This indicated that about 1% of the genes
were under the influence of rpoT. When the physical organi-

zation of the genes was analyzed, we found that in many cases
the genes formed operons, which brought the number of tran-
scriptional units directly or indirectly regulated by rpoT to 31
upregulated units and 23 downregulated units (Tables 1 and 2).
Therefore, the altered mRNA concentrations of these genes
could be considered an effect of the �rpoT deletion.

A significant number of genes encoded membrane proteins,
such as PP1166, PP2420, and PP4675. These genes, together
with the TtgGHI efflux pump, were among the downregulated
units. The downregulation of the ttgGHI efflux genes could be

TABLE 1. Genes upregulated in the DOT-T1E rpoT mutant (versus the wild-type strain) before toluene additiona

TIGR identifier Gene product Gene name Change (fold)

PP0257 Formate dehydrogenase accessory protein FdhD fdhD 2.1
PP0504 Outer membrane protein OprG oprG 2.0
PP0792 Fructose transport system repressor FruR fruR 1.8
PP0812 Cytochrome o ubiquinol oxidase, subunit II cyoA 2.2
PP0813 Cytochrome o ubiquinol oxidase, subunit I cyoB 2.3
PP0814 Cytochrome o ubiquinol oxidase, subunit III cyoC 2.1
PP0816 Protoheme IX farnesyltransferase cyoE-2 2.3
PP0887 Sensor histidine kinase 2.1
PP0888 Response regulator 1.9
PP0951 Sigma-54 modulation protein 1.8
PP1002 Lysine permease lysP 2.0
PP1110 Serine O-acetyltransferase; putative 4.5
PP1111 Synthetase; putative 4.7
PP1112 Conserved hypothetical protein 2.3
PP1113 Pyridoxal-phosphate-dependent enzyme family protein 2.3
PP1149 Hypothetical protein 2.1
PP1157 Acetolactate synthase; catabolic; putative 1.8
PP1188 C4-dicarboxylate transport protein dctA 2.7
PP2246 Conserved hypothetical protein 2.2
PP2379 Sco1/SenC family protein 2.8
PP2471 Integration host factor, alpha subunit ihfA 1.9
PP2648 Universal stress protein family 2.0
PP2656 Phosphate ABC transporter; periplasmic phosphate-binding protein 2.1
PP2916 Riboflavin synthase, alpha subunit ribE-2 2.1
PP3005 Hypothetical protein 4.2
PP3007 Hypothetical protein 5.1
PP3079 Peptidyl-prolyl cis-trans isomerase C ppiC-2 1.9
PP3122 CoA-transferase, subunit A; putative 3.0
PP3255 Conserved hypothetical protein 4.4
PP3365 Acetolactate synthase; catabolic; putative 1.9
PP3547 Oxidoreductase; short-chain dehydrogenase/reductase family 1.9
PP3754 Beta-ketothiolase 2.5
PP3839 Alcohol dehydrogenase; zinc containing 1.9
PP4064 Isovaleryl-CoA dehydrogenase ivd 2.8
PP4066 Enoyl-CoA hydratase; putative 1.8
PP4067 Acetyl-CoA carboxylase; biotin carboxylase; putative 1.8
PP4227 Conserved domain protein 2.2
PP4228 Hypothetical protein 2.4
PP4250 Cytochrome c oxidase, cbb3-type, subunit I ccoN-1 4.6
PP4251 Cytochrome c oxidase, cbb3-type, subunit II ccoO-1 2.4
PP4252 Cytochrome c oxidase, cbb3-type, CcoQ subunit ccoQ-1 3.5
PP4253 Cytochrome c oxidase, cbb3-type, subunit III ccoP-1 3.2
PP4403 2-Oxoisovalerate dehydrogenase; lipoamide acyltransferase component bkdB 1.9
PP4561 Conserved hypothetical protein 1.8
PP4739 Hypothetical protein 2.2
PP4870 Azurin 2.0
PP4933 Conserved hypothetical protein 2.8
PP5029 Formiminoglutamase hutG 2.0
PP5030 Imidazolonepropionase hutI 3.7
PP5031 Proline permease proY 4.6
PP5032 Histidine ammonia-lyase hutH 6.4
PP5033 Urocanate hydratase hutU 3.7
PP5035 Histidine utilization repressor hutC 2.0

