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A gene homologous to the rpoS gene of Escherichia coli was cloned from a Pseudomonas putida KT2440 gene
bank by complementation of the rpoS-deficient strain E. coli ZK918. The rpoS gene of P. putida complemented
the acid sensitivity and catalase deficiency of the rpoS mutant of E. coli and stimulated expression of the RpoS-
controlled promoter, bolAp1. The gene was sequenced and found to be highly similar to the rpoS genes of other
gram-negative bacteria. Like in other gram-negative bacteria, a homolog of the nlpD gene was found upstream
to the rpoS gene. A transcriptional fusion of the promoter of the P. putida rpoS gene to the luxAB genes from
Vibrio harveyi was constructed and used as an inactivated allele of rpoS for gene replacement of the wild-type
copy in the chromosome of P. putida. The resultant rpoS mutant of P. putida, C1R1, showed reduced survival
of carbon starvation and reduced cross-protection against other types of stress in cells starved for carbon,
in particular after a challenge with ethanol. Survival in soil amended with m-methylbenzoate was also reduced
in the mutant strain P. putida C1R1. The RpoS protein of P. putida controls the expression of more than 50
peptides, which are normally expressed in cells after a short period of carbon starvation.

Pseudomonas putida KT2442, a rifampin-resistant derivative
of P. putida KT2440, has been studied under famine condi-
tions, and its long-term viability after 1 month of carbon star-
vation was previously reported (13). When challenged with
nongrowth conditions, P. putida develops a general cross-pro-
tection which enables the cells to survive various environmen-
tal stresses (13); in addition, P. putida exhibits a specific, tem-
poral expression pattern of protein synthesis in response to
starvation (12). P. putida KT2440 is a soil bacterium with sig-
nificance in biodegradation and bioremediation. It is the nat-
ural host for several plasmids which confer the ability to min-
eralize toluene and other aromatic compounds (10), and its
environmental application in bioremediation as an engineered,
contained microorganism has been reported (35).

The rpoS gene encodes the transcription factor RpoS, which
was identified as a central regulator during stationary phase
in Escherichia coli (23); its role as the second principal sigma
factor for this physiological state is known (28, 44). RpoS is
involved in survival of famine conditions (23), in the transition
from rod shape to coccus shape as cells reach stationary phase
(22), and in cross-protection against stress (osmotic, acidic,
and oxidative) (25); recently its role in osmoregulation has
been studied (15). The rpoS gene encoding RpoS, also called
sS, has been described for other enteric bacteria and has been
found to modulate virulence (7, 17, 41). Among nonenteric
bacteria, the rpoS gene has been found in Pseudomonas aerugi-
nosa, even though no phenotypic characteristic has been asso-
ciated with the gene (43), and in P. fluorescens, in which case
the gene was described as being responsible for osmoprotec-
tion, resistance to oxidative agents, and regulation of antibiotic
synthesis (37).

The aims of this work were (i) to correlate the increased
resistance of P. putida to general stress under starvation con-

ditions with the transcription factor RpoS; (ii) to investigate
whether this transcription factor is responsible for the protein
synthesis program displayed as cells stop growing; and (iii) to
generate a derivative strain easy to monitor under suboptimum
conditions of growth (which are more similar to natural con-
ditions in soil).

MATERIALS AND METHODS

Strains, plasmids, and growth and starvation conditions. The strains used are
listed in Table 1.

The minimal medium used for growth was either AB (6) supplemented with
0.01 mM Fe z EDTA (catalog no. E6760; Sigma, St. Louis, Mo.) and 10 mM
sodium citrate or modified M9 minimal medium (36) supplemented with 10 mM
sodium citrate. Alternatively, 1.5% (wt/vol) lactose-supplemented MacConkey
agar (Difco) or rich Luria-Bertani (LB) medium (2) was used. The final concen-
trations (in micrograms per milliliter) of antibiotics, when required, were as
follows: ampicillin, 100; carbenicillin, 500; chloramphenicol, 10; kanamycin, 25
(E. coli strains) and 50 (P. putida strains); nalidixic acid, 50; rifampin, 50; strep-
tomycin, 100; and tetracycline, 10. The temperature under normal growth con-
ditions was 30°C.

Carbon starvation was imposed as described by Givskov et al. (13), either by
harvesting a growing culture (optical density at 450 nm [OD450] of 0.4) by
centrifugation (preheated rotor and tubes at 30°C) followed by resuspension in
preheated carbon-free minimal medium (AB or M9) or by exhaustion of the
carbon source in AB or M9 medium supplemented with 1 mM sodium citrate
(this condition resulted in starved cultures with an OD450 of 0.4). In all cases, the
starvation temperature was 30°C.

Stress challenge protocol. Growing or carbon-starved cultures (AB or M9)
with a density of about 5 3 108 cells per ml were diluted 100- and 1,000-fold in
either AB or M9 medium and subsequently diluted 1 to 10 in AB or M9 medium
supplemented with either ethanol, H2O2, or NaCl to a final concentration of 18%
(vol/vol), 200 mM, or 2.4 M, respectively. The ethanol treatment was performed
at 25°C (13), whereas the peroxide and high-osmolarity treatments were per-
formed at 30°C. Aliquots (0.1 ml), taken from the culture at different time points,
were spread on LB plates, and after incubation for 16 to 24 h at 30°C, viable
counts were determined.

