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The general stress response mediated by the sigma factor RpoS is important for survival of bacteria in
adverse environments. A mutant unable to produce RpoS was constructed using the diazotrophic bacterium
Azotobacter vinelandii strain UW. Under nondesiccating, solid-medium growth conditions the wild type was
culturable for 16.5 years, while the rpoS mutant remained viable for only 10 months. The rpoS mutant exhibited
reduced survival compared to the wild type following hydrogen peroxide stress, and stationary phase cells were
killed rapidly by 15 mM H2O2. Three catalases (Kat1, Kat2, and Kat3) were expressed in the wild type under
the conditions used. Kat2 was expressed in exponential phase during shake flask growth and could be induced
under highly aerated conditions in all growth phases, suggesting that there was induction by reactive oxygen
intermediates. Kat3 was possibly an isoform of Kat2. In contrast, Kat1 was expressed in an RpoS-dependent
manner during the mid-exponential to late stationary phases. RpoS expression did not occur exclusively in
stationary phase but was influenced by changes in carbon and nitrogen source availability. There was 26- to
28-fold induction of the RpoS protein during acetate-to-glucose and ammonium-to-N2 diauxic shifts. Following
recovery of growth on the alternative carbon or nitrogen source, RpoS protein concentrations declined rapidly
to a basal level. However, rpoS mRNA levels did not correlate directly to RpoS levels, suggesting that there was
posttranscriptional regulation. Evidence obtained using the RpoS-dependent reporter Kat1 suggested that
there is regulation of the RNAP:RpoS holoenzyme at the level of complex formation or activity.

The stress and starvation response is primarily regulated by
the alternative sigma factor, variably designated �38, �S, or
RpoS, in many gram-negative organisms. Expression of this
factor during stationary phase has been shown to regulate
(positively or negatively) nearly 360 genes or 10% of the an-
notated genome of Escherichia coli (32), while the homologue
in Pseudomonas aeruginosa regulates 772 genes or 14% of the
genome (38). RpoS has been shown to regulate the production
of secondary metabolites and various pathogenicity determi-
nants in pseudomonads (14, 43). In addition to stationary-
phase expression, RpoS induction is also observed when E. coli
exhausts specific nutrients during growth in minimal medium
(35). The magnitude of RpoS induction is the same (�4-fold)
whether the stress is a terminal starvation event, such as glu-
cose exhaustion (35), or a transitional starvation event during
a diauxic shift from glucose to lactose (10). Following the stress
event, the concentration of RpoS decreases to a basal level,
whether starvation is alleviated or not (10, 35). Although
equivalent studies have been done during nitrogen exhaustion,
no RpoS studies have been done during nitrogen diauxie in a
diazotroph.

Catalase, peroxidase, and superoxide dismutase are used by
aerobes in all kingdoms to degrade reactive oxygen interme-
diates (ROIs), such as ●O2

� and H2O2, that are produced
during respiration. During periods of stress or starvation, many

organisms supplement their constitutively expressed “house-
keeping” catalase with an inducible enzyme. For example, P.
aeruginosa modulates the expression of a single housekeeping
catalase (KatA) in response to various growth conditions (5),
while a second catalase (KatB) is induced under oxygen stress
conditions by the regulator OxyR (27). In other organisms
supplemental expression of an RpoS-dependent catalase oc-
curs in stationary phase (7).