a Genes putatively located in the same transcriptional unit are in boldface.
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responsible for the observed sensitivity to toluene. To confirm
this, we compared the killing rate by toluene (0.3% [vol/vol])
between the �rpoT strain and P. putida DOT-T1-PS28, which
carries a mini-Tn5 insertion in ttgH. Figure 5C shows that
killing of ttgH was more acute than in �rpoT, which implies that
the low level of expression of ttgGHI still conferred some,
albeit limited, survival of toluene. Other downregulated genes
included those for 1-phosphofructokinase and catalase (Table
2). To test whether the decrease in catalase activity influenced
the survival of P. putida when exposed to H2O2, we cultured P.
putida DOT-T1E and its isogenic mutant �rpoT in LB until the
turbidity reached 0.8 at 660 nm. We then added H2O2 to reach
1.5% (vol/vol) and determined the number of CFU/ml. We
found that �rpoT was as sensitive to H2O2 as the parental
strain, since almost 102 wild-type and mutant cells survived
after 60 min of incubation. Since 1-fructokinase was found to
be repressed, we tested whether �rpoT was able to grow with
fructose (0.5% [vol/vol]). The mutant �rpoT and the parental
strain grew at similar rates (tg � 112 � 5 min), perhaps because
in the presence of fructose, the FruR repressor becomes inac-
tive and the levels of 1-phosphofructokinase are consequently
similar in the wild-type and the mutant cells.

Among the upregulated genes, it is worth noting that the
operon including rpoT was expressed at a higher level in the
�rpoT mutant, which suggested that the RpoT sigma factor is
somehow involved in the control of its own expression. We
corroborated this finding by fusing the promoter region of the
PP3007 ORF to �lacZ in pMP220 and determining the �-ga-
lactosidase activities in RpoT-deficient and RpoT-proficient
backgrounds. Our �-galactosidase results corroborated the

findings obtained with microarrays: in the RpoT-deficient
background �-galactosidase activity was fourfold higher than
in the parental strain. To further corroborate these data, we
performed quantitative RT-PCR analysis, and we confirmed
that PP3007 expression was threefold higher in the �rpoT
background than in the parental background. We consequently
achieved good correlation between microarray data and quan-
titative-RT-PCR and gene fusion analyses.

Other sets of upregulated genes include the hut operon,
which encodes proteins involved in histidine catabolism; oprG,
which encodes a putative lipoprotein; a number of transporters
for nutrients (amino acids and C4-dicarboxylate); a number of
proteins with potential folding properties, such as PP3079
(peptidyl cis-trans isomerase C); and the o-ubiquinol oxidase
and cytochrome c oxidase cbb-3-type genes of the respiratory
chains (Table 1). The increased expression of hut genes did not
result in higher growth rates (90 � 4 min for wild-type versus
92 � 3 min for mutant cells) or in higher yields (about 0.75 �
0.05 units at 600 nm) with 5 mM histidine as the sole C and N
source for both strains.

When toluene-treated �rpoT mutant cells were compared to
toluene-treated wild-type cells, most of the genes that were
expressed at a higher level than in the wild type in the absence
of toluene were also expressed at similar levels in the presence
of toluene. However, for five genes, the level of induction was
at least doubled: PP3005 (the gene adjacent to rpoT), PP5029
and PP5030 (involved in histidine metabolism), a coenzyme A
(CoA)-transferase (PP3122), and a protein of unknown func-
tion (PP4228). Furthermore, 23 other new genes (most with
unknown specific functions) were induced. Of these, two were

TABLE 2. Genes downregulated in the DOT-T1E rpoT mutant (versus the wild-type strain) before toluene additiona

TIGR or GenBank identifier Gene product Gene name Change (fold)

PP0267 Outer membrane ferric siderophore receptor; putative 2.0
PP0291 Conserved hypothetical protein 2.1
PP0315 Rieske 2Fe2S family protein 1.9
PP0794 1-Phosphofructokinase fruK 2.3
PP1166 Membrane protein; putative 1.8
PP1399 Hypothetical protein 2.4
PP1868 ATP-dependent RNA helicase, DEAD box family 2.0
PP2420 Outer membrane ferric siderophore receptor 1.8
PP2885 Transporter; putative �3.6
PP2886 Cytochrome b561; putative �4.2
PP2887 Catalase; putative �3.0
PP3151 Aldehyde dehydrogenase family protein 1.9
PP3219 Alkanesulfonate monooxygenase; putative 1.8
PP3245 Hypothetical protein 1.8
PP3319 Sensory box protein/GGDEF domain protein 2.1
PP3397 Hypothetical protein 1.8
PP3480 Hypothetical protein 2.1
PP3612 TonB-dependent receptor; putative 2.0
PP3642 Hypothetical protein 1.8
PP3731 Transcriptional regulator, TetR family 1.8
PP3963 Conserved domain protein 2.1
PP4047 Hypothetical protein 2.2
PP4465 Porin; putative 2.1
PP4675 Membrane protein; putative �3.2
PP4676 Conserved hypothetical protein �4.2
AF299253b Inner membrane component of the TtgGHI efflux pump ttgH 2.5

