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We report the cloning, sequencing, and characterization of the rpoE homolog in Vibrio angustum S14. The
rpoE gene encodes a protein with a predicted molecular mass of 19.4 kDa and has been demonstrated to be
present as a single-copy gene by Southern blot analysis. The deduced amino acid sequence of RpoE is most
similar to that of the RpoE homolog of Sphingomonas aromaticivorans, s24, displaying sequence similarity and
identity of 63 and 43%, respectively. Northern blot analysis demonstrated the induction of rpoE 6, 12, and 40
min after a temperature shift to 40°C. An rpoE mutant was constructed by gene disruption. There was no
difference in viability during logarithmic growth, stationary phase, or carbon starvation between the wild type
and the rpoE mutant strain. In contrast, survival of the mutant was impaired following heat shock during
exponential growth, as well as after oxidative stress at 24 h of carbon starvation. The mutant exhibited mi-
crocolony formation during optimal growth temperatures (22 to 30°C), and cell area measurements revealed
an increase in cell volume of the mutant during growth at 30°C, compared to the wild-type strain. Moreover,
outer membrane and periplasmic space protein analysis demonstrated many alterations in the protein profiles
for the mutant during growth and carbon starvation, as well as following oxidative stress, in comparison with
the wild-type strain. It is thereby concluded that RpoE has an extracytoplasmic function and mediates a range
of specific responses in stressed as well as unstressed cells of V. angustum S14.

Rapid and efficient adaptation to changes in environmental
conditions is required for bacterial replication and survival in
natural habitats. The marine bacterium Vibrio angustum S14
produces a highly orchestrated response to starvation and
stress conditions, and studies of this organism have provided
novel information on adaptive responses (45, 54), including the
role of master regulators (11, 42, 44), extracellular signals (55),
and regulation of transcript stability essential for the out-
growth response of starved cells (56). Alternative sigma factors
play an important role in regulating the transcription of many
genes that are induced during stationary phase, starvation, and
stress adaptation (16, 58). To examine the role of alternative
sigma factors in adaptive responses of V. angustum S14, the
identification and characterization of the stress responses me-
diated by RpoS, the stationary-phase sigma factor, in this or-
ganism were sought. By use of an rpoS probe derived from
Escherichia coli, several clones from a V. angustum S14 geno-
mic library were isolated. One of these clones encoded another
alternative sigma factor, RpoE.

Homologs of rpoE encode proteins that are members of the
sE family, a distinctive subclass of the s70 type of sigma factors
(termed extracytoplasmic-function [ECF] s factors) (28). In
response to the extracellular environment, ECF s factors have
been found to regulate gene expression in diverse bacterial
species. RpoE homologs have been implicated as critical in a
variety of stress responses. One of the best-studied examples is
the role of AlgU in the pathogenicity of Pseudomonas aerugi-
nosa in cystic fibrosis (15). Other, less-characterized examples
include the recently reported critical role of the alternative
sigma factor, sE, in the virulence of Salmonella enterica serovar
Typhimurium (22), the control of alginate production and

tolerance of environmental stress shown by AlgT in the phy-
topathogen Pseudomonas syringae (24), and the decreased sur-
vival of a Mycobacterium smegmatis sigE mutant under condi-
tions of oxidative stress (59), indicating a possible role for sE

in the survival following uptake by macrophages of pathogenic
mycobacteria. Reports suggest a role for ECF s factors in the
expression of genes enhancing bacterial adaptation to environ-
mental conditions adverse to growth like heat shock (10, 17,
20, 33, 50, 59), oxidative stress (10, 59, 60), osmotic shock
(5), adaptation to cold temperatures and high pressures (7),
protection against photolysis (14), acid stress (59), desiccation
resistance (39), antibiotic production during stationary phase
or at the onset of sporulation (23), and iron limitation (3, 9).
More recently, ECF s factors have also been suggested to be
necessary for normal cell wall structure in Streptomyces coeli-
color (47), motility behavior under both vegetative and devel-
opmental conditions in Myxococcus xanthus (57), and growth at
normal temperatures in E. coli (8), indicating a role for these
sigma factors in both stressed as well as unstressed environ-
ments.

In E. coli, the rpoE gene is induced under conditions leading
to the misfolding of proteins in the periplasm and the outer
membrane (34, 37). Previously, it has been demonstrated that
an extensive overlap exists between the expression profiles of
outer membrane and periplasmic proteins during carbon star-
vation, heat, and ethanol stress in V. angustum S14 (40). These
findings suggest that RpoE may play a role in the ability of
V. angustum S14 to adapt to environmental stresses. Here, we
investigate RpoE-mediated processes in V. angustum S14 by
evaluating the role of rpoE in V. angustum S14 during growth,
carbon starvation, heat shock, and oxidative stress. This work
demonstrates the existence of an rpoE homolog with extracy-
toplasmic function in V. angustum S14. The rpoE homolog is
present as a single-copy gene, which is induced during extreme
heat shock, and is involved in survival following heat shock and
oxidative stress. This study also provides evidence of a role for
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rpoE in the protein composition of the outer membrane and
periplasm in both stressed and unstressed cells of V. angustum
S14.

MATERIALS AND METHODS

Bacterial strains, plasmids, and primers. The bacterial strains and plasmids
used in this study are shown in Table 1, and the primers are listed in Table 2.