In vitro DNA techniques. Plasmid DNA was isolated by the alkaline lysis
method (19), using Qiagen Plasmid Mini and Qiagen Plasmid Midi kits. All DNA
manipulations, including restriction enzyme and alkaline phosphatase reactions,
agarose gel electrophoresis, ligations, transformations, filling in, and digestion of
protruding ends, were performed by using standard procedures (36). Electro-
transformation of P. putida cells was performed with a Gene Pulser apparatus
(Bio-Rad catalog no. 165-2098) according to the instruction manual. P. putida
total DNA was isolated as described previously (14). DNA fragments were
recovered from agarose gels with a GeneClean kit (Bio 101, Inc., Vista, Calif.),
with suspension of silica to the glassmilk included in the kit used as an alternative
(5). DNA sequencing was carried out on both strands by the dideoxy sequencing
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termination method (38), with 35S-labeled nucleotides, Sequenase version 1.0 T7
DNA polymerase, and universal or specific oligonucleotides to prime synthesis.
DNA hybridization was performed basically as described previously (32), with
positively charged nylon membranes from Boehringer.

Mobilization and transposition. Plasmids were transferred by conjugation
using a filter mating technique (32). Filters with a mixture of donor, recipient,
and helper strain [E. coli HB101(pRK600)] in a 1:2:1 ratio were incubated
overnight at 30°C on the surface of LB plates. The cells were washed and then
suspended in 0.9% NaCl, and serial dilutions were plated on selective media.
Delivery of minitransposons, either in the chromosome of the target strain or in
the cosmids, was performed as described previously (32, 33).

2D-PAGE analysis of [35S]methionine-labeled cellular proteins. Samples of 4
ml of P. putida in 10 mM sodium citrate-supplemented AB minimal medium with
an OD450 of approximately 0.4 were labeled with 4 ml of [35S]methionine (5
mCi/ml; Amersham catalog no. SJ235) for 10 min, either during growth or after
1 h of carbon starvation, and for 15 min after 5 days of carbon starvation. The
cultures were chased for 1 min with 4 ml of unlabeled methionine (10 mg/ml),
after which 4 ml of chloramphenicol (50 mg/ml) was added; after 2 min, the cells
were harvested by centrifugation at 0°C (10,000 3 g for 5 min). Cells were lysed
and proteins were precipitated with ice-cold acetone as described previously
(12). The precipitated proteins were resuspended in 20 ml of sample buffer (50
mM Tris HCl, 0.3% sodium dodecyl sulfate [SDS], 0.6 M b-mercaptoethanol)
and 80 ml of ampholyte solution (54% urea, 240 mM b-mercaptoethanol, 2%
Pharmalyte pH 3-10 [Pharmacia Biotech], 0.5% Triton X-100) was added. Ali-
quots of 25 ml were analyzed with a Pharmacia two-dimensional (2-D) polyacryl-
amide gel electrophoresis (PAGE) system as recommended by the supplier,
using 11-cm Immobiline dry strips (pH 4 to 7) and ExeGel XL SDS–12 to 14%
precast gels. The protein sample was applied to the alkaline end of the Immo-
biline strip. After electrophoresis, the gels were fixed, dried, and monitored for
radioactivity (1 day of exposure, except for gels of cells starved for 5 days, for
which exposure times were prolonged to 6 days) as instructed by Pharmacia.

b-Galactosidase assays. b-Galactosidase activity was measured as described
previously (27), using Miller’s definition (OD420 per OD600 per minute) for
specific activity units. Samples of stationary-phase cultures were diluted 10-fold
in LB medium and then frozen and melted in ice before the cells were perme-
abilized with toluene; the same dilution factor was used with the samples for
monitoring growth at OD600. b-Galactosidase activity, in Miller units, was cor-
rected by the same dilution factor of 10.

Preparation of inocula and soil microcosm assays. P. putida strains were
grown to exponential phase (OD660 of about 1) (109 cells/ml) at 30°C with
rotational shaking (200 rpm) in M9 minimal medium supplemented with 0.5%
(wt/vol) glucose. Ten milliliters of the cultures (1010 cells) was washed in M9
minimal medium and resuspended in 1 ml of the same medium prior to intro-
duction in the soil. For soil assays, a cambisol soil (0.63% [wt/wt] organic matter,
23.4% [wt/wt] CaCO3) was used (31). Before use, the freshly collected soils were
sifted and sterilized under a vapor stream three times (31). Ninety grams of soil
was placed in each jar. Survival of P. putida strains was tested in soils unamended
and amended with 0.1% (wt/wt) m-methylbenzoate from a stock solution (0.5 M
[pH 7.5]). One milliliter of cells, prepared as described above, was added to each
jar containing the sterile soil to a density of about 108 CFU/g of soil. The soil
microcosms (in duplicate) were kept at room temperature. To recover cells, 5 g
of soil was added to 45 ml of 13 M9 medium and shaken at 30°C for 1 h. The
number of viable cells was determined as described in legend to Fig. 9.