Membrane fusion protein of the TtgGHI efflux pump ttgG 2.5
Outer membrane component of the TtgGHI pump ttgI 2.5

a Genes putatively located in the same transcriptional unit are in boldface.
b GenBank identifier.
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TABLE 3. Genes upregulated in the DOT-T1E rpoT mutant (versus the wild-type strain) after toluene shocka

TIGR identifier Gene product Gene name Change (fold)

PP0153 Conserved hypothetical protein 2.7
PP0155 Pyridine nucleotide transhydrogenase, beta subunit pntB 2.2
PP0178 Efflux transporter; membrane fusion protein; putative 2.4
PP0504 Outer membrane protein OprG oprG 3.7
PP0529 Exodeoxyribonuclease VII small subunit xseB 2.1
PP0530 3,4-Dihydroxy-2-butanone 4-phosphate synthase ribB
PP0788 Conserved hypothetical protein 2.1
PP0810 Cyoups1 protein cyoups1 1.9
PP0812 Cytochrome o ubiquinol oxidase, subunit II cyoA 3.0
PP0813 Cytochrome o ubiquinol oxidase, subunit I cyoB 1.9
PP0814 Cytochrome o ubiquinol oxidase, subunit III cyoC 2.1
PP0816 Protoheme IX farnesyltransferase cyoE-2 2.2
PP0887 Sensor histidine kinase 2.2
PP0888 Response regulator 2.5
PP0889 Conserved hypothetical protein 2.2
PP1110 Serine O-acetyltransferase; putative 5.5
PP1111 Synthetase; putative 7.3
PP1112 Conserved hypothetical protein 2.0
PP1113 Pyridoxal-phosphate-dependent enzyme family protein 2.0
PP1157 Acetolactate synthase; catabolic; putative 1.9
PP1188 C4-dicarboxylate transport protein dctA 3.4
PP1196 Hypothetical protein 1.9
PP1747 Conserved hypothetical protein 7.3
PP2257 Aerotaxis receptor Aer-1 aer-1 1.8
PP2379 Sco1/SenC family protein 3.2
PP2554 4-Hydroxyphenylpyruvate dioxygenase putative 2.5
PP2648 Universal stress protein family 3.3
PP2656 Phosphate ABC transporter; periplasmic phosphate-binding protein 1.8
PP2737 Oxidoreductase; short-chain dehydrogenase/reductase family 2.0
PP2855 Conserved hypothetical protein 3.0
PP2916 Riboflavin synthase alpha subunit ribE-2 1.9
PP3005 Hypothetical protein 13.1
PP3007 Hypothetical protein 5.5
PP3122 CoA-transferase subunit A; putative 11.3
PP3255 Conserved hypothetical protein 2.9
PP3365 Acetolactate synthase; catabolic; putative 1.9
PP3632 Transcriptional regulator LysR family 2.2
PP3633 N-Acetyl-gamma-glutamyl-phosphate reductase argC 2.6
PP3656 Aromatic compound-specific porin; putative 2.1
PP3657 Nitrobenzoate reductase; putative 2.8
PP3754 Beta-ketothiolase 4.0
PP4066 Enoyl-CoA hydratase; putative 2.3
PP4067 Acetyl-CoA carboxylase; biotin carboxylase; putative 2.9
PP4225 DNA-binding response regulator 3.0
PP4227 Conserved domain protein 1.8
PP4228 Hypothetical protein 7.0
PP4240 Microcin b17-processing protein mcbd; putative 1.8
PP4250 Cytochrome c oxidase, cbb3 type, subunit I ccoN-1 6.6
PP4251 Cytochrome c oxidase, cbb3 type, subunit II ccoO-1 1.8
PP4252 Cytochrome c oxidase, cbb3 type, CcoQ subunit ccoQ-1 1.8
PP4253 Cytochrome c oxidase, cbb3 type, subunit III ccoP-1 2.3
PP4261 Cation-transporting P-type ATPase 2.1
PP4403 Oxoisovalerate dehydrogenase lipoamide acyltransferase component bkdB-2 2.0
PP4523 Agmatinase; putative 2.0
PP4548 Oxidoreductase; putative 2.0
PP4624 Hydrolase, alpha/beta fold family 2.7
PP4870 Azurin azu 2.0
PP5028 Proline iminopeptidase pip 2.0
PP5029 Formiminoglutamase hutG 2.3
PP5030 Imidazolonepropionase hutI 10.0
PP5031 Proline permease proY 13.0
PP5032 Histidine ammonia-lyase hutH 6.7
PP5033 Urocanate hydratase hutU 7.5
PP5036 Chlorohydrolase family protein 2.1
PP5390 Hypothetical protein 17.0
PP5392 Conserved hypothetical protein 2.0