Culture media, growth, and starvation conditions. E. coli strains were grown
at 37°C on Luria-Bertani (LB) agar (51). Vibrio strains were grown at 25°C on
VNSS agar (32) or LB plates containing NaCl (20 g/liter). LB supplemented with
NaCl (15 g/liter) was used for intergenic matings. For liquid cultures of Vibrio
strains, culture flasks were inoculated with fresh overnight colonies and grown at
25°C on a rotary shaker in marine minimal medium (MMM) supplemented with
glucose (2 g/liter) (43). Growth was monitored by optical density measurements
at 610 nm (OD610), and viability was assessed by counting the CFU on appro-
priate agar plates by the drop plate method (18). Where appropriate, antibiotics
were added to the media at the following concentrations: tetracycline, 12.5 mg/
ml; kanamycin, 50 mg/ml for E. coli and 75 mg/ml for Vibrio strains; ampicillin, 50
mg/ml; and streptomycin, 100 mg/ml. For RNA isolation and carbon starvation
experiments, the culture was grown exponentially for several generations by
recurrent dilutions to maximize population homogeneity. Carbon starvation con-
ditions were obtained through the depletion of glucose, which was assessed by
monitoring the OD610 of the cultures. Liquid cultures of Vibrio strains grown for
other purposes were prepared by subculturing overnight cultures to an OD610
between 0.01 and 0.03.

Isolation of a gene encoding a sigma factor from V. angustum S14. A previously
constructed V. angustum S14 Sau3AI l-ZAP Express library was screened with
an rpoS probe derived from pRH324 by PCR amplification with primers 2F and
2R. The cloned DNA from isolated positive plaques was excised from the l-ZAP
Express vector in pBK-CMV double-stranded phagemids and transformed into
E. coli XLOLR selecting for kanamycin resistance. Plasmid preparations ob-
tained from colonies containing pBK phagemid vectors were screened for re-
combinants by restriction enzyme digestion with the enzymes NotI and PstI and
by Southern hybridization with three different rpoS probes amplified by PCR
from pRH324, using primers 1F/1R, 2F/2R, and 1F/2R. Positive candidates were
further analyzed by DNA sequencing.

Construction of an rpoE mutant. Three PCR products designated A, B, and C
were generated. The rpoE PCR products A and B were obtained from pEH8 with
primers F2.mut/R2.mut and F6.mut/R5.mut, respectively (Fig. 1a). PCR product
C, a kanamycin resistance cassette, was amplified from pBSL180 with primers
F3.mut/R4.mut (Fig. 1a). Sequential ligations of PCR products A, C, and B were
carried out (Fig. 1b). The resulting 2.143-kbp rpoE::Kmr cassette construct was
ligated into the HincII site of pGEM-3Z, yielding pEH13 (Fig. 1c). Plasmid
pEH13 was digested with XbaI and SphI, and a 2.143-kbp fragment containing
the rpoE::Kmr gene was cloned into the XbaI-SphI sites of pGP704 to generate
pEH14 (Fig. 1d). After DNA sequencing, this plasmid was propagated in E. coli
BW20767 and transferred to V. angustum S141 by conjugation. Exconjugants
were selected on MMM supplemented with kanamycin, counterselecting for the
auxotrophic E. coli BW20767 donor strain and the V. angustum S141 recipient
without integration of the plasmid into the chromosome. The proportion of
V. angustum S141 plasmid-free segregants among the exconjugants was enriched
through three consecutive replica platings from selective (kanamycin) to nonse-

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics Source or reference

Bacterial strains
V. angustum

S14 rpoE1 wild type (CCUG 15956) 1, 31
S141 Spontaneous mutant of wild-type S14, Smr 43
EH1 S141, rpoE::Kmr This study

E. coli
XL1-Blue MRF9 D(mcrA)183 D(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 recA1 gyrA96 relA1 lac

[F9 proAB lacIqZDM15 Tn10 (Tetr)]
Stratagene

XLOLR As XL1-Blue MRF9 except Su2 lr Stratagene
BW20767 RP4-2tet:Mu-1kan::Tn7 integrant leu-63::IS10 hsdR17 endA1 zbf-5 uidA (DMluI):pir1 thi 35

Plasmids
pGEM-3Z Cloning vector, Apr Promega
pGP704 lpir-based suicide vector: Apr ori R6K mob RP4 36
pBK-CMV Cloning vector, Kmr Stratagene
pRH324 rpoS Gift (R. Hengge-Aronis)
pEH8 pBK-CMV with a 5.4-kb insert containing rpoE isolated from l-ZAP Express genomic

library of S14
This study

pEH13 pGEM-3Z with a 2.1-kb insert containing rpoE::Kmr from S14 This study
pEH14 pGP704 with a 2.1-kb insert containing rpoE::Kmr obtained from pEH13 This study

TABLE 2. Primers used in this studya

Primer Sequence Target sequence

1F 59-GTCAAGGGATCACGGGTAGG-39 rpoS on pRH324
2F 59-AGTGCTGGCACGTCGATTCG-39 rpoS on pRH324
1R 59-AACACACGCTGTGTGGCTCC-39 rpoS on pRH324
2R 59-GCCTCGCTTGAGACTGGCCT-39 rpoS on pRH324
C 59-TCTAAGTATTCCTGAATCATTAAG-39 rpoE on pEH8
F2.mut 59-CCACAATATTAATGAGGTTTTAGG-39 Upstream of rpoE on pEH8
F3.mut 59-ACCTTCTAGCTTCACGCTGCCGC-39 nptII on pBSL180
F6.mut 59-GATGAATTGCCCGAAGATTAC-39 rpoE on pEH8
F10 59-ATGTATCGACTAAAAGCCGAG-39 Downstream of rpoE in V. angustum S14
G 59-GCATAGAAATGAATTAATTGAAGCG-39 rpoE on pEH8
R2 59-ATTATCTGTCGCTCTTTAATAGG-39 Upstream of rpoE in V. angustum S14
R2.mut 59-AAGGTGCTTTGCGCACTCTCTTT-39 rpoE on pEH8
R4.mut 59-ACCATAAACCCCAGAGTCCCGCTC-39 nptII on pBSL180
R5.mut 59-CTTTCAGGGCTGTGTATC-39 Downstream of rpoE on pEH8

a The source for all primers is this study.
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lective (without kanamycin) conditions. Double crossover events and/or gene
replacements were verified by PCR amplification of genomic DNA using primers
R2 and F10, and the occurrence of a single copy of this gene was confirmed by
Southern blotting of chromosomal DNA digested with EcoRI and BglI.

