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a Role for �B in the Utilization of Glycerol�
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In Listeria monocytogenes the alternative sigma factor �B plays important roles in both virulence and stress
tolerance. In this study a proteomic approach was used to define components of the �B regulon in L.
monocytogenes 10403S (serotype 1/2a). Using two-dimensional gel electrophoresis and the recently developed
isobaric tags for relative and absolute quantitation technique, the protein expression profiles of the wild type
and an isogenic �sigB deletion strain were compared. Overall, this study identified 38 proteins whose expres-
sion was �B dependent; 17 of these proteins were found to require the presence of �B for full expression, while
21 were expressed at a higher level in the �sigB mutant background. The data obtained with the two proteomic
approaches showed limited overlap (four proteins were identified by both methods), a finding that highlights
the complementarity of the two technologies. Overall, the proteomic data reaffirmed a role for �B in the general
stress response and highlighted a probable role for �B in metabolism, especially in the utilization of alternative
carbon sources. Proteomic and physiological data revealed the involvement of �B in glycerol metabolism. Five
newly identified members of the �B regulon were shown to be under direct regulation of �B using reverse
transcription-PCR (RT-PCR), while random amplification of cDNA ends-PCR was used to map four �B-
dependent promoters upstream from lmo0796, lmo1830, lmo2391, and lmo2695. Using RT-PCR analysis of
known and newly identified �B-dependent genes, as well as proteomic analyses, �B was shown to play a major
role in the stationary phase of growth in complex media.

Listeria monocytogenes is a gram-positive facultative intra-
cellular pathogen associated with a life-threatening disease in
humans (43). Infections occur in immunocompromised indi-
viduals following ingestion of contaminated food. The success
of L. monocytogenes as a human pathogen is determined in
part by the presence of specialized virulence genes that allow it
to multiply and spread within the host and in part by its ability
to persist in harsh environmental conditions. It is now clear
that there is a strong link between the virulence potential of L.
monocytogenes and its ability to tolerate stress. Several studies
have identified genes that play important roles in stress toler-
ance and virulence. For example, genes involved in osmotic
stress tolerance (11, 37), acid tolerance (40), oxidative stress
tolerance (17), and bile salt tolerance (36) have all been im-
plicated in the virulence of L. monocytogenes. The link between
stress tolerance and virulence is further underlined by the fact
that several dedicated virulence genes are stress inducible
(38, 39).

In all bacteria an effective response to stress requires rapid
adaptation at the transcriptional level to changing environmen-
tal conditions. L. monocytogenes regulates the transcription of

many genes with stress-related functions by employing an al-
ternative sigma factor, �B. Mutants lacking �B display in-
creased sensitivity to a range of stresses, such as osmotic pres-
sure (4, 21, 42), acid (19, 42, 46), heat, ethanol, and oxidative
stress (18), cold (4), and high hydrostatic pressure (44). Dele-
tion of sigB also decreases the ability of L. monocytogenes to
survive in the presence of bacteriocins and antibiotics (5).

More recently, roles for �B in regulating the expression of
dedicated virulence genes have been described. A mutant lack-
ing �B expresses the internalin gene, inlA, at a reduced level,
and this correlates with a defect in its ability to invade human
epithelial cells (25). Recently, �B was also shown to be solely
responsible for transcription of the inlC2 and inlD internalin
genes, while it coregulates expression of the inlA and inlB
internalin genes with PrfA, the main transcriptional regulator
of key virulence genes (26). It is also clear that �B contributes
directly to the transcription of prfA, which can be initiated from
two distinct promoters (22), one of which (prfAp2) is depen-
dent on �B (28, 32, 35). The link between PrfA and �B is
further highlighted by the finding that consensus �B promoter
sequences are frequently found upstream from a subset of
genes whose expression is reduced in a �prfA background (27).
Examples of these genes include the bilE operon, bsh, and the
opuC operon (21, 36, 37) encoding a bile exclusion system, a
bile salt hydrolase, and a carnitine uptake system, respectively.
All of these genes play an important role in host infection (6,
36, 37, 45), and their transcription is under both �B (21, 24)
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and PrfA (16, 27, 36) control. Moreover, stress conditions such
as high osmolarity and exposure to organic acids are known to
enhance the ability of L. monocytogenes to invade human in-
testinal epithelial cells (23).

In view of the role played by �B in environmental stress
tolerance and in virulence, a more comprehensive understand-
ing of the �B regulon in L. monocytogenes is needed. In par-
ticular, elucidating the full extent of the �B regulon is likely to
shed light on how L. monocytogenes is so adept at withstanding
harsh environmental conditions and may also provide valuable
insights into understanding the virulence of this pathogen.
Limited gene set microarrays led to identification of 55 genes
transcribed in a �B-dependent manner in L. monocytogenes
(24). This study identified putative �B promoters by consensus
searches of the published genome sequence and then tested
the �B dependence of these genes using a 208-gene microarray.
The �B consensus sequence used in this search was based on 29
known Bacillus subtilis �B promoters and four known L. mono-
cytogenes �B promoters, a feature of the strategy that may have
given rise to a bias in the genes identified. Proteomics have also
been employed to help identify members of the �B regulon.
Four proteins induced in exponential phase by low pH in a
�B-dependent manner (ClpP, Lmo1580, Pfk, and GalE) were
identified using a proteomics-based approach (44).

In the present study we employed a systematic proteomics-
based approach to further define the �B regulon in L. mono-
cytogenes. Analyses of �B-dependent changes in the pattern of
protein expression identified 38 proteins that show altered
expression in stationary phase. The identities of these proteins
were established, and 31 of them were newly identified as
proteins that are �B regulated. The functions of most of these
proteins have not been defined, but their possible contribu-
tions to the biology of L. monocytogenes are discussed based on
homologies to other proteins.

MATERIALS AND METHODS

Bacterial strains and growth conditions. L. monocytogenes strain 10403S (se-
rotype 1/2a) and an isogenic sigB mutant harboring an in-frame 297-bp deletion
(46) were used throughout this study. Cells were grown in brain heart infusion
(BHI) either in the presence or in the absence of 0.5 M NaCl with continuous
shaking at 37°C. All cultures were inoculated to obtain a starting optical density
at 600 nm (OD600) of �0.05, using 16-h overnight cultures as inocula. Two-
dimensional gel electrophoresis (2-DGE), isobaric tags for relative and absolute
quantitation (iTRAQ), and reverse transcription-PCR (RT-PCR) experiments
were carried out with cells grown in BHI to exponential phase (OD600, �0.4) or
8 h into stationary phase (OD600, �2.0). In order to study glycerol utilization,
cells were grown in a chemically defined medium (1) supplemented with 0.4%
(wt/vol) glycerol instead of glucose, and growth was monitored in triplicate at
OD595 using a 96-well plate reader (Genios; Tecan). Plates were shaken every 30
min for 30 s at 37°C, and measurements were automatically recorded for each
well over a 48-h period.