In this study we examined the role of RpoS in the long-term
survival of Azotobacter vinelandii under starvation conditions
and ROI stress conditions. RpoS and rpoS mRNA levels were
measured by quantitative Western and Northern analyses. Al-
though these methods are laborious, they were preferable to
the use of lacZ fusions, as a careful analysis of previously
described transcriptional (44) and translational (42) chimeric
reporter systems indicated that they exhibit different stabilities
than the native rpoS products (25). To determine if RpoS was
functional during exponential growth, we used the stationary-
phase catalase Kat1 (identified in this study) as a naturally
occurring reporter of RpoS activity. RpoS appears to be func-
tional during nutrient shifts, but the regulation of RpoS accu-
mulation and activity in the cells is complex.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The A. vinelandii strains used were
the non-alginate-producing strain UW (� ATCC 13705) and the rpoS mutant
strain UWS, which was constructed in this study. Strains were grown in Burk’s
complete medium (BBGN) composed of Burk’s buffer salts (BB) supplemented
with 18.0 �M ferric citrate, 55.5 mM glucose, and 15 mM ammonium acetate,
using the growth conditions described previously (29). In the ammonium aug-
mentation experiments, 100 ml of 7 mM (NH4)2SO4 (pH 7.0) was added to 2.5
liters of BBGN at a rate of 5 ml min�1. BBG medium contained Burk’s buffer
supplemented with 18.0 �M ferriccitrate and 55.5 mM glucose. Kanamycin was
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added at a final concentration of 10 �g ml�1 to both solid and liquid media, as
appropriate.

Shake flask cultures of A. vinelandii were inoculated from 3-day-old BBGN
agar slants to obtain an initial optical density at 600 nm (OD600) of 0.030 to 0.040
and were grown with agitation at 200 rpm on a rotary shaker at 28°C. Large batch
cultures were grown in a 2.5-liter BioFlowIII bioreactor (New Brunswick Scien-
tific) that was inoculated using a liquid seed culture (see above). The inoculum
was no more than 4% (vol/vol), and the culture was aerated with air (1 volume/
min) using a constant impeller speed of 200 rpm. Dissolved oxygen (dO2) was
monitored electronically, and samples were removed manually at the times
indicated in the Results.

Quantification of cell fractions and nutrients. Glucose and ammonium con-
centrations in the culture fluid were determined by the Trinder assay (Sigma
Diagnostics) and the sodium nitroprusside method (41), respectively. The ace-
tate concentration was determined by gas chromatography (Hewlett-Packard
5890) using a DB-FFAP megabore column (Agilent). All experiments were
repeated at least twice, and the values reported below are means of duplicate or
triplicate assays.

Hydrogen peroxide survival assay. Bacteria used for hydrogen peroxide treat-
ment were grown in shake flask cultures to the desired growth phase, removed
from the culture medium by centrifugation at 3,000 � g for 5 min (Sorval RC2-B)
at room temperature, and resuspended in BB to a final OD600 of 1.0. A sample
obtained at time zero was immediately plated on BBGN to determine the
number of CFU, and hydrogen peroxide (final concentration, 15 mM) was added
to the remaining culture. Then the culture was incubated with shaking.

Molecular biology procedures. A. vinelandii chromosomal DNA was cut by
XhoI and cloned into pBluescript (Stratagene). The chromosomal fragment
containing the rpoS gene was detected by colony hybridization (36), using an rpoS
probe prepared by PCR using primers WJP58 and WJP59 (see Fig. S1 in the
supplemental material). The recombinant plasmid containing rpoS was desig-
nated pRPOS, and the sequence of this fragment was determined using a
DYEnamic ET kit (Molecular Dynamics). A 960-bp kanamycin resistance cas-
sette was excised from p34S-Kmr (9) with SmaI and was ligated into the NruI site
of pRPOS (see Fig. S1 in the supplemental material) to generate pRPOS::Km.
This plasmid was transformed into A. vinelandii (30), and homologous recombi-
nation produced the kanamycin-resistant rpoS mutant UWS. Insertion of the
Kmr cassette into rpoS was confirmed by PCR and sequencing.

Production of His-RpoS protein and antiserum. The rpoS gene in pRPOS was
amplified by PCR using primer WJP106 (see Fig. S1 in the supplemental mate-
rial) and the M13-20 universal primer and was cloned into pRSETa (Invitrogen)
after digestion with HindIII and NcoI. The ligated product, pRSET-rpoS, was
transformed into E. coli DH5�. The His-RpoS protein was overexpressed, sol-
ubilized, and purified with Ni-nitrilotriacetic acid-agarose (Qiagen), followed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and
electroelution (Tyler Research Instruments model EE-04) using a 12- to 14-kDa-
cutoff membrane under conditions recommended by the manufacturer. The
resultant His-RpoS protein was used to raise polyclonal antiserum in rabbits
(Department of Biological Sciences Animal Services Unit).