Stress assays. The sensitivity of V. angustum wild-type (S141) and mutant
(EH1) strains to carbon starvation, heat, and oxidative stress was investigated in
this study.

(i) Carbon starvation. Exponentially growing cells were carbon starved
through the depletion of glucose as described previously. At the onset of star-
vation, cultures were incubated statically at 25°C and starved for 4 weeks. Star-
vation survival was assessed at 0, 1, 24, and 48 h and at 1, 2, and 4 weeks.

(ii) Heat shock. For heat shock survival experiments, exponentially growing
cells at 25°C were rapidly shifted to 40°C and exposed to 20-, 40-, and 60-min
heat shocks.

(iii) Oxidative stress. Oxidative stress conditions were established with the
reactive oxygen intermediate-generating agent H2O2, which was added to final
concentrations of 65 mM and 1 mM to exponentially growing and carbon-starved
cells, respectively. Cells were exposed to oxidative stress for 10 min during
growth and for 60 min during carbon starvation. Stress survival was assessed by
viable count in terms of CFU and expressed as the percentage of surviving cells
relative to the initial cell viability.

Heat shock for total RNA isolation. Exponentially growing cells at 25°C were
rapidly shifted to 40°C and exposed to 6-, 12-, and 40-min heat shocks before
harvesting and cell lysis for RNA preparation.

RNA isolation and Northern blot analysis. Total RNA was prepared from
V. angustum S141 cultures according to the standard protocol of the RNAgents
total RNA isolation system from Promega. For Northern blot analysis, 20 mg of
total RNA per sample was fractionated on a 1.8% agarose–formaldehyde gel.
RNA was blotted from the gel to HYBOND-N membranes (Amersham), and the
RNA was UV cross-linked according to the manufacturer’s protocol. A 0.495-kb
PCR product, which carries most of the rpoE coding sequence, was obtained
from pEH8 using primers G and C and then gel purified. Using this purified PCR
product as a template, a 0.495-kb digoxigenin (DIG)-labeled single-stranded
DNA probe was generated by PCR amplification with primer C using the PCR
DIG probe synthesis kit from Boehringer (Mannheim, Germany). This probe
was used at a concentration of 10 ng/ml (DIG Easy Hyb) in hybridization
experiments at 42°C with the DIG system for Northern blotting according to the

manufacturer’s protocol. DIG-labeled RNA was detected on X-ray films by
chemiluminescence with CDP-Star as the substrate (Boehringer).

Periplasmic space and outer membrane protein preparation. To obtain outer
membrane proteins, cells were harvested at appropriate time points by centri-
fugation at 8,000 3 g for 6 min at 20°C. Cell pellets were washed with 1 volume
of 0.01 M Tris-HCl (pH 7.5), centrifuged, and resuspended in 1/20 volume of
cold, 100 mM Tris-HCl (pH 8.0) and 10 mM EDTA. Cells were kept on ice, and
cell walls were digested with lysozyme (150 mg/ml) for 10 min. DNA was removed
by the addition of MgCl2 (10 mM) and DNase I (50 mg/ml), and spheroplasts
were lysed by sonication until clearing of the lysates was observed. After low-
speed centrifugation to remove unbroken cells and debris, supernatants were
transferred to 1.0-ml thick-walled polycarbonate ultracentrifuge tubes and pel-
leted by centrifugation for 14 min at 300,000 3 g at 4°C (TLA-100.2 fixed-angle
rotor; Beckman TL-100 Tabletop Ultracentrifuge). Supernatants containing the
total soluble fraction (periplasmic and cytoplasmic proteins) were removed, and
pellets were further fractionated into outer and inner membrane proteins by
solubilization with 1 ml of 1.67% sodium lauroyl sarcosinate in 11 mM Tris-HCl
(pH 7.6) at room temperature for 30 min. The insoluble outer membrane pro-
teins were pelleted by ultracentrifugation as previously described, washed with 1
ml of sarcosyl, recentrifuged, and stored at 280°C for subsequent analysis. To
release periplasmic space contents from cells, cells were harvested and washed as
described for the outer membrane preparation. Resulting cell pellets were re-
suspended in 1 ml of sterile distilled water, incubated for 20 min at room
temperature, and centrifuged at 15,000 3 g for 10 min at 4°C. Supernatants
containing the periplasmic space proteins were filter sterilized (pore size, 0.22
mm). Filtrates were desalted and concentrated with Microcon YM-3 spin col-
umns (Amicon) according to the manufacturer’s recommendations and stored at
280°C prior to use.