a Genes putatively located in the same transcriptional unit are in boldface.
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induced more than 7-fold: PP1740 (7.3-fold) and PP5390 (17-
fold). It is of interest that an efflux transporter (PP0178) be-
longing to the MFP subfamily and the universal stress protein
PP2648 (Table 3) were induced about threefold. The induction
of these proteins indicates that toluene stress responses involve
several different sets of genes and that the set of 23 genes
induced in the �rpoT background in response to toluene is not
under the direct control of RpoT.

In response to toluene, 31 genes were downregulated in
�rpoT compared to the wild-type strain. Of these, 12 genes
were already found to be downregulated in the absence of
toluene (Table 4). These genes included the PP2885-PP2887
cluster and a number of hypothetical proteins of unknown
function. Among the genes that were newly downregulated in
the �rpoT background were two regulators, one a sensor his-
tidine kinase (PP0700) and the other a member of the AsnC
family of transcriptional regulators (PP0663). Some members
of the new set of downregulated genes encoded oxidoreducta-
ses (PP0379, PP1009, and PP2794).

DISCUSSION

The Pseudomonas putida alternative ECF sigma factor orig-
inally annotated as ECF-Pp12 (PP3006 in The Institute for
Genomic Research [TIGR] annotation) was identified in this
study as involved in the response to toluene; for this reason, we
named it RpoT. The number of genes under the direct or
indirect influence of this sigma factor is modest: microarray

analyses indicated that about 1% of all P. putida genes were
involved. The rpoT gene is the second in an operon that in-
cludes PP3005 downstream and PP3007 upstream, and the
expression of this operon seems to be influenced by the lack of
RpoT and solvents. In the �rpoT mutant background, expres-
sion from the operon promoter was 4- to 5-fold higher than in
the wild-type background, and when sublethal concentrations
of toluene were added, the difference between backgrounds
reached 13-fold. In the wild-type background, expression from
the PP3007 promoter in response to toluene also increased
almost threefold, as determined with a fusion of the promoter
region of orf3007 to �lacZ (our own observations). Therefore,
the increased expression of the operon that encodes RpoT in
response to this solvent clearly indicates that this ECF is in-
volved in endurance of toluene (organic-solvent)-induced
stress. Analysis of the microarray assays for the rest of the
genes encoding ECFs revealed no significant variations in the
levels of mRNA in response to toluene.

Blast analysis of the ECF-Pp12 (PP3006) sigma factor
against all entries in GenBank, excluding P. putida annotations,
revealed that it exhibits high identity/similarity to ECF sigma
factors of soil microorganisms, such as Pseudomonas syringae
(57%/70%), Agrobacterium tumefaciens (45%/76%), Xan-
thomonas axonopodis (36%/52%), Mesorhizobium etli (32%/
51%), and Ralstonia solanacearum (37%/54%). The role this
sigma factor may play in these microorganisms remains unex-
plored. Adjacent to the sigma factor in all of these microor-
ganisms was a gene which also exhibited high similarity to

TABLE 4. Genes downregulated in the DOT-T1E rpoT mutant (versus the wild-type strain) after toluene shocka

TIGR identifier Gene product Gene name Change (fold)