Protein extraction. After growth to the required OD600, 10 �g ml�1 chloram-
phenicol was added to the medium and cells were harvested by centrifugation
(13,000 � g, 15 min, 4°C). Cell pellets were washed with sonication buffer (10
mM Tris-HCl, 0.1 mM EDTA, 5 mM MgCl2) supplemented with 10 �g ml�1

chloramphenicol and subsequently resuspended in the same buffer containing 2
mg ml�1 lysozyme and 1% (vol/vol) protease inhibitor mixture (Amersham).
Suspensions were incubated for 30 min at 37°C and then sonicated on ice using
an MSE Soniprep 150 at an amplitude of 22 �m for 30 s. Ten pulses were used,
with 30-s rest intervals between pulses. Soluble proteins were separated from the
cell debris by centrifugation for 30 min at 13,000 � g. Benzonase (44 U ml�1;
Sigma) was added to each sample, and the samples were then incubated at 37°C
for 30 min. The Benzonase treatment was repeated once, and protein samples
were centrifuged at 13,000 � g for 30 min. Supernatants were stored at �80°C

before analysis by 2-DGE. Protein concentrations were determined using a
Bio-Rad RC DC kit with bovine serum albumin as a standard.

2-DGE. Proteins were separated by 2-DGE using a modified version of the
O’Farrell method (29). The first dimension consisted of isoelectric focusing
(IEF) using 11-cm IPG strips with linear pH gradients (pH 4 to 7; Amersham
Biosciences). Prior to separation by IEF, proteins were precipitated and resus-
pended in IEF rehydration solution (Amersham Biosciences) to which IPG
buffer (0.4%, vol/vol; Amersham Biosciences) and dithiothreitol (DTT) (2.5 mg
ml�1) had been added. Precipitation was performed using either acetone alone
or acetone with 10% (vol/vol) trichloroacetic acid (TCA) and 20 mM DTT.
Acetone-TCA-DTT precipitation was used for protein samples extracted from
cultures grown in the presence of NaCl as an alternative to acetone precipitation,
which did not seem to remove salt efficiently, a problem that led to poor-quality
gels. Acetone precipitation was used for all other protein extracts. In both cases,
appropriate volumes of protein samples (containing either 400 �g of protein for
acetone precipitation or 1,600 �g of protein for acetone-TCA-DTT precipita-
tion) were combined with 5 volumes of the precipitation reagent and incubated
at �20°C for 1 h. The samples were then centrifuged at 18,000 � g for 10 min.
The resulting protein pellets were dried at 37°C for 15 min and then resuspended
in 230 �l IEF rehydration buffer. Each resulting suspension was centrifuged at
18,000 � g for 10 min to ensure that the insoluble material was removed. The
IPG strips were then rehydrated overnight with 220 �l of rehydration solution
containing the protein samples to be analyzed. Gels were run with an Investiga-
tor 5000 electrophoresis unit (Genomic Solutions) at 500 V overnight, followed
by 1 h at 1,000 V and 3 h at 5,000 V, as recommended by the manufacturer
(Amersham). IPG strips were stored at �20°C until they were needed (maxi-
mum, 5 days). Before sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis with 12% acrylamide in the second dimension was performed, IPG
strips were equilibrated for 20 min in equilibration buffer A (6 M urea, 30%
[vol/vol] glycerol, 2% SDS [wt/vol], 20 mg ml�1 DTT, 0.05% [wt/vol] bromophe-
nol blue, 45 mM Tris base; pH 7) and then for 20 min in equilibration buffer B
(like buffer A but containing 25 mg ml�1 iodoacetamide instead of DTT). The
second-dimension gels were run in pairs at 70 mA for 5 h using a Protean II xi
cell electrophoresis unit (Bio-Rad). Molecular mass markers with molecular
masses ranging from 10 to 225 kDa (Broad Range protein molecular markers;
Promega) were run in the second dimension as size standards. Prior to staining,
gels were fixed for 15 min in a solution containing 50% (vol/vol) methanol and
7% (vol/vol) glacial acetic acid, stained overnight in GelCode Blue staining
reagent (Pierce), and then destained in deionized, distilled water for several
hours. Gel images were captured by scanning the gels with a Hewlett-Packard
Scanjet 5300C scanner at a resolution of 600 dpi. For each growth condition and
strain investigated six gels were run (i.e., 12 gels per comparison [6 wild-type
strain gels and 6 �sigB mutant gels]), representing samples extracted from two
independent cultures and three technical replicates. Gels were analyzed with
PDQuest-Advanced software, version 8.0 (Bio-Rad). Data were normalized us-
ing the Local Regression Model, which is the most sophisticated normalization
method available in PDQuest according to the software developer. This method
was originally proposed by Cleveland (12) and was further developed by
Cleveland and Devlin (13). It is less susceptible to outliers than a simple
linear regression. Protein expression differences greater than twofold that
were obtained for five pairs of replicates were considered significant. The
proteins were identified using a combination of tryptic digestion and matrix-
assisted laser desorption ionization–time of flight mass spectrometry, as pre-
viously described (8).

RNA extraction. Twenty milliliters of a culture grown to the required OD600

was mixed with 3.3 ml of a solution consisting of 5% (vol/vol) phenol and 95%
(vol/vol) ethanol, and the suspension was incubated on ice for 15 min. Cells were
harvested by centrifugation at 5,000 � g for 10 min and then at 12,000 � g for 2
min. RNA was extracted with a RiboPure yeast kit (Ambion) by following the
manufacturer’s instructions. The RNA was subsequently treated to remove DNA
contamination with a Turbo DNA-free kit (Ambion) by following the manufac-
turer’s recommended protocol. For modified random amplification of cDNA
ends-PCR (RACE-PCR) experiments, cells were first treated using RNAprotect
bacterial reagent (Qiagen), and RNA was extracted with an RNeasy bacterial
midi kit (Qiagen) by following the manufacturer’s protocol.

RT-PCR. First, RNA was proven to be free of DNA contamination by sub-
jecting an RNA template to PCR using primers for the 16S rRNA gene (Table
1). Then cDNA was synthesized from 20 �l of RNA by using Expand reverse
transcriptase with random hexanucleotide primers (p[dN]6), both of which were
supplied by Roche. cDNA concentrations were normalized by using primers for
16S rRNA. One-microliter aliquots of appropriate dilutions of cDNA were
subjected to PCR for 18, 24, 30 and 36 cycles, and the resulting products were run
on agarose (1%, wt/vol) gels. For each condition tested, the RNA and corre-
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sponding cDNA samples were prepared from two independent cultures, and
each RT-PCR experiment was performed in duplicate for each cDNA prepara-
tion.