SDS-PAGE. Pellets containing the outer membrane proteins were resus-
pended in sterile distilled water, and the protein concentration of outer mem-
brane proteins and periplasmic space proteins was determined using the bicin-
choninic acid protein assay kit (Sigma) and a microtiter plate reader at 562 nm
(Bio-Rad). The proteins were solubilized in 3 volumes of sodium dodecyl sulfate
(SDS) sample buffer and boiled for 4 min. Proteins were separated by discon-
tinuous SDS-polyacrylamide gel electrophoresis (SDS-PAGE) through the use
of 12 and 4% polyacrylamide for resolving and stacking gels, respectively. Urea
(4 M) was added for the fractionation of outer membrane proteins. The gels were

FIG. 1. Schematic representation of the 2.143-kb rpoE::Kmr cassette construction. (a) Generation of PCR products A, B, and C from pEH8 and pBSL180. (b)
Illustration of the sequential ligation of PCR products A and C and of AC and B yielding ACB, the 2.143-kb rpoE::Kmr cassette. (c) Cloning of the 2.143-kb rpoE::
Kmr cassette (PCR product ACB) into the HincII site of pGEM-3Z generating pEH13. (d) Generation of pEH14 through excision of the 2.143-kb rpoE::Kmr cassette
(PCR product ACB) from pEH13 with XbaI and SphI and insertion into the XbaI-SphI sites of pGP704. This plasmid was introduced into V. angustum strain S141 by
conjugation for allelic exchange to produce rpoE mutant strain EH1.
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stained with Coomassie brilliant blue R250 (Bio-Rad) to visualize the protein
bands.

Protein profile analysis. Stained gels were analyzed by densitometry using
Bio-Rad Multi-Analyst Version 1.0.1. The analysis included protein profiles
(optical density versus distance migrated), the percent total content of each
protein, and the determination of its molecular mass in kilodaltons. Proteins
showing a change in their percent total content of at least 30% in the mutant
relative to the wild type were considered to be altered in the analysis of profiles
at mid-log phase and at 0 and 24 h of carbon starvation. The role of rpoE in the
oxidative stress response of V. angustum S14 was evaluated as a two-step process.
Firstly, the oxidative stress-specific proteins for both wild-type and mutant strains
were determined independently by establishing the difference in protein expres-
sion between stressed and unstressed cells. Secondly, the changes observed
specifically during oxidative stress for each strain were then compared for the
wild-type and mutant strains. These differences were used to infer the role of
rpoE in the oxidative stress response of V. angustum S14.

Cell area measurements. Cells were grown at 25 and 30°C. Aliquots were
withdrawn from culture flasks at OD610 readings of 0.2, 0.4, 0.6, 0.8, and 1.0. Cell
samples were fixed immediately by the addition of glutaraldehyde (final concen-
tration, 0.3%) and stored at 4°C. Cell images from fixed samples were captured
using a video monitor, and cell area measurements were obtained through
computer image analysis using NIH Image 1.61 software.

Statistical analysis. Cell area measurements from three independent experi-
ments were analyzed using the fixed three-factor analysis of variance followed by
the Student Newman-Keuls test. Homogeneity of variances was determined with
Cochran’s test, and deviations from the Gaussian distribution were determined
with the Kolmogorov-Smirnov test.

DNA sequencing and analysis. Automated DNA sequencing of both strands by
dideoxynucleotide chain determination (PE Applied Biosystems) was carried out
at the University of New South Wales, Sydney, Australia. Homology searches
and alignments were performed with the Basic Local Alignment Search Tool
(BLAST) Network Service at the National Center for Biotechnology Informa-
tion, National Institutes of Health, Bethesda, Md. Protein topology predictions
were obtained with the Simple Modular Architecture Research Tool (SMART)
(version 3.0).

Nucleotide sequence accession number. The 5.445-kbp sequence of the V. an-
gustum S14 rpoE locus has been assigned GenBank accession number AF283003.

RESULTS

Isolation of a gene encoding a sigma factor from V. angustum
S14. To examine the role of alternative sigma factors in the
carbon starvation response of V. angustum S14, a V. angustum
S14 genomic library was screened with a probe targeting the 39
end of the E. coli rpoS gene. This screen yielded four positive

clones. Following in vivo excision, restriction enzyme digestion
of the four candidate plasmids with NotI and PstI showed that
each plasmid contained cloned DNA of varied sizes. Southern
blot analysis revealed that two inserts hybridized to three
probes targeting different regions of the E. coli rpoS gene: the
59 end, the 39 end, and nearly the entire open reading frame
(ORF). An insert of approximately 5 kbp displayed the stron-
gest hybridization signal for all 3 probes. The plasmid contain-
ing this insert was designated pEH8 and chosen for further
DNA sequencing analysis.

DNA sequence analysis. Sequence analysis of the 5.445-kbp
insert present on pEH8 revealed three ORFs in the same ori-
entation (Fig. 2). The 167-codon ORF1 encodes a protein with
a calculated molecular mass of 19.4 kDa. A global similarity
search of protein databases, using the BLAST Network Ser-
vice, revealed significant similarity to members of the ECF
subfamily of transcriptional regulators. The derived amino acid
of ORF1 displayed the highest identity and similarity, respec-
tively, to the rpoE homologs of Sphingomonas aromaticivorans
(43 and 63%), mycobacteria (31 and 51%) Haemophilus influ-
enzae (27 and 44%), S. enterica serovar Typhimurium (27 and
43%), and E. coli (26 and 43%). An alignment of ORF1 with
its close homologs from S. aromaticivorans and E. coli is shown
in Fig. 3. Based on these results, the ORF1 gene product was des-
ignated the V. angustum S14 RpoE. ORF2, containing 169 co-
dons, is separated from ORF1 by a 39-nucleotide intergenic
region without a terminator sequence (Fig. 2). Database searches
of the predicted amino acid sequence did not reveal any sig-
nificant similarities to any previously identified ECF anti-s
factors but showed similarities of 43% to four bacterial trans-
port proteins. Analysis of ORF2 protein topology substanti-
ated the observed sequence similarities, revealing the presence
of four transmembrane domains. ORF3 (59 codons) is located
2,143 nucleotides downstream of ORF2 (Fig. 2) and displayed
amino acid sequence similarities of 60% to proline-rich cell
wall proteins.