Nucleotide sequence accession number. The nucleotide sequence of the P. pu-
tida KT2440 rpoS gene is under accession no. X91654 (EMBL database).

RESULTS AND DISCUSSION
Isolation and characterization of an rpoS-homologous gene

from P. putida KT2440. A P. putida KT2440 gene bank was
generated by random insertion of chromosomal DNA frag-

TABLE 1. Bacteria and plasmids used

Strain or
plasmid Relevant characteristicsa Reference and/

or source

P. putida
KT2440 hsdMR 10
KT2442 P. putida KT2440 Rifr V. de Lorenzo
R6C1 Smr Sucs Lux1; P. putida KT2440 cointegrate containing pMIR592 This study
C1R1 Lux1; RpoS2 derivative from KT2440 This study

E. coli
ZK918 W3110 DlacU169 tna-2 lMAV103 rpoS::kan 3; G. W. Huisman
HB101 F2 D(gpt-proA)62 leuB6 supE44 ara-14 galK2 lacY1 D(mcrC-mrr) rpsL20 (Smr) xyl-5 mtl-1 recA13 4
DH5aF9 F9/endA1 hsdR17 (rK

2 mK
1) supE44 thi-1 recA1 gyrA (Nalr) relA1 D(lacIZYA-argF)U169 deoR

[f80dlacD(lacZ)M15]
48

CC118(lpir) lpir Rifr 16

Plasmids
pRK600 Cmr; mob tra V. de Lorenzo
pLAFR3 Tcr derivative from the cosmid pLAFR1 (11) modified to include multiple cloning sites and the Plac

promoter fused to the a peptide of 9LacZ
J. L. Ramos

pUTSm Smr Apr; mini-Tn5/9Sm element inserted in pUT 16
pUC18 and pUC19 Apr, multiple cloning site, Plac promoter fused to the a peptide of 9LacZ 46
pUNØ18 and pUNØ19 Apr; identical to pUC18 and pUC19 except that the NheI site was changed to a NotI site and oriT

was inserted as a 0.7-kb fragment in the new NotI site
Silvia Marqués

pUNØ19A Apr; pUNØ19 after removing its unique AatII site This study
pUJ20 Tcr Apr; mini-Tn5/9luxABTc element inserted in pUT V. de Lorenzo
pMIR0-1 Tcr; chimeric cosmid of P. putida library bearing a gene homologous to the rpoS gene of E. coli This study
pMIR1-2 Tcr; chimeric cosmid of P. putida library bearing a gene homologous to the rpoS gene of E. coli This study
pMIR1-34 Tcr; chimeric cosmid of P. putida library bearing a gene homologous to the rpoS gene of E. coli This study
pMIR2-9 Tcr; chimeric cosmid of P. putida library bearing a gene homologous to the rpoS gene of E. coli This study
pMIR13415 Tcr Smr; mini-Tn5/9Sm element inserted in the P. putida rpoS gene on the 3.4-kb EcoRI fragment

of pMIR1-34
This study

pMIR13450 Apr; 3.4-kb EcoRI fragment of pMIR1-34 was inserted in pUN19Ø This study
pMIR11 Apr; 7-kb BamHI fragment of pMIR2-9 was inserted in pUN19Ø This study
pMIR61 Apr; rpoS gene as a 2.5-kb BamHI/NheI P. putida DNA fragment inserted at the BamHI and XbaI

sites of pUN19Ø
This study

pKNG101 strAB mobRK2 oriR6K sacBR 19
pMIR492 Apr; luxAB cassette as a SalI/BamHI fragment from pUJ20 inserted at AatII unique site of pMIR61 This study
pMIR592 Smr; PrpoS::luxAB fusion as KpnI/SphI fragment from pMIR492 inserted at the SmaI site of

pKNG101
This study

pGM112 Kmr Cmr bolAp1::lacZ 26
pGM115 Kmr Cmr ficp::lacZ 26
pGM118 Kmr Cmr lacZ promoterless 26

a Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Lux, light emission; Nal, nalidixic acid; Rif, rifampin; Sm, streptomycin; Suc, sucrose; Tc, tetracycline.
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ments in the cosmid vector pLAFR3, using E. coli HB101 as a
host for transfection (31b). E. coli ZK918 (3) is an rpoS-defi-
cient strain (due to a deletional insertion generated with an
rpoS::km fusion); it also carries a chromosomal insertion of a
transcriptional fusion of the bolAp1 promoter to lacZ at the
bolA locus. Since bolAp1 is a promoter depending on RpoS

(22), the phenotype of ZK918 is RpoS2 LacZ2. Other activi-
ties depending on RpoS, such as catalase activity and acid
resistance, are also missing in ZK918 (3). These features made
ZK918 suitable as a reporter strain for complementing the
activity of RpoS. The gene bank was transferred by mobiliza-
tion to strain ZK918. Acid sensitivity is a phenotypic charac-