Modified RACE-PCR and TOPO cloning of cDNA fragments. Transcriptional
start sites were mapped using the Invitrogen 5� RACE-PCR system. The man-
ufacturer’s protocol was slightly modified by using a touchdown PCR protocol
with AmpliTaq Gold DNA polymerase (Applied Biosystems). Specific primers
were designed for lmo0796, lmo0913, lmo1830, lmo2391, lmo2695, and lmo2748
(Table 1). Aliquots of cDNA were subjected to PCR, and the resulting products
were run on 3% agarose gels. PCR products present in the wild-type strain and
absent in the �sigB mutant were gel purified using a QIAquick gel extraction kit
(Qiagen) and were subsequently ligated into pCR2.1TOPO vectors (Invitrogen).
Escherichia coli One Shot Top 10 competent cells (Invitrogen) were used in
transformation reactions. Single colonies were inoculated into 5 ml of Luria-
Bertani media and grown overnight at 37°C with continuous shaking. Plasmids
were then harvested using the QIAprep spin miniprep kit protocol (Qiagen). The
presence of an insert was confirmed using EcoRI restriction digests. Plasmid
sequencing was carried out at the BioResource Center at Cornell University
using an ABI 3700 automated sequencing unit (PerkinElmer Biosystems, Foster
City, CA) with M13 forward and reverse primers. Sequences were proofread
using DNAStar Seqman and were manually aligned using DNAStar Megalign.

Proteomic studies using iTRAQ. Proteins were separated and identified using
the iTRAQ method described by Ross et al. (33). Protein extracts were prepared
from duplicate stationary-phase cultures of L. monocytogenes 10403S (wt1 and
wt2) and the �sigB mutant (�sigB1 and �sigB2) grown in BHI containing 0.5 M
NaCl (BHIS) at 37°C. Cells were harvested by centrifugation at 10,000 � g for 15
min. Cell pellets were washed in 2 ml extraction buffer (EB), which consisted of
1 M triethyl ammonium bicarbonate (Sigma) buffer (pH 8.5) containing 0.1%
(wt/vol) SDS and 10 �g ml�1 chloramphenicol. The cells were then pelleted and
resuspended in 0.5 ml EB. Crude cell extracts were prepared from this cell
suspension by bead beating. This procedure was performed using 0.75 ml of
zirconia beads (Ambion) with 10 2-min bursts and 2-min rest intervals on ice.
Protein concentrations were determined using a Calbiochem noninterfering pro-
tein assay kit with bovine serum albumin as the standard. The protein concen-
tration of each preparation was normalized to 4.5 mg ml�1 by dilution in EB.
Protein samples were then labeled with iTRAQ reagents by following the man-
ufacturer’s protocol (Applied Biosystems). Briefly, 20 �l (90 �g) of each sample

was reduced, and the cysteine residues were blocked before digestion of each
sample with trypsin. Following tryptic digestion overnight (16 h), each sample
was labeled with one of four iTRAQ reagents designated 114, 115, 116, and 117
since they carry reporter groups with molecular masses of approximately 114,
115, 116, and 117 Da, respectively. In this experiment, iTRAQ reagents 114 and
115 were used to label the duplicate wild-type samples, while reagents 116 and
117 were used to label the duplicate �sigB samples. After labeling, the four
samples were combined in one tube and then fractionated by cation-exchange
chromatography in order to simplify the samples prior to analysis by liquid
chromatography (LC)-tandem mass spectrometry (MS/MS). The combined sam-
ple was diluted with 7 ml of 10 mM KH2PO4–25% (vol/vol) acetonitrile (pH 3.0,
adjusted with 1 M H3PO4) and then loaded onto an equilibrated cation-exchange
column. The column was then washed with 2 ml of 10 mM KH2PO4–25%
(vol/vol) acetonitrile buffer. Then the labeled peptides were eluted from the
column by washing it with 12 600-�l aliquots of elution buffer (1 M KH2PO4,
K2HPO4), which contained KCl at concentrations of 40, 50, 60, 70, 80, 90, 100,
120, 140, 165, 220, and 280 mM, respectively. The 12 eluted fractions were
collected separately and stored at �20°C prior to analysis by LC-MS/MS.

LC-MS/MS analysis was performed with a Q-Star XL hybrid MS/MS instru-
ment (Applied Biosystems, Foster City, CA), which was a hybrid quadrupole
time-of-flight mass spectrometer. The peptides from each salt concentration
were separated using an UltiMate nanoLC (LC Packings, Amsterdam, The
Netherlands) equipped with a PepMap C18 trap and column, developing a
gradient from 8 to 50% acetonitrile over 3.5 h, with an extended trap-washing
period at the beginning of the run to remove the salt. The eluent was sprayed into
the Q-Star Pulsar XL tandem mass spectrometer and analyzed in information-
dependent acquisition mode. The high-performance liquid chromatography flow
was controlled using Chromeleon software while the instrument was operated via
the Analyst QS software (Applied Biosystems). The output data generated by
Analyst QS (.wiff files) were then analyzed using ProQuant software (Applied
Biosystems), which both identified the peptides and proteins present and quan-
tified the peptides based on the iTRAQ reagent 114, 115, 116, and 117 peak
intensities in the MS/MS spectra. The output data were viewed with the Pro-
Group Report viewer software (Applied Biosystems).

The data output from ProGroup Report included a list of all proteins identi-
fied (with a confidence of 99% or greater), as well as the ratio of the level of each
identified protein in the wild-type samples (labeled 114 and 115) to the level of
the protein in the �sigB samples (labeled 116 and 117). Each ratio was calculated
from the ratios of the individual peptides identified as peptides derived from the
protein. In ProGroup Report all ratios were returned with calculated P values,
which indicated the likelihood that the ratios did not differ significantly from 1.
For further analysis the data were exported from ProGroup Report to Microsoft
Excel. For each protein a total of four expression ratios and their corresponding
P values were considered in the analysis: 116/114 (�sigB1/wt1), 116/115 (�sigB1/
wt2), 117/114 (�sigB2/wt1), and 117/115 (�sigB2/wt2). Using the method de-
scribed by Bailey and Gribskov (3), P values were mathematically combined to
obtain a combined P value (Pc) corresponding to the experimentally independent
pair of ratios (�sigB1/wt1 and �sigB2/wt2). In this approach the combined P
values were calculated using the relationship Pc 	 k � k � ln(k), where k 	 P1 �
P2 (3). The P value cutoff used for data analysis was 0.05. The resulting list of
proteins was filtered to remove all proteins showing a 
1.5-fold difference in
expression between strains (either increased or decreased in the mutant com-
pared to the wild type). An analysis of the control ratios, 114/115 (wt1/wt2) and
116/117 (�sigB1/�sigB2), where no significant differences were expected, indi-
cated that a 1.5-fold cutoff was likely to yield 
3% false positives.