Northern blot analysis. To examine the regulation of rpoE
expression, preliminary experiments were carried out to con-
firm the isogenicity of V. angustum S141 to the wild type and to
establish 40°C as the extreme heat shock temperature appro-
priate for this organism (data not shown). We then proceeded
to measure the levels of V. angustum S14 rpoE mRNA before
and after heat shock by probing Northern blots with an rpoE-
specific probe (Fig. 4). No rpoE transcripts were detectable
during growth at 25°C. Three transcripts of approximately
1,100, 900, and 800 nucleotides were observed within 6 and 12
min of the shift to 40°C. The largest and smallest transcripts
displayed similar levels of induction after 6 and 12 min at 40°C,

FIG. 2. Schematic representation of the rpoE locus in V. angustum S14.
ORF1 shows similarity to rpoE of S. aromaticivorans, ORF2 is a putative inner
membrane protein, and ORF3 shows similarity to proline-rich cell wall proteins.
The arrows indicate the transcriptional direction of coding regions, and numbers
represent the location of ORFs on the 5.455-kbp DNA segment, the sequence of
which has been submitted to GenBank (see end of Materials and Methods).

FIG. 3. Alignment of V. angustum RpoE (Va RpoE) with its close homologs from S. aromaticivorans (Sa RpoE) and E. coli (Ec RpoE). Black shading indicates
identical amino acids, boxed residues indicate similar amino acids, and dots represent gaps. Regions of conservation are shown below the alignments (28).
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whereas the transcript of intermediate size was induced at a
slightly higher level after 12 min at 40°C. After a prolonged
heat shock of 40 min, only the transcript of intermediate size
was expressed. These results show that the extreme heat
shock response in V. angustum S14 is under transcriptional
regulation and indicate cotranscription of ORF1 and ORF2
for the largest transcript.

Construction of an rpoE mutant. To facilitate the character-
ization of rpoE in V. angustum S14, we replaced the chromo-
somal gene with the in vitro-generated insertion allele rpoE::
kan (Fig. 1) by allelic exchange as described previously, gen-
erating rpoE mutant strain EH1 (S141 rpoE::Kmr). The dis-
ruption of the rpoE gene in EH1 was confirmed by PCR (data
not shown). Southern blot analysis, using the coding region of
the V. angustum rpoE gene as a probe, showed that a single
copy of this gene was present in V. angustum S141 (data not
shown).

The role of rpoE in environmental stress responses. To study
the role of rpoE in the environmental stress adaptation of
V. angustum S14, survival of the rpoE-disrupted V. angustum
EH1 and its parental strain S141 following carbon starvation,
heat shock, and oxidative stress was compared (Fig. 5A and B).
We found that RpoE plays a role in the survival of heat shock
(Fig. 5A) and oxidative stress (Fig. 5B) but not in the survival
of carbon starvation (data not shown). RpoE is essential at the
onset of heat stress, resulting in a sevenfold decrease in sur-
vival of the mutant cells from that of the wild-type cells upon
exposure to a 40°C environment for 20 min (Fig. 5A). Pro-
longed heat stress revealed similar survival rates for mutant
and wild-type strains after 40 and 60 min of extreme heat shock
(Fig. 5A). Logarithmically growing cells showed similar sensi-
tivity to oxidative stress in mutant and wild-type strains, result-
ing in a twofold decrease in the survival of both strains (Fig.
5B). At the onset of carbon starvation (t0), the survival of both
wild-type and mutant cells was not adversely affected by oxi-
dative stress, as reflected in a negligible reduction or elevation
of survival rates in both strains (Fig. 5B). After prolonged
carbon starvation, however (t24), the survival rate of the wild
type was relatively unchanged, compared to a twofold decrease
in the survival of the mutant strain, revealing the specific role
of RpoE in the oxidative stress response of cells subjected to
carbon starvation for 24 h (Fig. 5B).

Effect of the rpoE mutation on outer membrane and peri-
plasmic space protein profiles. We studied the effect of the rpoE
mutation on the protein composition of the cell envelope in

FIG. 4. V. angustum (S14) rpoE mRNA induction by heat shock. RNA was
isolated from cells growing in MMM supplemented with glucose at 25°C (lane 1)
and at 6, 12, and 40 min after a temperature shift to 40°C (lanes 2, 3, and 4,
respectively) and was hybridized with an rpoE-specific probe. (The unmarked top
band in all four lanes represents 16S ribosomal RNA, as determined by meth-
ylene blue staining of the Northern blot.)

FIG. 5. Increased sensitivity of rpoE mutant V. angustum (EH1) to heat shock (A) and oxidative stress (B). (A) V. angustum wild-type (S141) (white bar) and rpoE
mutant (EH1) (black bar) strains were grown to mid-log phase (OD610) in MMM supplemented with glucose at 25°C and were shifted to 40°C. (B) V. angustum wild-type
(S141) and rpoE mutant (EH1) cells were exposed to 65 mM H2O2 for 10 min at mid-log phase (S141, white bar; EH1, black bar) and exposed to 1 mM H2O2 for 60
min at both 0 h (S141, vertical stripes; EH1, horizontal stripes) and 24 h (S141, checks; EH1, diagonal stripes) of carbon starvation. Survival was assessed by viable
counts of CFU and is expressed as the percentage of surviving cells relative to the initial cell viability. The results presented are mean values of three independent
experiments, each carried out in triplicate. The error bars denote the standard deviation.
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logarithmically growing, carbon-starved, and oxidatively stressed
cells of the V. angustum wild type (S141) and rpoE mutant
strain (EH1) and found that RpoE has an extracytoplasmic
function which plays a role during growth as well as environ-
mental stress adaptation.