Preparation of cell lysates. Azotobacter cell lysate was prepared by the bead
beating method of Benov and Al-Ibraheem (3). E. coli lysate was prepared by
sonication (Braun Sonic 2000). Soluble protein concentrations were determined
as described previously (22).

Zymographic catalase assay. The proteins in the cell lysate were separated
using 7.5 or 10% nondenaturing PAGE (Hoefer Scientific SE500) as indicated in
the Results. Catalases were detected by the activity staining method of Clare et
al. (8).

Quantification of RpoS protein by Western analysis. Proteins were separated
by 10% SDS-PAGE using a large-format Hoefer Scientific SE500 or Daltsix
(Amersham) gel system. Proteins were transferred to Immun-Blot polyvinylidene
difluoride membranes (Bio-Rad) by wet-cell electrotransfer (TE Transfor;
Hoefer Scientific). RpoS protein was identified using polyclonal anti-His-RpoS
antiserum, followed by IRDye800-conjugated donkey anti-rabbit antibody
(Rockland Immunochemicals). Detection and quantification were done using an
Odyssey infrared imaging system (Li-Cor) at a resolution of 84 �m.

The quantification method was validated as described by Jishage and Ishihama
(16). The amount of RpoS present in 25 �g of strain UW cell lysate harvested at
48 h was arbitrarily designated 100 fluorescence units, and the amount of RpoS
present in the same amount of lysate from strain UWS at 48 h was arbitrarily
designated 0 fluorescence units. The relative fluorescence was linear (R2 �
0.996) from 1 to 1,500 relative fluorescence units (RFU).

Determination of RpoS stability. A culture (35 ml) was removed aseptically
from the bioreactor and placed in sterile 125-ml shake flasks. A 5-ml sample was
immediately removed at time zero, and tetracycline (final concentration, 1.7

mM) was added to the remaining culture, which was incubated at 28°C with
shaking at 250 rpm. Samples were pelleted by centrifugation at 1,000 � g with a
model CL clinical centrifuge (International Equipment Co.) for exactly 2 min at
4°C and flash frozen in liquid N2. Samples were lysed and subjected to Western
analysis.

Northern analysis. The hot phenol method (37) was used to purify RNA from
A. vinelandii. RNA (5 �g) was separated on 4% formaldehyde agarose gels and
transferred to Highbond N� (GE Healthcare) membranes. The rpoS template
was created by PCR amplification using primers WJP188 (5	-TGGGAATTCA
GGGGACGACAACGATGGCTG-3	) and WJP189 (5	-CTCGAGCTCTTTTC
ACTGGAACAGCGCATCG-3	). An [�-32P]dCTP-labeled rpoS probe was pro-
duced from the template by random priming (Roche) and was hybridized
overnight at 65°C. Membranes were washed at 68°C in buffer B (0.5� SSPE,
0.1% SDS) (1� SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH
7.7]), exposed to a phosphor screen (Molecular Dynamics) overnight, and im-
aged using a PhophorImager (Molecular Dynamics). The relative rpoS mRNA
signal was normalized against a 16S rRNA internal control. The probe for 16S
rRNA was produced by [
-32P]dATP end labeling (Roche) oligonucleotide
WJP16S (5	-CCGTCAATTCATTTGAGTTT-3	). The 16S rRNA probe was
hybridized to the same membrane overnight at 50°C, washed several times with
buffer B at 51°C, and imaged after a 15-min exposure.

Nucleotide sequence accession number. The sequence of the rpoS gene of A.
vinelandii and the surrounding genes has been deposited in the GenBank data-
base under accession number AF421351.

RESULTS

rpoS gene of A. vinelandii. The rpoS gene of A. vinelandii was
isolated from chromosomal DNA, and surrounding gene se-
quences were identified (see Fig. S1 in the supplemental ma-
terial). The order of the genes was later confirmed by whole-
genome sequencing (http://azotobacter.org).