FIG. 1. Restriction maps of plasmids harboring the P. putida rpoS gene. Plasmids pMIR2-9 and pMIR1-34 are two cosmids from a P. putida library carrying a gene
homologous to the rpoS gene of E. coli. Plasmid pMIR61 contains the 2.5-kb BamHI/NheI fragment of pMIR11 (Table 1) inserted in the BamHI and XbaI sites of
pUNØ19A (Table 1). Plasmid pMIR13450 carries the 3.4-kb EcoRI fragment of pMIR1-34 inserted in pUNØ19. Cosmid pMIR13415 harbors a mini-Tn5/9Sm element
in the 3.4-kb EcoRI fragment of pMIR1-34 (Table 1). Plasmid pMIR492 is the result of inserting a luxAB cassette at position 43 inside the ORF rpoS. (The SalI/BamHI
fragment from pUJ20 [Table 1], carrying the genes luxAB from Vibrio harveyi, after filling in the single-strand ends, was inserted in the unique AatII site of pMIR61
after removal of the single-strand protruding ends.) Plasmid pMIR592 was the result of inserting the fusion rpoSp::luxAB as a filled-in KpnI/SphI fragment from
pMIR492 in the unique SmaI site of pKNG101 (Table 1). The plasmids listed on the right represent the relevant cloning vectors omitted from the maps. A, AatII; B,
BamHI; E, EcoRI; K, KpnI; N, NheI; P, PstI; S, SphI.
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teristic of rpoS-deficient E. coli strains (40). Based on this fact,
the conjugation mix consisting of the P. putida library and
E. coli ZK918 was acid treated before plating as follows. The
cells were suspended in LB medium after the filter mating (see
Materials and Methods) and cultivated to stationary phase. To
the mating mixture was added 2 N HCl to pH 3.0; after acid

shock for 30 min at room temperature, neutralization was
achieved with 2 N NaOH, and serial dilutions were plated on
MacConkey lactose agar containing kanamycin and tetracy-
cline. This treatment reduced the survival of transconjugants
10,000-fold. About 1% of the transconjugants surviving the
acid treatment were LacZ1, appearing as red colonies on Mac-

FIG. 2. Multiple alignments of the P. putida ORF2 sequence with homologous sequences derived from the nonredundant GenBank CDS translations 1PDB
1SwissPot1PIR. An alignment with RpoS proteins from members of the pseudomonads and enteric bacteria is shown. The sequences of the RpoS proteins of
P. fluorescens (P.f.), P. aeruginosa (P.a.), E. coli (E.c.), and S. typhimurium (S.t.) were derived from Samiguet et al. (37), Tanaka and Takahashi (43), Swiss-Prot entry
13445, and Swiss-Prot entry 37400, respectively. The P. putida (P.p.) RpoS sequence (ORF2) was determined in this study. p, amino acid conserved in all sequences;
., residue that belonged to the same group in all sequences (neutral changes). Changes of amino acids in the following groups were considered neutral: (i) A, G, P,
S, and T; (ii) D, N, E, and Q; (iii) R, H, and K; (iv) I, L, M, and V; (v) F, Y, and W; and (vi) C. For consensus 1, pseudomonad RpoS was used as reference; for consensus
2, both pseudomonad RpoS and enteric RpoS were used.
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Conkey lactose agar, indicating stimulation of expression from
the bolAp1::lacZ fusion controlled by RpoS. The catalase ac-
tivity test of the LacZ1 clones (24- to 36-h colonies were
scored for bubbling following the dropwise addition of H2O2)

gave positive results as expected for RpoS1 cells. Among the
acid-resistant, LacZ1, and catalase-positive transconjugants,
four independent clones, harboring cosmids with different re-
striction patterns, were selected. The four cosmids from the
P. putida library complementing the RpoS2 phenotype of
ZK918 were named pMIR0-1, pMIR1-2, pMIR1-34, and
pMIR2-9. In all cases, the three RpoS-controlled phenotypic
traits mentioned above were cotransferable with the resistance
to tetracycline encoded by the cosmid vector. A 7-kb BamHI
fragment and an internal 3.4-kb EcoRI fragment (Fig. 1) were
present in all four cosmids. Mutagenesis of pMIR0-1,
pMIR1-2, pMIR1-34, and pMIR2-9 with the mini-Tn5/9Sm
contained in pUTSm (Table 1) generated mutant plasmids
which were unable to complement the rpoS-deficient pheno-
type of E. coli ZK918. All of the mutant plasmids had inser-
tions in the 3.4-kb EcoRI fragment (not shown). One of these
mutants was randomly selected and named pMIR13415 (Fig. 1).
The 3.4-kb EcoRI fragment of pMIR1-34 carrying the rpoS-
complementing gene was further subcloned into pUNØ19 to

FIG. 3. Replacements of the rpoS gene with the luxAB insertion mutant rpoS gene. A single homologous recombination event between the functional rpoS present
on the chromosome of P. putida KT2440 and the inactivated rpoS present on pMIR592 was isolated by selection for resistance to streptomycin (pMIR592 [Fig. 1]). One
of the Smr (see the footnote to Table 1 for abbreviations) transconjugants was selected and named R6C1; this merodiploid strain contained the entire plasmid pMIR592
integrated in the genome. A second crossover event at the rpoS locus was selected by cultivating R6C1 overnight in LB without streptomycin (about 10 generations)
and subsequent plating on LB medium supplemented with 10% sucrose. Sucr colonies were analyzed by replica plating. One of the Sucr Sms Lux1 colonies was called
C1R1. The genomes of three merodiploid isolates (from three independent matings) obtained as the result of the first recombination event and the genomes of six
clones (two from each merodiploid) obtained as the result of the resolution of the merodiploids after the second recombination event were examined by Southern blot
analysis, which revealed correct single and double recombination events, respectively, at the rpoS locus (not shown).