PP0136 Conserved hypothetical protein 2.2
PP0266 Conserved hypothetical protein 2.3
PP0267 Outer membrane ferric siderophore receptor; putative 2.8
PP0290 Glutamine amidotransferase hisH �1.9
PP0291 Conserved hypothetical protein �1.8
PP0379 Coenzyme PQQ synthesis protein B pqqB 2.9
PP0663 Transcriptional regulator AsnC family 1.8
PP0700 Transmembrane sensor; putative 1.9
PP0794 1-Phosphofructokinase fruK 2.6
PP0861 Outer membrane ferric siderophore receptor 2.9
PP1009 Glyceraldehyde 3-phosphate dehydrogenase gap-1 3.1
PP1023 6-Phosphogluconolactonase pgl �4.2
PP1024 2-Dehydro-3-deoxyphosphogluconate aldolase/4-hydroxy-2- eda �3.5
PP1399 Hypothetical protein 2.2
PP1400 Dicarboxylate MFS transporter 1.8
PP1545 Hypothetical protein 1.9
PP1673 Cobyrinic acid a c-diamide synthase cobB 1.8
PP1827 Modification methylase, HemK family 2.3
PP1891 Type 1 pilus subunit FimI fimI 1.8
PP2307 Conserved hypothetical protein 2.0
PP2310 Methyl-accepting chemotaxis transducer 2.3
PP2794 Oxidoreductase, short-chain dehydrogenase/reductase family 2.2
PP2885 Transporter; putative �2.0
PP2886 Cytochrome b561; putative �4.0
PP2887 Catalase; putative �3.9
PP3397 Hypothetical protein 1.9
PP3642 Hypothetical protein 2.7
PP3963 Conserved domain protein 2.5
PP4186 Succinyl-CoA synthetase, beta subunit sucC 1.9
PP4675 Membrane protein; putative �2.0
PP4676 Conserved hypothetical protein �2.4

a Genes putatively located in the same transcriptional unit are in boldface.
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PP3005. At the protein level, the identity of PP3005 with the
corresponding protein in P. syringae was 52%, whereas in A.
tumefacines, X. axonopodis, M. etli, and R. solanacearum, iden-
tity was in the range of 25% to 28%. Although a protein highly
similar to PP3007 is also present in P. syringae, no such similar
protein was found in the other microorganisms mentioned
above. We therefore propose that in all these microorganisms,
the ECF sigma factor, like PP3006, may work in conjunction
with a protein similar to PP3005.

In silico analysis of PP3005 suggests that it has a transmem-
brane �-helix that extends from residues 93 to 115. The N-
terminal end was thought to be located in the cytoplasmic
space, whereas the C-terminal end was probably located in the
periplasmic space. This was proved experimentally using �phoA
fusions. Indeed, fusions of the N-terminal end to �phoA yielded
colorless colonies on plates with BCIP, whereas those fused to
the C-terminal end turned blue on plates with BCIP. The in
silico analysis of PP3007 suggests that it exhibits a signal pep-
tide that directs it to the periplasmic space. �phoA fusions to
the ORF encoding PP3007 confirmed this assumption (Fig. 2).

The activities of alternative ECF sigma factors are often
controlled posttranscriptionally through their interaction with
anti-sigma factors (3, 29). As a general trend, most ECF sigma
factors are cotranscribed with one or more negative regulators
(44). Often, these include a transmembrane protein function-
ing as an anti-sigma factor that binds and inhibits the cognate
sigma factor. Upon receiving a stimulus from the environment,
the sigma factor is released and binds to RNA polymerase to
stimulate transcription. This mechanism coordinates a cyto-
plasmic transcriptional response to signals perceived by the
proteins at the membrane level (17, 21). For instance, RseA
and RseB, encoded together with RpoE in the rpoE rseABC
operon, form a signal pathway that allows E. coli to respond to
protein unfolding upon periplasmic or envelope stress, espe-
cially under heat shock conditions that lead to the controlled
proteolysis of RseA (1, 6, 24). Interestingly, localization studies
demonstrated that PP3005 has a single transmembrane domain
located around its central region, which would place a signif-
icant portion (half of the protein) on each side of the inner
membrane. Although no sequence similarity to previously
characterized proteins was found, the membrane topology of
PP3005 resembles that of ECF anti-sigma factors. Although
the hypothesis is thus far untested, PP3005 may interact with
RpoT to regulate its function, and we cannot rule out the
possibility that the periplasmic protein PP3007 might also play
a role in this regulation.

As mentioned before, the P. putida RpoT protein exhibits a
certain similarity to P. aeruginosa AlgU and E. coli �E protein;
however, RpoT is clearly a distinct sigma factor at the se-
quence level, and particularly at the functional level, because
in both E. coli and P. aeruginosa, the �E pathway is critical for
protection against oxidative stress and temperature shocks
(43), whereas an RpoT mutant of P. putida was as tolerant as
the wild type of oxidative stress mediated by paraquat, H2O2,
and heat shock treatments (see Fig. 4).