The rpoS gene of A. vinelandii is 1,005 bp long and encodes
a 334-amino-acid protein with a predicted molecular mass of
38,306 Da. The A. vinelandii RpoS open reading frame is 87%
identical to that of P. aeruginosa (protein accession number
NP_252312). Sigma factor regions 2.4 and 2.5, responsible for
recognition of the �10 and extended �10 promoter sequences,
were 100% identical, while region 4.2, which is responsible for
recognition of the �35 promoter sequences, shared 96% iden-
tity (13, 33, 40) (see Fig. S2 in the supplemental material).

RpoS is required during starvation survival. The rpoS gene
in pRPOS was disrupted with a Kmr cassette and was used to
produce the rpoS mutant UWS by homologous gene replace-
ment. Wild-type strain UW and mutant strain UWS had iden-
tical growth rates and growth curves in BBGN. The long-term
survival of strains UW and UWS was tested on slants of solid
BBGN. Strain UW stored in the dark at room temperature
(21°C) was culturable on BBGN after 16.5 years, whereas
UWS stored under identical conditions remained culturable
for only 10 months. However, neither strain was viable if the
medium became dry (28; this study).

The strains were also grown for 2 days in shake flask cultures
until glucose became limiting, and then cell survival was exam-
ined for an additional 8 days (see Fig. S3 in the supplemental
material). The viability of strain UW cells had decreased
60.5% by the eighth day of starvation. In contrast, the viability
of strain UWS decreased 99.5% over the same period of time.

Expression of an RpoS-dependent catalase affects survival
under oxidative stress conditions. Strains UW and UWS were
grown from early exponential phase (7 h) to late stationary
phase (72 h) and treated with 15 mM H2O2 to determine their
sensitivities to ROI stress. The survival of strain UW was worst
during exponential phase (maximum, 3.2% survival) (Fig. 1A)
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and best during stationary phase (20 to 93% survival) (Fig. 1B).
In contrast, the survival of strain UWS was worst during sta-
tionary phase (maximum, 0.001%) (Fig. 1B) and best during
mid- to late exponential phase (0.007 to 0.024%) (Fig. 1A).
This suggested that catalase activity was expressed in an RpoS-
dependent manner.

To determine if multiple catalases were expressed by A.
vinelandii, cell lysates were analyzed for the presence of cata-
lase activity after nondenaturing PAGE. Strain UW had two
bands of catalase activity, designated Kat1 and Kat2, when it
was assayed zymographically for 5 min (Fig. 2A); a third faint
band of catalase activity (Kat3) was detected after 15 min (Fig.
2A, right panel). Kat2 was expressed in early exponential phase
but not in 48- to 72-h stationary-phase cells. Conversely, Kat1
was not expressed in early exponential phase, but the concen-
tration of this catalase increased in later phases. The absence
of Kat1 in the rpoS mutant indicated that this catalase was
expressed in an RpoS-dependent manner. The mutant exhib-
ited wild-type expression of Kat2 during exponential growth
but continued to produce low levels of Kat2 in late stationary
phase (Fig. 2A).

The apparent anomaly of expression of an RpoS-depen-
dent catalase during exponential growth was explained by
Western analysis (Fig. 2B). RpoS was detected in strain UW
in mid-exponential phase, and the maximum levels were
reached by 36 to 72 h, which coincided with the pattern of
Kat1 expression. RpoS was not detected in strain UWS at
any time (Fig. 2B).

RpoS expression during an acetate-to-glucose diauxic shift.
The expression of an RpoS-dependent catalase and of RpoS
itself during exponential growth was unexpected, as a previous
study (6) reported that A. vinelandii rpoS mRNA expression
occurred only in late stationary phase. To determine what
event might be responsible for RpoS induction during expo-
nential growth, we grew strain UW in batch culture in a bio-
reactor and then monitored the RpoS concentration and nu-
trient availability for 48 h.