The disruption of rpoE led to increased levels of seven outer
membrane proteins in the mutant during exponential growth
(Fig. 6A; Table 3). However, the total amount of outer mem-
brane proteins reflected a 40% reduction in the mutant from
that in the wild type (data not shown). The levels of four
periplasmic space proteins decreased in the rpoE mutant strain
during exponential growth (Fig. 7A; Table 3). Interestingly,
one periplasmic space protein (ID24) was upregulated by as
much as 326% in the mutant compared to the wild type (Fig.
7A; Table 3).

At the onset of carbon starvation, 14 outer membrane (Fig.

6B; Table 3) and 7 periplasmic space (Fig. 7B; Table 3) pro-
teins were affected in the rpoE mutant. Of these, 12 outer
membrane and 5 periplasmic space proteins were upregulated,
and 2 outer membrane and 2 periplasmic space proteins were
downregulated (Table 3). The most pronounced changes at the
onset of starvation were observed in the levels of the outer
membrane protein ID22 (Fig. 6B; Table 3) and the periplasmic
space protein ID24 (Fig. 7B; Table 3), which increased by 364
and 396%, respectively. In comparison to alteration at t0, at
24 h of carbon starvation, a greater number of proteins of the
periplasmic space was altered than in the outer membrane
(Table 3). Eight periplasmic space proteins were downregu-
lated, and two were upregulated (Fig. 7C; Table 3). Most
notably, periplasmic space protein ID24 (Fig. 7C) was present
in the mutant at levels higher than at the onset of starvation. In
comparison, this protein was absent in the wild type at 24 h of

FIG. 6. SDS-PAGE of outer membrane protein profiles from V. angustum wild-type (S141) (broken line) and rpoE mutant (EH1) (solid line) strains during
exponential growth (A), after 0 h (B) and 24 h (C) of carbon starvation, after exposure to oxidative stress (65 mM H2O2, 10 min) at mid-log phase (D), and after carbon
starvation (1 mM H2O2, 60 min) at 0 h (E) and 24 h (F). Gels were stained and scanned as described in Materials and Methods. Arrows in panels A, B, and C indicate
major differences in the protein profiles between the wild-type and mutant strains. Arrows in panels D, E, and F indicate oxidative stress-specific proteins in the
wild-type and mutant strains. Numbers reciprocal to the molecular weight of the protein are assigned. The experiments were carried out in duplicate with insignificant
deviations between replicates.

VOL. 182, 2000 A ROLE FOR rpoE IN CELLS OF V. ANGUSTUM S14 6969



carbon starvation. In the outer membrane, the prominent
changes in the mutant strain at 24 h of carbon starvation were
increases of 112 and 60% for proteins ID11 and -12, respec-
tively (Fig. 6C; Table 3).

Oxidative stress-specific proteins were divided into three
classes, those restricted to the wild type or the mutant or
present in both (Table 4). Specifically, only 2 periplasmic space
proteins differed in expression in the mutant, compared to
changes in the levels of 10 periplasmic space proteins in the
wild type during exponential growth (Fig. 7D; Table 4). A small
number of oxidative stress-specific outer membrane proteins was
found in the mutant at 24 h of carbon starvation (Fig. 6F; Table
4). In contrast, the wild type showed a pronounced increase in the
number of outer membrane oxidative stress-specific proteins after
24 h of carbon starvation (Fig. 6F; Table 4).

These results demonstrate that there is a role for rpoE in the
protein composition of the cell envelope during growth, carbon
starvation, and carbon starvation-induced cross-protection
against oxidative stress and that extensive overlaps exist be-
tween the two stress conditions.

Growth characteristics and cell morphology. When un-
stressed rpoE mutant cells were plated on VNSS, they formed
microcolonies at optimal growth temperatures (22 to 30°C),
which is characteristic of a stressed phenotype for wild-type
V. angustum S14 (54). Given the fact that ECF sigma factors
have also been demonstrated to have a role in normal and/or
unstressed environments, we explored this further. No differ-
ences in OD610 values and generation time (60 min) were ob-
served for the growth curves of the mutant and wild type at 25
or 30°C (data not shown). However, marked differences in
CFU counts were found for the wild type and mutant at 30°C
but not at 25°C (data not shown). Cell area measurements of
mutant and wild-type cells were compared. At 25°C, no statis-
tically significant differences between the mutant and wild type
were found (Fig. 8A). In contrast, when cells were grown at
30°C, the mutant cells were significantly larger (P , 0.05) than
the wild-type cells for OD values between 0.4 and 1.0 (Fig. 8B).
These results indicate a role for rpoE in the cellular morphol-
ogy of V. angustum S14 during growth at optimal temperatures.

DISCUSSION

The ECF family of sigma factors constitutes a diverse but
distinct subfamily of the s70 type of sigma factors (28). This
initially small family of alternative sigma factors, characterized
through sequence similarity and conservation of extracytoplas-
mic function (28), has seen a considerable expansion through
recent progress in bacterial genome sequencing. This, com-
bined with the recognition that sigma factor regulons cooper-
ate in the management of stress, suggests that ECF sigma factors
play an important and diverse role in bacterial stress adaptation.

In the present study, we have demonstrated the existence of
the first sigma factor, an RpoE homolog, in V. angustum S14,
whose designation is based on its amino acid sequence simi-
larity with the RpoE of other bacteria and its extracytoplasmic
function. We have shown that the rpoE gene is induced and
required during survival at extreme temperatures. We have
also demonstrated the involvement of rpoE in carbon starva-
tion-induced cross-protection against oxidative stress. More-
over, evidence for an extracytoplasmic function of rpoE in the
protein composition of the cell envelope of stressed and un-
stressed cells of V. angustum S14 is provided.