RESULTS

�B-dependent protein expression in stationary phase. We
performed a proteomic comparison of L. monocytogenes wild-
type strain 10403S (serotype 1/2a) and an isogenic mutant
lacking a functional sigB gene (�sigB). In order to confirm that
�B was active under the growth conditions used in the present
investigation, the transcription of two genes known to be �B

dependent was investigated using stationary-phase cultures,
both with and without 0.5 M NaCl, of both the wild type and
the �sigB mutant (Fig. 1A). Under these growth conditions the
bsh transcript was found to be completely dependent on �B,
while the lmo2085 transcript was strongly dependent on �B.
For both genes the presence of 0.5 M NaCl in the growth

TABLE 1. Primers used in this study

Primera Sequence (5� to 3�)

bsh FOR .................................CCGTGGATTCTTGGTCAATGC
bsh REV .................................CACAAAACGAGACATAGAAG
lmo2085 FOR ........................TTGCTTATTGGTTCACCCG
lmo2085 REV ........................GTCCCCTGGCAAAACATCTG
16S rRNA FOR......................GGTGCATTAGCTAGTTGG
16S rRNA REV .....................AATCCGGACAACGCTTGC
lmo0796 GSP1 .......................GTGACTGGTGACTTAACTATTCGC
lmo0796 GSP2 .......................TTTCACGGCAACAAAAATCACAG
lmo0796 FOR ........................GACCCAGCACATAGTTC
lmo0796 REV ........................GCCAAGCTACCATGTTGCC
lmo0913 GSP1 .......................TTTGACACGGTCAGCTAG
lmo0913 GSP2 .......................TGCCCAATCAGGAAATGC
lmo0913 FOR ........................GAGGAGTGGTATTTTGAG
lmo0913 REV ........................GATTCTTTTAGCGGTTTACC
lmo1830 GSP1 .......................ACTGGGCATTGACTCATTGA
lmo1830 GSP2 .......................CCTGAGAAAAATGCGGTAAC
lmo1830 FOR ........................GGGGCTTCTGGTACAC
lmo1830 REV ........................CATTTCAATCGCAGCAG
lmo2391 GSP1 .......................CCATCAAAGCAATCGAAACT
lmo2391 GSP2 .......................CGCCTGCTTCCGAAACTGTT
lmo2391 FOR ........................GGCCGTCTTTTAGTCG
lmo2391 REV ........................CGTTTTAGGTTTTCCG
lmo2695 GSP1 .......................CCAACTCCCGACCAAATTTA
lmo2695 GSP2 .......................GAATGTTGTCTGCGGCTGTG
lmo2748 GSP1 .......................AATACGTTCTTTGATTGAT
lmo2748 GSP2 .......................TTCAAGAGACGCCAAACC
lmo2748 FOR ........................GGAAGGTGTTTGAGATG
lmo2748 REV ........................CCAATTAAATCGAGCGTG

a The FOR and REV primers were used for RT-PCR, while the GSP1 and
GSP2 primers were used for RACE-PCR analysis.
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medium appeared to stimulate transcription (Fig. 1), suggest-
ing that �B may be more active under these conditions. In
contrast, the effect of the �sigB deletion was less marked when
transcripts from exponentially growing cells were analyzed;
only cultures containing 0.5 M NaCl showed �B-dependent
transcription (Fig. 1B).

Taken together, these data indicated that �B actively partic-
ipates in transcription during stationary phase, making this
phase of growth a good choice for identifying �B-dependent
protein expression. 2-DGE analysis of extracts from stationary
phase led to the identification of seven proteins that were
found to have reproducibly (n � 5) different patterns of ex-
pression in the wild-type and �sigB mutant backgrounds (Fig.
2). These proteins were excised in duplicate and individually
identified by tryptic digestion and matrix-assisted laser desorp-
tion ionization–time of flight mass spectrometry, and the re-
sults of these analyses are summarized in Table 2. These seven
proteins were all found to be expressed at a lower level in the
�sigB mutant background. No protein showing a higher level
of expression in the �sigB mutant background could be repro-
ducibly detected using the 2-DGE method.

In the absence of added NaCl, the following four proteins
were found to be expressed at lower levels in a background

FIG. 1. Transcription of bsh and lmo2085 in BHI is �B dependent.
mRNA was extracted from stationary-phase (A) and exponential-
phase (OD600, �0.4) (B) L. monocytogenes 10403S wild-type (sigB �)
and �sigB (sigB �) cells in the presence (NaCl �) or in the absence
(NaCl �) of 0.5 M NaCl. The numbers in parentheses indicate the
numbers of PCR cycles to which the cDNA templates were subjected.
The results are representative results of at least three replicates.

FIG. 2. Seven proteins (indicated by arrows) are expressed in a �B-dependent manner in stationary phase. The images are representative
sections of 2-DGE profiles of proteins extracted from stationary-phase cells of L. monocytogenes wild-type strain 10403S and the �sigB
mutant grown in BHI in the presence (�NaCl) or in the absence (�NaCl) of 0.5 M NaCl. Proteins showed �B-dependent expression in
stationary phase in BHI either regardless of the presence of NaCl (A) or only in the presence of NaCl (B). The asterisk indicates the
Lmo0913 protein referred to as Lmo0913a.
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lacking �B: Lmo0539, Lmo0796, Lmo1830, and Lmo2391 (Fig.
2A and Table 2). Lmo0539 and Lmo0796 were present at lower
levels in the �sigB mutant, while Lmo1830 and Lmo2391 were
present at undetectable levels in extracts prepared from the
�sigB mutant but were abundant in the wild-type strain (Fig.
2A). The presence of 0.5 M NaCl in the growth medium did
not significantly influence the expression of these four proteins
(Fig. 2A).

A further four protein spots were found to be differentially
expressed in the �sigB mutant compared to the parent when
cultures were grown in the presence of NaCl but not when
NaCl was absent from the culture medium. The proteins were
identified as Lmo2696, Lmo2748, and Lmo0913, which mi-
grated as two spots that had very similar molecular weights and
pIs that differed by approximately 0.1 U (Fig. 2B and Table 2).
Lmo0913 and Lmo2748 were induced in the presence of NaCl
in the wild type but were not induced in the �sigB strain (Fig.
2B). Lmo2696 was expressed at detectable levels in the wild
type when 0.5 M NaCl was present in the growth medium,
whereas it was undetectable in the �sigB mutant (Fig. 2B).

Growth phase-dependent changes in the proteome. The pro-
teomes of the wild-type and �sigB strains grown in BHI to
mid-exponential phase (OD600, �0.4) were also compared.