Strain UW used acetate in BBGN preferentially during early
exponential phase, with a mean generation time of 2.48 h (Fig.
3A). During this time the dO2 levels in the bioreactor de-
creased, indicative of active metabolism. The acetate concen-
tration decreased rapidly, while glucose was consumed at a very
low rate, typical of the carbon source preference of A. vinelandii
(11). A rapid increase in the dO2 concentration at 8.6 h signaled
the cessation of metabolism due to acetate depletion (Fig. 3A).
Rapid metabolism of the nonpreferred carbon source glucose
began at 9.5 h and continued into stationary phase.

Western analysis of cell lysates showed that very low quan-
tities of RpoS (0 to 17 RFU) were present during early expo-
nential growth. The RpoS concentration increased within 9
min after acetate depletion and reached 443 RFU within 1 h,
which was 26-fold induction. The RpoS concentration declined
to a basal level (51 RFU) by 14 h (Fig. 4A), coincident with the
recovery of metabolic activity on glucose. A. vinelandii resumed
growth on glucose with a reduced generation time, 3.8 h.

RpoS expression during an ammonium-to-N2 diauxic shift.
At 18 h the culture growth rate decreased (generation time,
11.3 h), and the RpoS levels increased 28-fold (relative to the
levels in early exponential phase) by 24 h (Fig. 4A). Although the
ammonium was not completely depleted by 18 h, it is possible that
the cells experienced nitrogen limitation, since there was a signif-
icant decrease in the growth rate. The RpoS concentration de-
clined rapidly after 24 h to a new basal level, 92 RFU.

RpoS is not regulated by oxygen limitation. At 24 h the dO2

level of the medium was below 1% saturation, indicating that

FIG. 1. Percent survival of strains UW (filled symbols) and UWS
(open symbols) following treatment with 15 mM H2O2. The cultures
were normalized to an OD600 of 1.0 in BB, and the levels of survival
were determined for (A) 7-h (circles), 14-h (diamonds), and 24-h
(squares) cultures before and after peroxide treatment and for
(B) 36-h (circles), 48-h (diamonds), and 72-h (squares) cultures before
and after peroxide treatment. Dashed lines indicate that no CFU were
recovered following 30 min of peroxide treatment.

FIG. 2. Catalase expression during 72 h of growth of A. vinelan-
dii. (A) In situ catalase zymographs of 50 �g of cell lysate from
cultures of strains UW and UWS, separated by nondenaturing
PAGE. Two strong bands (Kat1 and Kat2) were detected after 5
min of exposure to diaminobenzidine. Longer exposure times al-
lowed detection of an additional catalase band, Kat3. (B) The same
lysates (20 �g) were separated by denaturing PAGE and analyzed
for RpoS by Western analysis. The sample times are indicated
above the lanes. These cultures also were used as the inocula for the
experiment whose results are shown in Fig. 1.

948 SANDERCOCK AND PAGE J. BACTERIOL.



oxygen was being consumed as fast as it could be added to the
culture. To determine if the observed RpoS response was due
to nitrogen limitation or oxygen limitation, an ammonium aug-
mentation experiment was performed (Fig. 3B). A culture was
incubated in BBGN for 18 h, at which time there was still
excess glucose, ammonium, and oxygen. Ammonium sulfate
was added so that there was excess ammonium for the duration
of the experiment. The RpoS levels did not increase even
though the dO2 levels dropped below 1% saturation by 20 h.
From this result we concluded that the production of RpoS

FIG. 3. Growth of strain UW in BBGN in a 2.5-liter bioreactor. Growth was determined optically (OD600) (f). The acetate (Œ), ammonium
(�), and glucose (�) concentrations are expressed as percentages of their initial concentrations. The relative amount of RpoS protein was
determined by quantitative Western analysis (F). Periods of oxygen saturation, indicative of metabolic cessation, are indicated by arrows. (A) Data
from a representative batch culture grown for 48 h. (B) Data from an ammonium-fed culture to which (NH4)2SO4 was added immediately after
18 h. Panel B is aligned directly below the equivalent times in panel A.