TABLE 2. Identities and similarities of P. putida KT2440 rpoS gene
and RpoS sigma factor sequences with other rpoS gene and

RpoS amino acid sequences from the database

Organism % DNA
identity

Protein

% Identity % Similarity

P. fluorescens 81 (1,009a) 90 (335) 96 (335)
P. aeruginosa 84 (1,007) 85 (335) 95 (335)
E. coli 70 (834) 65 (327) 84 (327)
S. typhimurium 70 (834) 65 (328) 85 (328)
S. entomophila 71 (824) 65 (328) 83 (328)
S. flexneri 69 (828) 64 (326) 82 (326)
Y. enterocolitica 66 (820) 66 (325) 81 (325)

a Extent of overlap (in base pairs).
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yield pMIR13450, whose restriction map is shown in Fig. 1.
The sequence of about 1.7 kb of DNA from the half part of the
insert of pMIR13450 which contained the unique AatII site
was determined and submitted to the EMBL database (acces-
sion no. X91654). The sequence was analyzed by the algorithm
of Fickett (8) to detect open reading frames (ORFs) encoding
polypeptides. Two ORFs were found: the C terminus of an
ORF which ended at nucleotide 345 (ORF1) and a complete
ORF of 1,008 nucleotides between positions 428 and 1435
(ORF2, whose translated sequence is shown in Fig. 2). The
amino acid sequences corresponding to the ORFs were com-
pared with all entries in the nonredundant GenBank CDS
translations 1PDB1SwissProt1PIR as described in the
BLAST program (1) and with the SwissProt ALL library with
the FASTA3 program (29). The data bank sequences that
showed the most sequence identity with the partial ORF1 were
seven precursor sequences encoding the lipoprotein B in gram-
negative bacteria: P. aeruginosa (43), E. coli (42), Haemophilus
somnus (45), H. influenzae (9), Salmonella typhimurium (21),
Yersinia enterocolitica (17), and S. dublin (SwissProt entry
39700).

The PROSITE search for conserved domains in the amino
acid sequence derived from ORF2 produced two matches with
s70: sigma70_1 at residue 124 and sigma70_2 at residue 293.
However, the sequences that showed the most extensive se-
quence identity with the complete ORF2, shown in Table 2,
were the genes encoding RNA polymerase sigma factor RpoS
from the pseudomonads P. fluorescens (37) and P. aeruginosa
(43) and from the enteric bacteria E. coli (28), S. typhimurium
(30), Y. enterocolitica (17), Serratia entomophila (accession no.
U35777), and Shigella flexneri (41). The putative protein would
be 38.1 kDa with a pI of 5.19. A potential ribosome binding
sequence, AGGA (39), was found 12 bp upstream of the poten-
tial initiation ATG codon. Downstream of the rpoS-homolo-
gous gene (ORF2) and between nucleotides 1450 and 1480, a

hairpin structure (DG° 5 219.6 kcal/mol [47]) typical of a
Rho-independent transcription terminator was identified.

A multiple alignment of ORF2 with two RpoS amino
acid sequences of pseudomonads and two enterobacterial
RpoS sequences was performed with the computer program
SEQUENCE, and the results obtained are shown in Fig. 2. The
overall identity between the deduced P. putida KT2440 ORF2
sequence and that of the known Pseudomonas RpoS proteins
was about 87% (overall similarity of 95%); compared to the
enterobacterial RpoS proteins, there was about 65% identity
(overall similarity of 83%) (Table 2). On the basis of the nu-
cleotide and predicted amino acid sequences, we hereafter
refer to the ORF2 of P. putida KT2440 as the rpoS gene and to
its gene product as RpoS. No cross-reaction with the P. putida
RpoS protein was detected with a polyclonal antiserum against
E. coli RpoS (not shown). A possible reason for this could be
that the amino-terminal sequence of the P. putida RpoS was
different from that of the E. coli RpoS (Fig. 2). In E. coli, the
expression of RpoS is regulated at the levels of transcription,
translation, and protein stability (24). It has been suggested
that in E. coli, the amino-terminal part of the sequence might
be involved in translational regulation of RpoS, through a
mechanism where the Shine-Dalgarno sequence and the initi-
ation codon are sequestered in a secondary structure of the
mRNA; under inducing conditions, this structure may be al-
tered and the frequency of translational initiation may be in-
creased (15, 24). In this context, the 58 residues in the amino-
terminal end of the protein should be considered of relevance
in further studies in order to investigate the regulation of rpoS
gene expression in pseudomonads.