The rpoE gene in V. angustum S14 encodes a protein with a
calculated molecular mass of 19.4 kDa. The predicted amino
acid sequence of RpoE reveals a high degree of similarity with
members of the ECF subfamily of sigma factors (Fig. 3). Se-
quence conservation among ECF sigma factors is suggested to
reflect functional but not phylogenetic relationships with sigma
factors falling into functional subgroups, including members
from diverse organisms (27). This view is supported by the
demonstrated functional equivalence of E. coli sE and P. ae-
ruginosa sAlgU (61) and the replacement of E. coli sFecI by
sSigX from Bacillus subtilis (6). Interestingly, V. angustum S14
RpoE displays the highest similarity in all four regions to the
RpoE homolog of another marine organism (Fig. 3) recently
classified as S. aromaticivorans (4). The shared environment
may substantiate a possible functional equivalence. S. aromati-
civorans possesses two plasmids (12) designated pNL1 and
pNL2. Surprisingly, the rpoE homolog of S. aromaticivorans is
located on the aromatic catabolic plasmid pNL1 (49). This
plasmid contains genes encoding proteins associated with func-
tions in plasmid replication, maintenance, transfer, integration,
and recombination (49). Conjugative transfer of pNL1 to an-
other Sphingomonas sp. was demonstrated (49), indicating the
possibility of horizontal gene transfer of rpoE in the marine
environment. In this context, it is interesting to note that con-
jugative plasmid transfer in a simulated marine environment
has been demonstrated for starved V. angustum S14 (13) and
that enhanced transfer was found during predation by a mi-
croflagellate (46). In contrast to the observed amino acid se-
quence similarity in all regions between the RpoE homologs of
V. angustum S14 and S. aromaticivorans, comparison of the
RpoE of V. angustum S14 to that of other RpoE homologs of
significant amino acid similarity reveals some divergence in
regions 2.4, 3.1, and 3.2 (Fig. 3). The latter two regions are
weakly conserved or absent among ECF sigma factors (28).
Region 2.4 is implicated in the 210 promoter recognition
region (28) and is less conserved among members of different
ECF subgroups (28), possibly contributing to altered promoter
specificities, which are quite diverse.

Immediately downstream of rpoE is a second ORF in V. an-
gustum S14. Database searches of the predicted amino acid
sequence did not reveal any significant similarity to the se-
quences of any previously identified ECF anti-s factors. A
similar situation has been observed in several mycobacterial
species (59) and B. subtilis (20). This could be a reflection of

TABLE 3. Analysis of outer membrane and periplasmic space
proteins from logarithmically growing and carbon-starved

V. angustum wild-type (S141) and rpoE
mutant (EH1) strains

Time
point

Cellular
location

No. of proteins: protein
identification

Class 1a Class 2b

Mid-log phase OMc 7: 1, 2, 11, 18, 21,
22, 23

0

Pd 1: 24 4: 7, 11, 14, 26

t0 h OM 12: 2, 3, 5, 6, 7, 8, 12,
16, 17, 22, 26, 29

2: 15, 28

P 5: 8, 9, 10, 12, 24 2: 21, 26

t24 h OM 2: 11, 12 4: 5, 9, 24, 28, 29
P 2: 24, 27 8: 13, 14, 15, 16, 17,

18, 20, 28

a Proteins expressed at higher levels in the rpoE mutant strain.
b Proteins expressed at lower levels in the rpoE mutant strain.
c Outer membrane protein profiles for logarithmically growing and carbon-

starved cells, as represented in Fig. 6A to C.
d Periplasmic space protein profiles for logarithmically growing and carbon-

starved cells, as represented in Fig. 7A to C.
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the generally poor sequence similarities observed between
ECF anti-s factors (53). Despite the occurrence of structurally
unrelated ECF anti-s factors, a common theme among the
ECF anti-s factors characterized so far is that they are inner

membrane proteins with at least one transmembrane do-
main which are cotranscribed with their cognate s factors
(21). Analysis of ORF2 topology in V. angustum S14 predicts
this gene to encode an inner membrane protein with trans-

FIG. 7. SDS-PAGE of periplasmic space protein profiles from V. angustum wild-type (S141) and rpoE mutant (EH1) strains during exponential growth (A), after
0 h (B) and 24 h (C) of carbon starvation, after oxidative stress at mid-log phase (D), and at 0 h (E) and 24 h (F) of carbon starvation. See Fig. 6 legend for experimental
methods and symbols.

TABLE 4. Analysis of oxidative stress-specific proteins in wild-type (S141) and rpoE mutant (EH1) strains

Strain Cellular
location

No. of proteins: protein identificationa

Mid-log phase t0 h t24 h

Wild-type (S141) OMb 13: 2, 3, 5, 9, 13, 15, 18, 22, 23, 25,
26, 28, 30

5: 6, 15, 20, 22, 30 15: 1, 4, 5, 6, 9, 12, 22, 24, 26, 28,
29, 30, 31, 32, 33

rpoE mutant (EH1) OM 17: 3, 5, 7, 9, 10, 12, 13, 14, 19, 21,
22, 23, 24, 25, 26, 28, 30