FIG. 4. Analysis of selected time points for the bioreactor culture in
Fig. 3A to determine RpoS and catalase activities. (A) Western analysis of
RpoS from 25 �g of cell lysate separated by SDS-PAGE. (B) Catalase
zymography of 50 �g of cell lysate separated by nondenaturing PAGE.
The sample times (in hours) are indicated above the lanes.
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starting at 18 h, as shown in Fig. 3A, was due to ammonium
limitation rather than oxygen limitation.

RpoS expression during nitrogen fixation and glucose de-
pletion. After ammonium depletion, the cells fixed nitrogen
from 27 to 40 h, using glucose as the carbon and energy source.
Since a significant amount of energy is required for nitrogen
fixation (11), it seemed likely that the organism would undergo
a stress response during this period. The growth rate was
greatly decreased (generation time, 31 h), but the RpoS con-
centration changed very little during this period (92 to 95
RFU).

Glucose was depleted at approximately 42 h, and there was
a coincident increase in the dO2 level, indicating that active
metabolism ceased (Fig. 3A). The RpoS concentrations in-
creased and returned to the basal levels by 48 h. It is likely that
the cells switched to metabolism of endogenous polyhydroxy-
butyrate reserves in preparation for encystment (28), although
this was not measured in these experiments.

Catalase expression during growth on BBGN. To determine
if the RpoS produced by A. vinelandii during the metabolic
shifts was transcriptionally active, we used Kat1 activity as a
reporter of RpoS-dependent transcriptional activity. The first
appearance of Kat1 (Fig. 4B) coincided with the induction of
RpoS (Fig. 4A) during the acetate-to-glucose diauxic shift at
9.5 h. Kat1 activity continued to increase until 14 h, although
the RpoS levels decreased hours before this. Similarly, an
increase in Kat1 activity occurred at 24 h, coincident with the
ammonium-to-N2 diauxic shift, but high levels of Kat1 activity
persisted for an additional 14 h despite a fourfold decrease in
the RpoS level in the same time frame. Although the catalase

staining method is not strictly quantitative, comparison of the
relative catalase (Fig. 4A) and RpoS (Fig. 4B) band strengths
at these time points indicated that there is a nonlinear rela-
tionship between the RpoS concentration and Kat1 activity in
A. vinelandii.

Contrary to what was observed in the shake flask study (Fig.
2A), Kat2 expression occurred throughout the bioreactor ex-
periment, and a third catalase (Kat3) became more evident in
stationary phase (34 to 48 h) (Fig. 4B).

RpoS stability in various growth conditions. The stability of
the RpoS protein was determined by antibiotic treatment, fol-
lowed by Western analysis. The total amount of RpoS pro-
duced by a culture during the acetate-to-glucose diauxic shift
and the specific times at which samples were taken for half-life
determination are shown in Fig. 5A. Cultures were treated
with tetracycline for up to 30 min, lysed, and analyzed by
Western analysis (Fig. 5B). A graphic representation of RpoS
stability is shown in Fig. 5C. During the acetate-to-glucose
diauxic shift, half-lives of 6.6 to 16.1 min were observed at the
time points indicated in Fig. 5A.

RpoS expression and stability during growth on BBG me-
dium under identical aeration, mixing, and temperature con-
ditions were also determined (Fig. 5D). It is interesting that the
RpoS levels were low for the first 15 h of growth but then
steadily increased over the next 30 h, an observation that di-
rectly contradicts the observations of Castañeda et al. (6),
which suggested that rpoS expression occurred strictly during
stationary phase. Half-lives of 8.8 to 13.0 min were determined
for different time points (Fig. 5D), and the RpoS concentra-
tions are plotted in Fig. 5E.