Strikingly, no reproducible differences in protein expression
patterns between the strains were detected under these con-
ditions (data not shown). This series of experiments also
allowed protein expression in exponential phase and protein
expression in stationary phase to be compared. Several pro-
teins were observed to be expressed in a growth phase-
dependent manner. Interestingly, Lmo0539, Lmo0796,
Lmo1830, and Lmo2391, the four proteins identified as being
�B dependent in the absence of NaCl (Fig. 2A), were all found
to be induced in the wild type during stationary phase (Fig.
3A). Lmo0913, Lmo2696, and Lmo2748, whose expression was
found to be both �B dependent and NaCl dependent during
stationary phase (Fig. 2B), were also found to be expressed in
a growth phase-dependent manner. During the exponential
phase in BHIS these proteins were not expressed at detectable
levels, but they were present in protein extracts from station-
ary-phase cultures (Fig. 3B). Three other proteins were found
to be expressed in a growth phase-dependent manner indepen-
dent of �B (Fig. 3C), indicating that not all proteins showing
growth phase-dependent expression were under the control of
�B. These proteins were identified as Fri, a nonheme iron-
binding ferritin (Table 2); Lmo1538, a protein with similarity
to glycerol kinase (Table 2); and Lmo2101, a 32-kDa protein

TABLE 2. Proteins identified in stationary-phase extracts from BHI and BHIS analyzed by 2-DGE

Protein Homologous protein (%
identity/% similarity)a

Microorganism with
homologous protein

Mol wt (predicted/
observed)

pI (predicted/
observed)

%
Coverage

% Matched
peptides Scoreb

Proteins expressed in
a �B-dependent
manner

Lmo0539 Tagatose-1,6-diphosphate
aldolase (44/61)

Staphylococcus aureus 37.8/39.0 4.9/4.9 45 54 824

Lmo0796 YceI (44/61) Escherichia coli 19.3/19.4 4.6/4.4 60 69 102
Lmo1830 Short-chain

dehydrogenase (47/67)
Pseudomonas aeruginosa 20.9/22.0 5.9/6.2 60 85 124

Lmo2391 YhfK (42/61) Bacillus subtilis 22.7/25.0 6.0/6.5 65 62 110

Proteins expressed in
a �B-dependent
manner in the
presence of salt

Lmo0913 Succinate semialdehyde
dehydrogenase (48/67)

Bacillus subtilis 53.2/55.0 5.8/6.4 23 26 78

Lmo0913a Succinate semialdehyde
dehydrogenase (48/67)

Bacillus subtilis 53.2/55.0 5.8/6.3 49 64 999

Lmo2696 Dihydroxyacetone kinase
(50/68)

Lactococcus lactis 21.5/20.0 5.1/5.1 36 23 77

Lmo2748 YdaG (42/68) Bacillus subtilis 15.7/10.0 4.6/4.0 54 78 81

Proteins expressed in
a growth phase-
dependent
manner

Fri Nonheme iron-binding
ferritin (100/100)

Listeria monocytogenes 16.0/15.5 4.7/5.0 69 15 77

Lmo1538 Glycerol kinase (74/88) Bacillus subtilis 55.0/60.0 4.9/4.9 28 24 88
Lmo2101a Pyridoxine biosynthesis

protein (83/92)
Bacillus subtilis 31.8/32.0 5.3/4.9 34 24 78

Lmo2101b Pyridoxine biosynthesis
protein (83/92)

Bacillus subtilis 31.8/32.0 5.3/5.0 50 29 107

Lmo2101c Pyridoxine biosynthesis
protein (83/92)

Bacillus subtilis 31.8/32.0 5.3/5.2 29 27 104

a The identity and similarity values were obtained by performing a protein-protein BLAST search on the NCBI website (http://www.ncbi.nlm.nih.gov/BLAST/).
b The score was derived from ion scores that were equal to �10 � log(P), where P is the probability that the observed match is a random event.
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with similarity to a pyridoxine biosynthesis protein (Table 2).
The latter protein migrated on the two-dimensional polyacryl-
amide gels as three spots with different apparent molecular
charges (Table 2). Thus, under these growth conditions growth
phase-dependent protein expression was observed for 10 pro-
teins, and the induction of 7 of these proteins was under the
control of �B.

RT-PCR analysis of �B-dependent gene expression. In order
to establish if �B had a direct role in regulating the transcrip-
tion of the genes encoding these newly identified members of
the �B regulon, RT-PCR was performed to assess the relative
mRNA levels for each gene investigated in the wild-type and
�sigB backgrounds. In exponential-phase extracts all five genes
tested showed some degree of �B-dependent transcription
(Fig. 4B); however, the �sigB mutation had a more dramatic
impact on transcription in the stationary phase of growth (Fig.
4A). The transcription of lmo0796 was found to be influenced
only slightly by �B in exponential phase, while in stationary
phase in the presence of NaCl there was a clear dependence on
�B for full transcription (Fig. 4A). The mRNA levels corre-
sponding to lmo0913, lmo1830, lmo2391, and lmo2748 were all
found to be strongly dependent on the presence of an intact
sigB gene in stationary phase, regardless of whether NaCl was

included in the growth medium (Fig. 4A). In exponential phase
the most marked effect of the �sigB deletion on transcript
levels was observed for lmo0913, lmo1830, and lmo2748 when
NaCl was present in the growth medium (Fig. 4B). These
results are consistent with the proteomic data (Fig. 2) and
indicate that these genes are under the control of �B at the
transcriptional level. They further suggest that �B may play a
significant role during stationary phase or under osmotic stress
conditions.

Confirmation of the presence of �B-dependent promoters.
The DNA sequences upstream from the seven newly identified
�B-dependent genes were inspected to search for possible �B

promoter motifs. The consensus �B promoter sequence has
been determined to be GTTT-N13/17-GGGWAT in L. mono-
cytogenes (24). The �B consensus sequence was identified up-
stream from all seven genes at positions �57, �35, �42, �35,
�54, and �32 upstream from the start codons of lmo0539,
lmo0796, lmo1830, lmo2391, lmo0913, and lmo2748, respec-
tively. While no �B sequence was identified upstream from the
gene encoding Lmo2696, a �B consensus sequence was iden-
tified at position �38 upstream from lmo2695, the gene im-
mediately upstream from lmo2696. An inspection of the chro-
mosomal region containing lmo2695 and lmo2696 suggested

FIG. 3. Ten proteins (indicated by arrows) found to be expressed in a growth phase-dependent manner. The images are representative sections
of 2-DGE profiles of proteins extracted from L. monocytogenes wild-type 10403S or �sigB cells grown to exponential phase (Exp) or stationary
phase (Stat) in BHI in the presence or absence of 0.5 M NaCl. (A) �B-dependent proteins in the wild type showing growth phase-dependent
expression in BHI. A similar pattern was observed for these proteins in BHIS (not shown). (B) �B-dependent proteins in the wild type showing
growth phase-dependent expression in BHIS. (C) Proteins not affected by �B that were expressed in a growth phase-dependent manner in BHI.
A similar pattern was observed for these proteins in BHIS (not shown). The asterisk indicates the Lmo0913 protein referred to as Lmo0913a.
Lmo2101 migrated as three spots, referred to as Lmo2101a, Lmo2101b, and Lmo2101c from left to right.
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that these genes were likely to be transcribed as part of the
same operon, which includes a third gene downstream from
lmo2696, lmo2697. It seemed possible, therefore, that the tran-
scription of this operon was under the control of �B.