10: 2, 16, 17, 19, 20, 22, 24, 26,
28, 30

7: 5, 6, 12, 15, 22, 24, 26

Wild-type (S141) Pc 10: 1, 3, 4, 7, 9, 14, 18, 20, 24, 26 4: 18, 20, 21, 25 10: 2, 5, 6, 9, 19, 20, 21, 22, 23, 27
rpoE mutant (EH1) P 2: 14, 26 2: 8, 25 8: 2, 5, 6, 9, 14, 22, 23, 28

a Protein designations with bold characters indicate those responsive in both wild-type (S141) and rpoE mutant (EH1) strains.
b Outer membrane protein profiles from cells after oxidative stress at mid-log phase and at 0 and 24 h of carbon starvation as represented in Fig. 6D to F.
c Periplasmic space protein profiles from cells after oxidative stress at mid-log phase and at 0 and 24 h of carbon starvation as represented in Fig. 7D to F.
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membrane regions, indicating the possibility of an antisigma
function of this gene. This is further supported by the cotrans-
cription of ORF1 and ORF2 in V. angustum S14, which is
suggested by the size of the largest mRNA transcript de-
tected in Northern hybridization experiments (Fig. 4) and the
short intergenic region without a terminator sequence between
ORF1 and ORF2 (Fig. 2). Based on these results, it may be
suggested that ORF1 and ORF2 in V. angustum S14 are mem-
bers of an operon, functioning as a sigma factor and antisigma
factor, respectively.

The rpoE gene appears to play a role in unstressed cells of
V. angustum S14, as suggested by altered phenotypes, such as
colony morphology and increased cell volumes at optimal
growth temperature (Fig. 8) in the mutant compared to those
in the wild-type strain. Importantly, a comparison of outer
membrane and periplasmic space proteins obtained from log-
arithmically growing cells revealed profiles in the mutant al-
tered from those in the wild-type strain, providing evidence of
a role for rpoE in unstressed cells of V. angustum S14. Specif-
ically, the percent total content of one periplasmic space pro-
tein (ID24) increased 326% in the mutant from that in the wild
type (Fig. 7A). The accumulation of this protein may be the
result of an increasing number of misfolded outer membrane
proteins in the periplasmic space, due to the lack of rpoE
regulon-regulated periplasmic chaperones and proteases. A
similar observation was made in E. coli, where the lack of Skp,
a periplasmic chaperone (which appears to be sE regulated) in
the absence of active DegP (a sE-regulated periplasmic pro-

tease), led to the accumulation of protein aggregates in the
periplasm (52). A reduction of 40% in the total amount of
outer membrane proteins in the mutant from that in the V. an-
gustum wild type during balanced growth provides further sup-
port for this hypothesis.

The induction of rpoE after a temperature shift to 40°C
provides experimental evidence for transcriptional regulation
of the extreme heat shock response in V. angustum S14. The
induction pattern of rpoE, with mRNA levels rapidly increas-
ing 6 min after the temperature shift, peaking at 12 min, and
declining at 40 min, is similar to that observed in the induction
of htrA (26), a gene of the sE-controlled heat shock regulon
encoding a periplasmic protease (48). Whether the transcripts
detected in V. angustum S14 represent three distinct mRNA
species or include processed transcripts is unclear at this point.

In agreement with the induction of rpoE during extreme
heat shock, disruption of rpoE decreased the survival rate of
the isogenic rpoE V. angustum mutant during extreme temper-
ature exposure, as has been shown for E. coli (17), P. aerugi-
nosa (33), M. smegmatis (59), and B. subtilis (20). The heat
shock response in V. angustum S14 is poorly understood; char-
acterization is limited to a previously demonstrated sixfold in-
duction of DnaK after a shift to 36°C (19). This study shows
that rpoE increases the temperature tolerance of V. angustum
S14 to 40°C and suggests the presence of two compartment-
specific heat shock responses in V. angustum S14.

While the survival of the mutant was not adversely affected
after 24 h of carbon starvation (data not shown), a loss in
viability was observed following oxidative stress (Fig. 5B) in
cells subjected to 24 h of carbon starvation. This result dem-
onstrates a specific role for rpoE in carbon starvation-induced
resistance to oxidative stress in V. angustum S14. This role is
further substantiated by the demonstrated extensive overlap
of outer membrane and periplasmic space proteins with al-
tered expression during carbon starvation and oxidative stress.
Although rpoE does not appear to be essential for carbon
starvation survival, an involvement in this response is clearly
indicated by altered outer membrane and periplasmic space
protein profiles in the mutant at 0 and 24 h of carbon starva-
tion (Table 3). Starvation-induced changes in the outer mem-
brane and periplasmic space, which were suggested to contrib-
ute to survival, were reported for V. angustum S14 (2, 29, 30,
31, 41).

The marine environment is frequently limited in nutrients
(25). Also, exposure to UV radiation is common for many
organisms in this habitat (38). Hence, successful adaptation to
starvation and to oxidative stress is crucial for the survival of
marine microorganisms. It has previously been demonstrat-
ed that starvation-induced cross-protection against oxidative
stress is a key feature in the starvation adaptation of V. angus-
tum S14 (L. Gong, unpublished; 42, 55). The data presented in
this study show that RpoE is involved in the adaptation of
V. angustum S14 to these stresses. RpoE has an extracytoplas-
mic function, plays a role in growing cells, and most notably has
a specific role in carbon starvation-induced cross-protection
against oxidative stress.
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FIG. 8. Effect of growth temperature on cell volume in V. angustum wild-type
(S141) and rpoE mutant (EH1) strains. Pictured is a comparison of cell area
measurements for the V. angustum wild type (white bar) and rpoE mutant strain
(black bar) grown at 25°C (A) and 30°C (B). The results presented are the mean
values of three independent experiments, with each data point representing 400
measurements. The asterisk indicates cell area measurements with statistically
significant differences (P , 0.05) between the V. angustum wild type (S141) and
rpoE mutant strain (EH1), as determined by a three-factor analysis of variance.
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