FIG. 5. Determination of the half-life of RpoS during bioreactor growth of A. vinelandii in BBGN and BBG medium. (A) Relative RpoS
expression during an acetate-to-glucose diauxic shift. Samples were removed during acetate limitation (i), diauxic lag (ii), and growth recovery on
glucose (iii) and then treated with tetracycline to stop translational initiation. (B) Western analysis of RpoS following tetracycline addition.
(C) Relative amount of RpoS following treatment plotted as a percentage of the RpoS present prior to tetracycline addition. The calculated half
lives are indicated in panel A. (D and E) RpoS expression during growth on BBG medium. Samples were removed at two time points (iv and v)
and treated with tetracycline. The relative amount of RpoS following treatment was plotted as a percentage of the RpoS present prior to
tetracycline addition (E), and the calculated half-lives are indicated in panel D.
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rpoS mRNA expression and RpoS expression are asynchro-
nous. Both the relative RpoS protein and rpoS mRNA levels
were monitored during growth on BBGN in a bioreactor batch
culture (Fig. 6). During the initial acetate-to-glucose diauxic
shift, the rpoS mRNA levels increased just before the RpoS
levels increased and decreased slightly before the RpoS levels
decreased. During ammonium limitation (16 h), rpoS mRNA
induction also preceded RpoS accumulation. However, while
the RpoS levels decreased during nitrogen-fixing growth (Fig.
3A), the rpoS mRNA levels continued to increase, reaching
maximal induction (16-fold) by 30 h. The rpoS transcript levels
remained elevated for an additional 17 h, until glucose became
limiting. Following glucose limitation the rpoS mRNA levels
decreased dramatically, while the RpoS levels increased
slightly in the same time frame.

DISCUSSION

RpoS and stationary-phase survival. The stationary-phase
sigma factor RpoS is needed for long-term survival of A. vine-
landii. The vegetative growth of the wild-type strain and the
vegetative growth of the rpoS strain were essentially identical,
but the stationary-phase survival characteristics were different.
It is tempting to say that wild-type strain UW formed cysts,
while strain UWS did not. Old cultures of strain UWS con-
tained no cystlike structures when they were viewed with an
electron microscope (data not shown), nor does strain UW
form fully “mature” cysts (28). The RpoS mutant survived as
vegetative cells for about 10 months, even though the polyhy-
droxybutyrate reserves of wild-type cells are expected to last
only 2.5 months (1). However, the wild type was able to survive
for at least 16.5 years, suggesting that RpoS is necessary for the
development of a dormant cell, independent of complete cyst
formation.

RpoS is also required for the survival of stationary-phase A.
vinelandii exposed to hydrogen peroxide. Five putative catalase

genes are predicted to be present in the A. vinelandii genome,
but only three genes were observed under the conditions used.
It is interesting that despite the high respiratory rate of A.
vinelandii, this organism has a relatively low tolerance for ex-
ogenous H2O2 compared to members of the closely related
Pseudomonadaceae (14, 18). Mounting evidence suggests that
catalases are produced primarily to deal with exogenous per-
oxide threats, while endogenously created peroxides are re-
moved mainly by peroxidases (31). Many pathogenic and
strongly rhizosphere-associated pseudomonads produce large
quantities and, in some cases, several types of catalases (19, 20)
for protection from host defenses and interspecies competi-
tion. As a free-living organism, A. vinelandii may not have
developed this degree of ROI defense since it is less likely to
encounter high levels of exogenous hydrogen peroxide. The A.
vinelandii survival in the presence of hydrogen peroxide was
best during stationary phase, which correlated to both RpoS
expression and elevated activities of the RpoS-dependent cata-
lase. The decreased survival of strain UWS in stationary phase
can be largely attributed to its failure to express Kat1.

In contrast to most bacteria described to date, which either
supplement a constitutively expressed catalase with additional
catalase species (19, 26) or up-regulate the housekeeping cata-
lase during stationary phase (5), A. vinelandii appears to un-
dergo complete catalase switching from Kat2 in exponential
phase to Kat1 in stationary phase. We also did not observe
expression of a phase-specific catalase during or after the tran-
sition to nitrogen-fixing conditions. However, the increased
production of Kat2 and Kat3 with higher aeration does suggest
that these enzymes are ROI inducible, as described previously
for many other catalases (7, 27). The reciprocal production of
Kat3 at the expense of Kat2 suggests that Kat3 may be an
isoform of Kat2, as observed previously with KatG (15).