Promoter mapping experiments were performed using mod-
ified RACE-PCR to identify the transcriptional start sites up-
stream from six of the newly identified �B-dependent genes
(lmo0796, lmo0913, lmo1830, lmo2391, lmo2695, and lmo2748).
The primers for lmo0913 and lmo2748 (Table 1) failed to give
reliable PCR products and were therefore eliminated from
further analysis. The results of these analyses confirmed that
the putative �B promoters identified upstream from lmo1830,
lmo2391, and lmo2695 directed transcription (Table 3). The
promoter sequence identified for lmo0796 appeared to be 12
bp further upstream than the sequence predicted by the in
silico promoter search (Table 3) and had a somewhat unusual
�10 sequence (GGCTAG) compared to the reported �10
consensus (GGGWAT) (24).

Proteomic analysis by the iTRAQ method. In order to com-
plement the 2-DGE results, the proteomes of the 10403S and
�sigB mutant strains were also compared using the newly de-
veloped iTRAQ proteomics method (33). In stationary phase
in BHIS medium, the expression of 35 proteins was found to be

influenced significantly by the sigB genotype (Table 4); 14
proteins were expressed at lower levels in the �sigB mutant,
while 21 proteins were expressed at higher levels in the mutant
strain. The following four proteins detected as being expressed
in a �B-dependent manner using 2-DGE were also detected
using this approach: Lmo0539, Lmo0796, Lmo2391, and
Lmo2696. The substrate binding component of the OpuC car-
nitine transport system, which is known to depend on �B for
expression (21), was also identified. Five proteins encoded by
genes belonging to two putative operons (Lmo2695-Lmo2696-
Lmo2697 and Lmo1601-Lmo1602) were among the �B-depen-
dent proteins identified (Table 4). Together, these results show
that the iTRAQ approach can reliably detect differentially
expressed proteins in L. monocytogenes and that it is comple-
mentary to 2-DGE.

�sigB mutant utilizes glycerol inefficiently. The proteomic
analyses identified Lmo2695, Lmo2696, and Lmo2697 as pro-
teins that are under positive regulation of �B (Fig. 2B and
Table 4). These three proteins are likely to be subunits of a
dihydroxyacetone kinase, which is an enzyme involved in glyc-
erol metabolism. Therefore, the ability of the wild-type and
�sigB mutant strains to utilize glycerol was assessed (Fig. 5).
When glycerol was added to a chemically defined growth me-
dium as the sole carbon source, the �sigB mutant grew more
slowly than the parent strain (Fig. 5). In addition, the �sigB
mutant displayed a lag phase of approximately 5 h, which was
not observed for the parent strain.

DISCUSSION

In this study we used a combination of 2-DGE and iTRAQ
proteomics to elucidate the �B regulon in L. monocytogenes. A
total of 38 proteins were identified as being expressed in a
�B-dependent manner; 17 proteins were found to be positively
regulated by �B, while 21 proteins were found to be negatively
influenced by �B. For the 17 proteins that were under positive

FIG. 4. lmo0796, lmo0913, lmo1830, lmo2391, and lmo2748 are transcribed in a �B-dependent manner. mRNA was extracted from L.
monocytogenes wild-type strain 10403S (sigB �) and �sigB (sigB �) cells grown in BHI to stationary phase (A) and to exponential phase (OD600,
�0.4) (B) in the presence and absence of 0.5 M NaCl. The numbers in parentheses indicate the numbers of cycles to which the cDNA templates
were subjected. The results are representative results of at least three replicates.

TABLE 3. Sequenced �B promoters

Gene Promoter sequencea

lmo0796 ......................TTTTTCTCAGGTTTAATTTCTTAAGATTT
AGGCTAGATTATAAGAGA

lmo1830 ......................TCGTGGAGCCGTTTTTTGTTTGTAATTTT
AGGGTAGATGTGTACTGA

lmo2391 ......................GCGACTTGTGGTTTTATTTTTTACTCACC
GGGAAAAGTTCTTTGTAG

lmo2695 ......................AAGCAACCACGTTTTGACTTTCTAGTAA
AGGGAAATTGAGGTAAGAG

a The �10 and �35 regions are underlined. The transcriptional start sites are
indicated by bold type.
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�B control, six of the corresponding genes were previously
shown to be regulated by �B: opuCC (21), lmo0956, lmo1602,
lmo2205, and lmo2695 (24), and lmo2748 (34). Strikingly, sev-
eral of the genes identified in this study (opuCC, lmo0539,
lmo0796, lmo0913, lmo1601, lmo1602, lmo2391, lmo2695-7,
and lmo2748) belong to a group of genes whose transcription
is known to be influenced by the virulence regulator PrfA (27).
These genes, designated the group III PrfA-dependent genes,
frequently have potential �B promoter sequences upstream
from their start codons (27). The present study confirmed that
these genes are indeed expressed in a �B-dependent manner, a
result that further highlights the overlap between the control of
virulence and stress-related functions in L. monocytogenes.

Of the 38 differentially expressed proteins identified, 7 were
identified using 2-DGE and 35 were identified using the
iTRAQ method; 4 proteins were identified by both techniques.
Thus, there was some overlap between the two approaches. A
number of things might account for the comparatively small

overlap between the results obtained with the iTRAQ and
2-DGE approaches. First, the iTRAQ method is more sensi-
tive; a total of 511 proteins were detected and identified by this
method, compared to the approximately 250 proteins detected
by 2-DGE. Second, the intrinsic reproducibility of 2-DGE lim-
its the extent to which differential expression can be said to be
significant. Typically, changes in expression that are less than
twofold cannot reliably be said to be significant. In contrast,
the iTRAQ method is more robust, allowing greater confi-
dence in the expression differences detected, and this enabled
us to use a lower cutoff value, 1.5-fold. It is worth noting that
both Lmo2748 and Lmo0913 were identified as proteins that
were differentially expressed using the iTRAQ method but
were eliminated from the final list because the statistical sig-
nificance of the differences fell just below the threshold set for
the analysis (Pc � 0.05). It is likely that if further iTRAQ
experiments had been conducted, these proteins would also
have appeared in the final list generated. Overall, this study

TABLE 4. Proteins identified as being expressed in a �B-dependent manner in stationary-phase extracts from BHIS, analyzed by the iTRAQ
method

Protein Homology (% identity/% similarity)a Microorganism with
homologous proteinb Change (fold)b P value

Lmo2391c YhfK (42/61) Bacillus subtilis �14.3 1.59 � 10�7

Lmo0265 Succinyldiaminopimelate desuccinylase, DapE (100/100) Listeria monocytogenes �14.3 3.36 � 10�4

Lmo0539c Tagatose-1,6-diphosphate aldolase (55/76) Staphylococcus aureus �6.3 1.59 � 10�7

Lmo2695 Dihydroxyacetone kinase (60/78) Lactococcus lactis �4.0 1.59 � 10�7

OpuCC Glycine betaine/carnitine/choline ABC transporter (100/100) Listeria monocytogenes �3.8 9.80 � 10�4