The �E regulon of E. coli was defined with a genetic strategy
that allowed the identification of around 20 promoters that
were upregulated in response to �E overexpression. The genes
include rpoH, htrA, oprE itself, ostA, nlpB, and genes that
encode proteins involved in LPS biogenesis and protein folding

and inner and outer membrane proteins (1, 7, 20, 42, 66). In
nonstressed P. putida cells, �T seemed to directly or indirectly
control 54 promoters, 31 of which were upregulated and 23
downregulated. The regulated set of genes included those for
cell envelope proteins and membrane proteins involved in
electron transfer and substrate transport, chaperone-related
proteins, regulators, and proteins of unknown function, some
of which are predicted to be membrane proteins. Therefore,
like E. coli RpoE, the RpoT protein of P. putida is involved in
the control of envelope-related functions.

A relevant feature in the �rpoT mutant background in the
absence of toluene was the fact that the expression of the main
toluene extrusion pump (ttgGHI) was downregulated. Rojas et
al. (51) showed that TtgGHI is the main toluene (organic
solvents) extrusion pump from a quantitative point of view.
The reduced expression of the main efflux pump explains in
part the higher sensitivity of the �rpoT mutant to a sudden
toluene shock. Indeed, in noninduced cells, a sudden exposure
to �rpoT led to a survival rate below 108 (Fig. 5B), which is
similar to that observed for the �ttgGHI mutant. However, it
should be noted that the killing rate of the mutant deficient in
RpoT is less acute than that of the TtgGHI-deficient mutant
(See Fig. 5B versus Fig. 5C). Therefore, the observed 2.5-fold
decrease in the ttgGHI level in the �rpoT background is of
physiological significance. Dinamarca et al. (10) found that
inactivation of the cytochrome ubiquinol oxidase system (Cyo
system) reduced catabolite repression at the PalkB and PalkS2

promoters when cells were grown on LB medium. These au-
thors proposed that the Cyo system participates in a transfer
cascade signal so that high levels of Cyo components lead to
the repression of certain pathways. They suggested that the
genes potentially under the control of this cascade were those
encoding a catalase involved in oxygen stress (PP2887) and
integral membrane electron transport proteins, such as PP2886
and PP0315. In DOT-T1E-�rpoT, increased expression of the
Cyo system (by about twofold) appeared concomitantly with
the repression (two- to fourfold) of the genes encoding cata-
lase and the electron transport proteins, both in the absence
and in the presence of toluene. Although in P. putida expres-
sion of the catalase encoded by PP2887 was downregulated,
the strain was catalase positive and as tolerant as the parental
strain of up to 1.5% (vol/vol) H2O2, indicating that expression
of other catalases is RpoT independent.

Up- or downregulation of genes in the �rpoT mutant does
not necessarily imply a direct role for this ECF in their expres-
sion, since regulation can also be the consequence of indirect
effects resulting from cascades in the regulatory networks. In
this regard, we found that in the �rpoT background, a number
of genes were downregulated. A clear example was 1-phospho-
fructokinase (fruA), which was downregulated in �rpoT cells
exposed or not to toluene, concomitant with the increased
expression of the repressor FruR (PP0792). However, this ef-
fect on transcription was not translated into a significant phys-
iological difference between wild-type and �rpoT cells, proba-
bly because the FruR repressor becomes inactive in the
presence of fructose and the fructose catabolic genes are con-
sequently expressed at a level high enough to allow maximum
growth rates.

A surprising finding was that the genes that were downregu-
lated in �rpoT were very different with and without toluene,
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with only 12 genes in common under both growth conditions
(Tables 2 and 4). The lower expression of these 12 genes was
probably the result of the direct control of RpoT, whereas the
variation in the expression of the other genes may have been
due to indirect regulatory events. In contrast, in the �rpoT
mutant, almost all the genes that were upregulated in the
absence of toluene remained induced at similar levels in the
presence of toluene, indicating that they are part of the rpoT
regulon. In the presence of toluene, about 40 other genes were
upregulated in response to the solvent, so the expression of
these genes is most probably RpoT independent.

In short, RpoT seems to control a limited number of genes
in P. putida, some of which are involved in stress endurance
against toluene. We suggest that the increased toluene sensi-
tivity of the �rpoT mutant can be explained by a reduction in
the expression level of one of the key solvent efflux pumps.
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