Generation of an rpoS merodiploid strain and an rpoS-de-
ficient strain. Plasmid pMIR592 (Fig. 1) was introduced into
P. putida KT2440 to obtain a replacement of the functional
rpoS gene in its chromosome with a copy of the rpoS gene
interrupted by luxAB at codon 15. The gene replacement was

FIG. 4. Growth-dependent expression of the rpoS genes of P. putida R6C1
(E, F), and P. putida C1R1 (h, ■). Exponentially growing cells in 10 mM citrate-
supplemented AB minimal medium were diluted in the same medium, and
growth (open symbols) and emission of light (solid symbols) were measured.
Measurement of luminescence in liquid culture was carried out as described
previously (34). LU values are not normalized per cell. Notice that the same
range of log units, four, is plotted in both y axes, and therefore the curve slopes
of light emission and optical density are comparable. Experiments were repeated
with three cultures; results of a typical experiment from a single culture are
presented. Duplicate measurements of LU in a single experiment yielded an
average standard deviation of 10%.

FIG. 5. Long-term survival of P. putida strains. Carbon starvation of P. putida
KT2440 (E), R6C1 (‚), and C1R1 (h) cells was accomplished through exhaus-
tion of 1 mM citrate present in AB minimal medium as described in Materials
and Methods. Exponentially growing cells in 10 mM citrate-supplemented AB
minimal medium were centrifuged, the supernatant was discarded, and the cells
were resuspended in 1 mM citrate-supplemented AB medium up to 3 3 107 to
4 3 107 cells per ml. Time zero was defined in day 0 as cultures reached
stationary phase. Survival of the starved cultures was monitored by determina-
tion of viable counts on LB plates, supplemented with streptomycin in the case
of R6C1. Each starvation condition was repeated at least twice with two cultures
each time. Means and standard deviations of duplicate experiments with the
same cultures are plotted. Some of the error bars are too small to be distin-
guished.
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accomplished through homologous recombination. As a result
of a single crossover event, one cointegrate containing isolate
was selected and named R6C1; after the second crossover, one
isolate which carried the mutant rpoS gene only, C1R1 (Fig. 3),
was obtained. The selection of double crossovers, based on re-
sistance to sucrose, was due to the conditional lethality which
the sacBR genes, carried by pKNG101 and thus by pMIR592,
conferred in the presence of sucrose. The genomes of P. putida
R6C1 and C1R1 and other independent isolates similarly gen-
erated were examined by Southern blotting, and the analysis
revealed correct single and double recombinant events, respec-
tively, at the rpoS gene (not shown).

The special design of the above-described rpoS mutants al-
lowed investigations of expression from the rpoS promoter due
to the inserted luxAB reporter cassette. Monitoring of biolu-
minescence from strains R6C1 and C1R1 could in addition
indicate if RpoS had any effect on its own expression. Expres-
sion from the fusion rpoSp::luxAB inserted in the chromosomes
of P. putida R6C1 and C1R1 is shown in Fig. 4 as measure-
ments of luminescence in relative light units (LU) (34). In
both strains, the rpoS promoter was active throughout the
growth phase, followed by a quick decay in light emission as
the cells entered stationary phase. Our results show that rpoS
transcription is not induced in cells at the end of the exponen-
tial phase of growth. Previously, Lange and Hengge-Aronis
showed that in E. coli, rpoS transcription was not significantly
induced in cells entering stationary phase in minimal media
(24). Also, our data indicate that the rpoS gene does not seem
to be involved in the control of its own transcription. The quick
decay of light as cells stop growing, commonly observed in
isolates bearing luxAB genes, likely reflects the requirement for
an energy-generating activity in the cells in order for them to
be bioluminescent, which makes the luxAB reporter system
useful in monitoring of situations of low energy; however, it is
a limitation when gene expression is studied under carbon
starvation conditions.

Phenotypic characterization of the P. putida rpoS mutant. (i)
Effect of rpoS on survival of carbon starvation. The P. putida
rpoS-deficient strain C1R1 was investigated for its survival of
carbon starvation compared to the P. putida parental strain
KT2440. The results are shown in Fig. 5. The increase in cell
number in the early starvation phase is consistent with previous
findings for P. putida (13, 20). Viable counts of the rpoS-
deficient strain C1R1 were reduced about 100-fold after 2
weeks of carbon starvation, whether starvation was accom-
plished by exhaustion of the citrate or by a shift to medium
with no carbon source (not shown). Viable counts of the car-
bon-starved rpoS-proficient strain KT2440 were constant dur-
ing the time of the experiment, and even after 3 to 4 weeks
there was no significant change in viable counts compared to
the prestarvation level (;5 3 108 CFU). The same response to
C starvation as for the wild-type strain was exhibited by the
merodiploid strain, R6C1. The survival subpopulation of the
mutant strain C1R1 was regrown, taken through a new cycle of
carbon starvation, and found to be like the start population. To
clarify the mechanisms which might be responsible for the
survival of 1% of the bacterial population, more investigations
are required. However, no extra copy of the rpoS gene was
detected in either Southern blot or pulsed-field gel electro-
phoresis (PFGE) analysis (31a). The further generation of
double mutants of the rpoS-deficient strain C1R1, which were
unable to emit light (dark mutants produced by transposition,
for example), will contribute to the identification of putative
regulators which by controlling the expression of the rpoS gene
might be the key to understanding the mechanisms responsible
for survival of the subpopulation to C starvation.