Lmo2205 Phosphoglycerate mutase (57/72) Bacillus anthracis �3.7 1.59 � 10�7

Lmo0796c YceI (44/61) Escherichia coli �3.3 1.59 � 10�7

Lmo2696c Dihydroxyacetone kinase (50/68) Lactococcus lactis �3.2 1.59 � 10�7

Lmo2697 PTS-dependent dihydroxyacetone kinase
phosphotransferase subunit (46/72)

Lactococcus lactis �3.1 3.59 � 10�6

Lmo1601 YtxH (49/62) Bacillus sp. NRRL �2.9 1.59 � 10�7

Lmo1602 YtxG (40/66) Bacillus licheniformis �2.5 1.59 � 10�7

Lmo0956 N-Acetylglucosamine-6-phosphate deacetylase (61/77) Lactobacillus salivarius �1.9 6.59 � 10�6

Lmo0398 PTS fructose-specific IIABC component (37/63) Mycoplasma hyopneumoniae �1.6 2.19 � 10�5

Lmo0292 Heat shock protein HtrA serine protease (100/100) Listeria monocytogenes �1.6 1.88 � 10�2

Lmo2824 D-3-Phosphoglycerate dehydrogenase (56/76) Bacillus thuringiensis 1.5 1.59 � 10�7

PyrF Orotidine 5�-phosphate decarboxylase (63/75) Bacillus subtilis 1.5 1.38 � 10�3

ProS Prolyl-tRNA synthetase (100/100) Listeria monocytogenes 1.5 7.42 � 10�6

TcsA CD4� T-cell-stimulating antigen, lipoprotein (100/100) Listeria monocytogenes 1.6 1.59 � 10�7

Lmo0344 Dehydrogenase/reductase (55/75) Pseudomonas syringae 1.6 4.98 � 10�7

Lmo0443 Transcription regulator LytR (35/56) Bacillus subtilis 1.6 6.50 � 10�6

DaaA D-Amino acid aminotransferase (100/100) Listeria monocytogenes 1.6 5.44 � 10�4

Lmo0342 Transketolase (59/74) Bacillus thuringiensis 1.6 4.08 � 10�3

DeoD Purine nucleoside phosphorylase (100/100) Listeria monocytogenes 1.7 1.56 � 10�4

Lmo1699 Methyl-accepting chemotaxis protein (41/59) Bacillus sp. NRRL 1.7 2.84 � 10�3

Lmo1681 Cobalamin-independent methionine synthase, MetE (53/71) Bacillus subtilis 1.7 2.14 � 10�2

DltD DltD protein for D-alanine esterification of lipoteichoic acid
and wall teichoic acid (100/100)

Listeria monocytogenes 1.7 4.50 � 10�4

Lmo0560 NADP-specific glutamate dehydrogenase (70/83) Bacillus clausii 1.8 1.59 � 10�7

Lmo1057 L-Lactate dehydrogenase (32/54) Bacillus licheniformis 1.8 1.23 � 10�5

Lmo0521 6-Phospho-beta-glucosidase (67/80) Bacillus subtilis 1.8 6.53 � 10�7

Lmo2363 Glutamate decarboxylase, GadB (100/100) Listeria monocytogenes 1.8 1.59 � 10�7

Lmo1604 2-Cys peroxiredoxin (70/87) Bacillus halodurans 1.8 2.21 � 10�2

Lmo2258 Ribulose-phosphate 3-epimerase (90/95) Listeria welshimeri 1.9 2.43 � 10�4

Lmo0536 6-Phospho-beta-glucosidase (60/73) Bacillus subtilis 1.9 1.20 � 10�2

Lmo2362 Amino acid antiporter, GadC (100/100) Listeria monocytogenes 2.3 3.40 � 10�2

Lmo1867 Pyruvate phosphate dikinase (60/75) Clostridium difficile 3.1 6.10 � 10�3

a The identity and similarity values were obtained by performing a protein-protein BLAST search on the NCBI website (http://www.ncbi.nlm.nih.gov/BLAST/). It
should be emphasized that most of the functions indicated are putative.

b The changes indicate the expression ratio for the �sigB mutant and the wild type (�sigB/wild type), expressed as a negative reciprocal for proteins that were present
at reduced levels in the �sigB strain.

c The protein was also determined to be expressed in a �B-dependent manner using the 2-DGE technique.
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highlighted the complementarity of the two proteomic meth-
ods since each method detected proteins that were not de-
tected by the other method.

A number of observations suggest that �B plays a more
significant role in regulating gene expression during the sta-
tionary phase of growth. First, no differentially expressed pro-
teins were identified using 2-DGE when protein extracts from
exponential-phase wild-type and �sigB mutant cultures were
compared. Second, all seven �B-dependent proteins identified
by 2-DGE were expressed in a growth phase-dependent man-
ner, with higher levels of expression in stationary phase (Fig.
3A and 3B). Using RT-PCR, the transcript levels of known
(Fig. 1) and newly identified (Fig. 4) �B-dependent genes were
more strongly influenced by the sigB genotype in stationary
phase than in exponential phase. This was particularly notice-
able when no NaCl was added to the BHI growth medium.
Taken together, these data highlight the important role played
by �B during the stationary phase when L. monocytogenes is
grown in this complex medium.

Previous studies have emphasized that �B has a central role
in the stress responses of L. monocytogenes (4, 5, 18, 19, 21, 42,
44, 46). The results of the present study support this conclusion
and also indicate that �B has an important role in regulating
genes involved in metabolism. Most of the 38 differentially
expressed proteins can be classified into two broad functional
categories, metabolism (22 proteins) and stress-related func-
tions (10 proteins). This classification is based purely on ho-
mology in many cases, since the functions of most of the iden-
tified proteins in L. monocytogenes have not yet been assigned
genetically or biochemically. �B is also known to play a signif-

icant role in regulating the expression of virulence factors
(25–28, 32, 35), but in the present study none of the well-
characterized virulence-associated proteins of L. monocyto-
genes were found to be differentially expressed in the �sigB
background. However, the expression of 12 genes identified
here (opuCC, lmo1602, lmo1601, lmo2748, lmo0913, lmo2695,
lmo2696, lmo2697, lmo0539, lmo2391, lmo0796, and lmo2205)
is known to be modulated intracellularly within the host (10)
and/or the genes are known to belong to the PrfA regulon (27).
These results highlight overlaps in the cell’s regulation of
stress, metabolism, and virulence.