Regulation of RpoS expression. The expression of RpoS in
A. vinelandii during the acetate-to-glucose diauxic shift was

FIG. 6. Northern and Western analyses of the products rpoS mRNA (dashed line) and RpoS protein (solid line) from A. vinelandii UW cultures
grown on BBGN. Bacterial growth was determined spectrophotometrically at 600 nm (f). Periods of oxygen saturation, indicative of metabolic
cessation, are indicated by arrows.
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similar to that described in E. coli during a glucose-to-lactose
shift (10), except that the magnitude of induction was much
greater in this study. The rpoS mRNA and protein concentra-
tions rose and fell synchronously, indicating that RpoS accu-
mulation is regulated primarily at the transcriptional level dur-
ing the acetate-to-glucose diauxic shift. Since A. vinelandii is
able to fix nitrogen, it was used to examine the general stress
response during a nitrogen diauxic shift and subsequent nitro-
gen-fixing growth. Up to 28-fold induction of RpoS and 16-fold
induction of rpoS mRNA occurred during the nitrogen diauxic
shift. Thus, it appears that A. vinelandii accumulates similar
amounts of RpoS whether it experiences carbon or nitrogen
limitation. However, during diauxic recovery on N2 the RpoS
concentrations decreased to basal levels even though the
mRNA levels continued to increase. Because RpoS stability
did not change significantly in A. vinelandii (see below) and has
not been observed to do so in other pseudomonads (4), the
most probable interpretation of the RpoS/rpoS mRNA asyn-
chrony is that a significant degree of posttranscriptional regu-
lation occurs in A. vinelandii under certain nutrient-limiting
growth conditions. Equivalent modulation of translation is me-
diated primarily by small RNA species in E. coli (12), but no
such species have been reported for A. vinelandii to date.
Alternatively, the RpoS/rpoS mRNA asynchrony may be due to
sequestration of large amounts of the transcript in a protected
but translationally inactive form by chaperones, such as Hfq or
ribosomal protein S1 (39).

The RpoS level in E. coli is regulated by a dedicated pro-
teolytic circuit involving the recognition factor SprE/RssB (34).
RssB binds to RpoS at the critical residue K173 and then
transfers it to the protease ClpXP for degradation (2). This
residue and surrounding regions 2.4 and 2.5 of E. coli RpoS are
conserved (96% identity) in A. vinelandii, despite an overall
protein identity of only 76% (see Fig. S2 in the supplemental
material). No rssB homologue was observed in the A. vinelandii
genome, despite the presence of a possible rssA homologue
(accession number ZP_00418183). Whereas RssB-directed
regulation in E. coli modulates RpoS stability nearly 38-fold
(the half-lives range from 4.1 to 154 min) during carbon limi-
tation (25), the stability changed a mere 1.4- to 2.4-fold during
the nitrogen- and carbon-limiting events tested with A. vine-
landii. Therefore, it appears that no RssB-like proteolytic reg-
ulatory mechanism exists in A. vinelandii. Consequently, the
conservation of RpoS regions 2.4 and 2.5 in these divergent
organisms is most likely driven by recognition requirements for
the �10 promoter sequence.

The efficiency of RNA polymerase:RpoS holoenzyme for-
mation and subsequent transcriptional activity was assessed
using the natural reporter Kat1. Considering that RpoS has the
lowest affinity for RNA polymerase of all the E. coli sigma
factors (23), it would be expected that the high level of induc-
tion of RpoS during the various diauxic shifts would result in
increased RNA polymerase:RpoS formation and resultant ac-
tivity (24) and thus greater expression of the reporter Kat1.
Although Kat1 activity was observed only during periods of
RpoS expression, this activity was not directly proportional to
RpoS levels. For example, the Kat1 levels were similar during
peak (24 h) and basal (34, 38, and 48 h) (Fig. 6) RpoS expres-
sion. Similar phenomena have been observed for E. coli, where
effector molecules such as ppGpp and trehalose modulate the

formation or activity of the RpoS holoenzyme (17, 21). From
these observations we concluded that the RpoS of A. vinelandii
is regulated at the transcriptional, posttranscriptional, and for-
mation/activity levels.
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