(ii) Effect of rpoS in cross-protection to stress. Growing cells
and carbon-starved cells were challenged with ethanol, hydro-
gen peroxide, and high medium osmolarity. Conditions (i.e.,
concentration, time, and temperature) were chosen such that a
rapid decline in the survival of a growing culture was obtained
(13). No difference between rpoS-proficient and rpoS-deficient
exponentially growing cells was observed after challenge with

FIG. 6. Stress challenges of carbon-starved cultures of P. putida KT2440 (E),
R6C1 (‚), and C1R1 (h). Starvation (for 48 h) was accomplished by exhaustion
of 1 mM citrate from minimal medium M9. (A) Challenge with 18% (vol/vol)
ethanol; (B) challenge with 200 mM H2O2; (C) challenge with 2.4 M NaCl.
Viable counts present in each of the prechallenge samples (time zero) were
normalized to 1. Survival was determined as relative viable counts. Each chal-
lenge experiment was repeated at least twice with two cultures each time. Means
and standard deviations of duplicate experiments with the same cultures are
plotted. Some of the error bars are too small to be distinguished.
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these treatments. P. putida KT2440 and R6C1 cells carbon
starved for 24 h or longer developed a high level of resistance
to ethanol, resulting in at least 1,000-times-higher viable counts
than was found for growing cells after 12 min of treatment (not
shown). Carbon-starved rpoS-deficient C1R1 cells were signif-
icantly more sensitive to ethanol, showing 100-fold-lower via-
ble counts than the wild type after 30 min of treatment (Fig.
6A). Carbon starvation induced a high level of resistance to
H2O2 in the strains, including C1R1, which was only slightly
more sensitive to the oxygen stress than the RpoS1 strains (Fig.
6B). Resistance to high osmolarity was also induced by carbon
starvation (only 10% of growing RpoS1 cells survived after 30
min of osmotic stress, whereas up to 90% of the starved cells
survived 60 min of stress). Again, starved C1R1 rpoS cells were
slightly more sensitive than RpoS1 strains during the first hour
of the osmotic stress (Fig. 6C).

(iii) Synthesis of proteins after a shift to carbon starvation.
A 2D-PAGE system was used for the separation and analysis
of [35S]methionine-labeled proteins from P. putida KT2440
and the rpoS derivative C1R1. [35S]methionine-labeled pro-
teins from either growing cells, cells starved for carbon for 1 h,
or cells starved for 5 days were analyzed. The different physi-
ological states of the cells resulted in highly different patterns
of labeled proteins, although it was possible to identify a com-
mon pool of background peptides from growing and 1-h starv-
ing cells. Identical patterns of protein synthesis were obtained
from growing cells of the wild-type and rpoS mutant strains of

P. putida (not shown). In contrast, significant differences were
observed between carbon-starved cultures of the two strains:
(i) for 1-h starvation, 39 polypeptide spots were missing in
C1R1 (peptides positively dependent on RpoS [PPD]) and 13
new spots appeared which were not detected in the wild type
(peptides negatively dependent on RpoS [PND]) (Fig. 7); (ii)
for 5 days of starvation, 14 PPD were missing in C1R1 and 7
PND were not detected in the wild type (not shown). It was not
possible to identify whether the PPD and PND observed after
5 days of carbon starvation corresponded to some of the PPD
and PND observed after 1 h of carbon starvation because
long-term C-starved cells resulted in a highly different pattern
of labeled proteins. A program of protein synthesis as P. putida
cells stop growing was reported previously (12). The differ-
ences between the wild-type and P. putida rpoS-deficient
strains obtained in protein synthesis after the shift to carbon
starvation indicate that RpoS acts as a central regulator of sta-
tionary-phase gene expression in P. putida. Similar differences
in the pattern of protein synthesis between rpoS-proficient and
-deficient strains have been reported for E. coli (23), and RpoS-
controlled E. coli promoters have been identified (3, 22, 23).

(iv) Expression of rpoS-controlled E. coli promoters in P. pu-
tida. Expression of the growth-phase-dependent E. coli pro-
moters bolAp1 and ficp, carried by plasmids pGM112 and
pGM115, respectively, was monitored in growing cultures of
P. putida KT2440, R6C1, and C1R1 (Fig. 8). Plasmid pGM118
is a control plasmid expressing the background transcription

FIG. 7. 2D-PAGE autoradiograms of carbon starvation-induced proteins of P. putida KT2440 (A) and P. putida C1R1 (B) 60 min after removal of the carbon source.
Cells were cultivated in 10 mM citrate-supplemented AB minimal media. Spots positively (not present in panel B) and negatively (not present in panel A) dependent
on rpoS are enclosed in boxes and stars, respectively. Molecular mass decreases from top to bottom (100 to 5 kDa), and pH decreases from left to right.
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activity of the vector. No b-galactosidase activity was detected
from any of these strains until the cultures were about to enter
the stationary phase. The b-galactosidase activities measured
in stationary-phase cells of P. putida KT2440(pGM112) and
R6C1(pGM112) increased from a background level of 200 to
600 Miller units (Fig. 8A and B). Likewise, the b-galactosidase
activity of the same two strains harboring pGM115 increased
from 200 to 900 units (Fig. 8A and B). For the rpoS-deficient
strain P. putida C1R1 (Fig. 8C), however, only marginal in-
creases above the background level of gene expression were
measured. It was recently reported that these promoters are
induced in wild-type P. putida cells after entry into stationary
phase, and the induction was associated with the detection of