Consideration of the functions (or putative functions) of the
differentially expressed proteins can provide new insight into the
role played by �B in the biology of L. monocytogenes. Nine pro-
teins with putative roles in metabolism were under positive �B

control (Lmo0539, Lmo0956, Lmo0398, Lmo2695, Lmo2696,
Lmo2697, Lmo0913, Lmo1830, and Lmo2205), while 13 proteins
were negatively influenced by �B (Lmo2824, Lmo0344, Lmo0342,
Lmo1057, Lmo2258, Lmo1867, Lmo0521, Lmo0536, PyrF,
DeoD, Lmo0560, DaaA, and Lmo1681). Several of these differ-
entially expressed proteins are likely to be involved in the metab-
olism or utilization of alternative carbon sources, such as glycerol
(Lmo2695, Lmo2696, and Lmo2697), tagatose (Lmo0539),
N-acetyl-D-glucosamine (Lmo0956), 6-phospho-�-D-glucosyl-1,4-
D-glucose (Lmo0521 and Lmo0536), and fructose (Lmo0398).
Two of the proteins under negative �B control are homologous to
enzymes that participate in the pentose phosphate pathway
(Lmo2258 and Lmo0342). Strikingly, two of the proteins identi-
fied are likely to use the glycolytic intermediate 3-phosphoglycer-
ate as a substrate; Lmo2205 (putative phosphoglycerate mutase)
is present at lower levels in the �sigB mutant background, while
Lmo2824 (putative phosphoglycerate dehydrogenase) is ex-
pressed at higher levels in this background. This finding might
suggest that the overexpression of Lmo2824 compensates for an
increase in substrate availability that occurs when Lmo2205 is not
expressed appropriately. Lmo2695, Lmo2696, and Lmo2697 are
encoded by contiguous genes that are likely to form an operon
preceded by a �B promoter (Table 3). These proteins share close
homology to known members of the phosphotransferase system
(PTS)-dependent dihydroxyacetone kinase family involved in the
utilization of glycerol. The finding that these proteins are ex-
pressed at low levels in the �sigB mutant correlates well with the
inability of this mutant to grow efficiently on glycerol as a sole
carbon source (Fig. 5). This growth defect also represents a novel
phenotype not previously described for strains lacking �B.

Ten proteins whose expression is under �B control are likely
to have stress-related functions. Seven of these proteins
(Lmo2748, Lmo1601, Lmo1602, Lmo2391, Lmo0796, Lmo0292,
and OpuCC) were found to be expressed at a lower level in the
�sigB mutant. Four of them (Lmo2748, Lmo1601, Lmo1602,
and Lmo2391) show similarities with �B-dependent stress pro-
teins with unknown functions in B. subtilis (31). Lmo0796
shows some similarity with YceI (61%) in E. coli, a protein with
an unknown function that is induced in response to basic pH
(41). Lmo0292 is a heat shock serine protease (HtrA) confer-
ring multiple-stress resistance to L. monocytogenes by degrad-
ing misfolded proteins, preventing their accumulation on the
bacterial cell surface (40). OpuCC is a subunit of an ABC
transporter that is specifically involved in the uptake of osmo-
protectants under high-osmolarity conditions (20, 21). The fol-

FIG. 5. �sigB mutant utilizes glycerol inefficiently. L. monocyto-
genes wild-type strain 10403S (squares) and �sigB (triangles) cells were
grown in defined medium supplemented with 0.4% (wt/vol) glycerol at
37°C. The curves are representative growth curves for the conditions
investigated; all growth curve experiments were performed in tripli-
cate. The inset shows the specific growth rates (SGR) derived from the
curves. The errors bars indicate the standard deviations from the
means of triplicate measurements. wt, wild type.
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lowing three stress-related proteins were regulated negatively
by �B: Lmo2362 (GadC), Lmo2363 (GadB), and Lmo1604.
The gadCB operon encodes a glutamate decarboxylase system
that plays a central role in acid tolerance in L. monocytogenes
(14). The finding reported here that �B exerts negative control
on GadC and GadB expression is somewhat surprising since
gadCB transcription has previously been reported to be under
positive �B control in L. monocytogenes (44). Wemekamp-
Kamphuis et al. (44) reported �B-dependent induction of
gadCB in response to acid stress. A close inspection of the data
presented in that study revealed that there was indeed a higher
level of gadCB transcription in the �sigB mutant under the
control conditions when no acid stress was applied, consistent
with the findings of the present study. It is interesting to spec-
ulate about the reason for the increase in GadCB expression in
the �sigB mutant. It is possible that the elevated expression
compensates for the lack of Lmo0913 expression. Lmo0913 is
homologous to succinate semialdehyde dehydrogenase, an en-
zyme that participates in the catabolism of the intermediate

-aminobutyrate (GABA), which itself is produced as a by-
product of glutamate decarboxylation. GABA is known to be
toxic to B. subtilis (7) and other microorganisms (2). Cotter et
al. (15) have suggested that Lmo0913 could potentially com-
pensate for the absence of an antiporter such as GadC by
ensuring the removal of GABA. Accordingly, it is possible that
GadC is expressed to compensate for reduced levels of
Lmo0913 in the �sigB mutant. In this scenario GadC would
prevent GABA accumulation that might result from the lack of
Lmo0913 by exchanging GABA for an extracellular glutamate.

Previous attempts to define the �B consensus promoter se-
quence have relied on promoter sequences of B. subtilis, as well
as a limited number of promoter sequences of L. monocyto-
genes (24). It is possible, therefore, that the proposed �B se-
quence may have a slight bias toward promoters that are sim-
ilar to the B. subtilis consensus sequence. In an effort to refine
the �B consensus sequence for L. monocytogenes, the four
newly identified promoter sequences were compiled with all
other known L. monocytogenes �B promoters (4, 9, 24, 30, 32).
The Weblogo alignment tool (http://weblogo.berkeley.edu)
was used to generate a consensus sequence from a total of 17
known L. monocytogenes �B-dependent promoter sequences
(Fig. 6). The resulting consensus sequence can be defined as
GTTTNW-N13/14-GGGWADW (where N is any base, W is A
or T, and D is A, T, or G). This sequence is broadly similar to
the previously defined sequence (24) but differs in one key

respect; the T at position 6 of the �10 element is not highly
conserved in L. monocytogenes �B promoter sequences, since it
is present in only 3 of the 17 sequences examined. In addition,
there is a detectable preference for adenine or thymine at
position 6 of the �35 element and at position 7 of the �10
element (Fig. 6). This refined consensus sequence should aid in
the identification of potential �B promoter sequences in the L.
monocytogenes genome. An analysis of the promoter regions
upstream from the genes identified as being under positive �B

control in the iTRAQ experiments (Table 4) revealed that 12
of the 14 �B-dependent genes possessed putative �B promoter
sequences (allowing two mismatches from the newly defined
consensus sequence).

Using complementary proteomic approaches, this study
identified 38 proteins whose expression was influenced by de-
letion of �B in L. monocytogenes. The data indicate that �B

plays a very significant role in controlling gene expression dur-
ing the stationary phase of growth in complex media. Pro-
teomic and physiological evidence demonstrated a novel role
for �B in glycerol metabolism. An analysis of the functional
groups represented in the data highlighted a clear role for �B

in modulating the expression of genes involved in carbon me-
tabolism and provided further support for the idea that �B

plays a central role in stress tolerance in this human pathogen.
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