a chromosomal fragment hybridizing with the E. coli rpoS gene
in Southern blot analysis (26). Thus, the lack of induction of
ficp and bolAp1 in the rpoS-deficient background (C1R1 [Fig.
8C]) confirms that induction of these two genes, also in P. pu-
tida, is dependent on a functional rpoS gene. The increase in
b-galactosidase activity in early stationary phase with the vec-
tor pGM118 alone without any promoter is RpoS independent
since it was observed in the wild type and the mutant; it could
be explained by an increase in plasmid copy number. The mar-
ginal induction of ficp expression at the entrance to stationary
phase in C1R1 was not observed with the rpoS-deficient strain
E. coli MC4100 (not shown). Further studies of expression with
growth-dependent Pseudomonas promoters might be helpful in
revealing whether sigma factors other than RpoS are involved
in transcription at stationary phase in P. putida.

(v) Effect of rpoS on survival in soil. P. putida strains were
introduced in cambisol soil at a density of 2 3 108 to 4 3 108

cells per g. P. putida KT2440 and C1R1 survived at densities
higher than 108 cells per g for almost 1 month (27 days) in

FIG. 8. Expression from bolAp1 and ficp in P. putida KT2440 (A), P. putida
R6C1 (B), and C1R1 (C) bearing either pGM112 (‚, Œ), pGM115 (h, ■), or
pGM118 (E, F). P. putida cells were electrotransformed with plasmids pGM112
(bolAp1), pGM115 (ficp), and pGM118 (control vector, no promoter), and ex-
pression from the plasmids carrying bolAp1 and ficp was studied in growing
cultures. Exponentially growing LB cultures were used as inoculates, and cells
were grown in the same LB medium supplemented with the appropriate antibi-
otics. OD600 (open symbols) and specific b-galactosidase (B;gal) activities (solid
symbols) were monitored. b-Galactosidase activities are not the result of sub-
tracting the background levels that are synthesized from the vector pGM118
alone. Duplicate measurements of b-galactosidase activities in a single experi-
ment yielded an average standard deviation of 5%.

FIG. 9. Survival of P. putida strains in soil. (A) P. putida KT2440 (E), its
rpoS-deficient derivative strain P. putida C1R1 (‚), P. putida KT2440(pWWO)
(h), and P. putida C1R1(pWWO) ({) were introduced in unamended sterile soil
in independent jars; (B) symbols as in panel A, but the microcosms were
amended with 0.1% (wt/wt) m-methylbenzoate. For each determination, five
different dilutions were plated by the drop-plating technique (20-ml drops were
laid on selective plates). Mean values are shown, and maximum and minimum
values are presented with error bars. Data are from a single experiment, although
microcosms were run in duplicate, and typically the same result was observed.
Selective medium for P. putida strains bearing the TOL plasmid was 5 mM
m-methylbenzoate-supplemented M9; for strains without the TOL plasmid the
same medium was supplemented with 5 mM benzoate.
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unamended soil, and the same result was obtained with cells
that harbored the TOL plasmid pWWO (Fig. 9A). pWWO
confers on P. putida the ability to degrade contaminants such
as toluene and alkylbenzoates (10). In soils amended with m-
methylbenzoate (Fig. 9B), the population (CFU) of P. putida
KT2440 decreased by about 1 log after 3 days and remained
more or less constant thereafter, with a slight tendency to
decrease. However, the population of the rpoS-deficient strain,
C1R1, decreased by about 1.5 logs after 3 days and by about 3
logs after 1 month, by the end of the experiment (Fig. 9B).
Strains bearing the TOL plasmid in amended soils remained at
levels above the inoculum size throughout the experiment.
Levels of survival of the wild-type and mutant populations
were the same in the unamended soil, probably because the
bacterial cells were not carbon starved due to the organic
matter present in the cambisol soil. In the absence of m-
methylbenzoate, the presence of the TOL plasmid had no
effect on survival. As the microcosms had been amended with
the contaminant, pWWO played a major role in survival: the
populations of P. putida KT2440(pWWO) and C1R1(pWWO)
increased above 109 cells per g, whereas the populations of the
same host strains, wild-type and C1R1, without TOL declined
to 107 and 105 cells per g of soil, respectively. Thus m-meth-
ylbenzoate caused stress to cells without the TOL plasmid and
supported the growth in soil of bacteria containing the TOL
plasmid. The rpoS-deficient strain C1R1 was more sensitive
than the wild type to contaminant stress with m-methylbenzo-
ate. However, the biodegradation capability conferred by the
TOL plasmid protected the rpoS mutant against the toxic effect
of m-methylbenzoate.
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ADDENDUM

After this paper was submitted, the sequence of the Pseudo-
monas tolaasii rpoS gene became available in the DDBJ data-
base. The identity between the P. putida RpoS protein and that
of P. tolaasii was about 90%, and the similarity was 97%. As for
the other known pseudomonad RpoS proteins, the amino-
terminal sequence of P. tolaasii RpoS was more conserved than
that of the enteric bacteria.
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