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While the stress-responsive alternative sigma factor o® has been identified in different species of Bacillus,
Listeria, and Staphylococcus, the o® regulon has been extensively characterized only in B. subtilis. We combined
biocomputing and microarray-based strategies to identify o®-dependent genes in the facultative intracellular
pathogen Listeria monocytogenes. Hidden Markov model (HMM)-based searches identified 170 candidate
o®-dependent promoter sequences in the strain EGD-e genome sequence. These data were used to develop a
specialized, 208-gene microarray, which included 166 genes downstream of HMM-predicted ¢®-dependent
promoters as well as selected virulence and stress response genes. RNA for the microarray experiments was
isolated from both wild-type and AsigB null mutant L. monocytogenes cells grown to stationary phase or exposed
to osmotic stress (0.5 M KCl). Microarray analyses identified a total of 55 genes with statistically significant
o®-dependent expression under the conditions used in these experiments, with at least 1.5-fold-higher expres-
sion in the wild type over the sigB mutant under either stress condition (51 genes showed at least 2.0-fold-
higher expression in the wild type). Of the 55 genes exhibiting o®-dependent expression, 54 were preceded by
a sequence resembling the ¢® promoter consensus sequence. Rapid amplification of cDNA ends-PCR was used
to confirm the o®-dependent nature of a subset of eight selected promoter regions. Notably, the o®-dependent
L. monocytogenes genes identified through this HMM/microarray strategy included both stress response genes
(e.g., gadB, ctc, and the glutathione reductase gene Imo1433) and virulence genes (e.g., inlA, inlB, and bsh). Our
data demonstrate that, in addition to regulating expression of genes important for survival under environ-
mental stress conditions, o® also contributes to regulation of virulence gene expression in L. monocyftogenes.

These findings strongly suggest that ® contributes to L. monocytogenes gene expression during infection.

In several low-GC-content gram-positive bacteria, o® has
been recognized as a general stress-responsive sigma factor.
This alternative sigma factor contributes to the ability of or-
ganisms such as Listeria monocytogenes, Bacillus subtilis, and
Staphylococcus aureus to survive under environmental and en-
ergy stress conditions (4, 10, 18, 19, 65). o® also contributes to
biofilm formation in S. aureus and Staphylococcus epidermidis
(37, 55). Biofilm formation may further enhance the survival of
these organisms under conditions of environmental stress.

In L. monocytogenes, a food-borne pathogen capable of
causing mild to severe infections in humans, o® confers stress
resistance (e.g., under acid stress and osmotic stress) and con-
tributes to pathogenesis. To illustrate, an L. monocytogenes o®
null mutant survives less well than the wild-type parent at low
pH (pH 2.5) and in a murine infection model (45, 67). o® has
been demonstrated to contribute to transcription of prfA,
which encodes the central virulence gene regulator PrfA in L.
monocytogenes (45).

An increasing body of evidence suggests a broad role for
o®-dependent genes in the virulence of gram-positive bacteria.
For example, o® has been linked with regulation of virulence
gene expression in S. aureus (6, 12). Specifically, o® contributes
to transcriptional regulation of sarC in S. aureus. The sar locus
partially controls expression of the agr locus; agr and sar are
both global regulatory elements that control the synthesis of a
variety of extracellular and cell surface proteins involved in the
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pathogenesis of S. aureus (12, 38). A total of 23 proteins
showed increased expression in the presence of o® in a two-
dimensional gel comparison of proteins isolated from both the
wild-type S. aureus strain and its isogenic sigB null mutant (27).
o® also has been shown to contribute to virulence in Bacillus
anthracis. Specifically, a B. anthracis AsigB strain is less virulent
than its wild-type parent (21). Links between environmental
stress responses and virulence in these bacteria suggest a cen-
tral role for o® in contributing to the ability of bacterial patho-
gens to survive environmental stress conditions, to direct ex-
pression of virulence genes, and to cause disease.
Identification of the genes regulated by o® is the first step in
deciphering specific mechanisms through which this alternative
sigma factor confers resistance to multiple environmental
stresses and contributes to virulence. Previous efforts at defin-
ing the o® regulon have focused primarily on B. subtilis, a
gram-positive, nonpathogenic model organism. Through a
combination of in vitro transcription, reporter fusion transpo-
son mutagenesis, two-dimensional protein gel electrophoresis,
and RNA hybridizations (reviewed in reference 52), a total of
75 genes and proteins with o®-dependent expression patterns
were identified in B. subtilis. Recently, full genome macroarray
analyses enabled two research groups to independently define
over 120 B. subtilis genes that showed o®-dependent expres-
sion profiles by comparing gene expression patterns of wild-
type strains with those of isogenic sigB null mutants (51, 53). In
addition, use of a full-genome B. subtilis array allowed Hel-
mann et al. (30) to identify 44 heat shock-induced genes pre-
ceded by previously unidentified potential o®-dependent pro-
moters. These transcriptome studies of the B. subtilis stress
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response illustrate the power of genome-wide, array-based ex-
pression studies.

The o® regulon in B. subtilis, as determined by Price et al.
(53) and Petersohn et al. (51), includes genes with a wide
variety of functions. Approximately one quarter of the B. sub-
tilis o®-dependent genes encode proteins involved in metabolic
functions, including glucose metabolism, protein degradation,
and lipid metabolism. In addition, many genes regulated by o®
in B. subtilis encode transporters, e.g., solute transporters, per-
meases, and ATP-binding cassette (ABC) transport systems.
The broad range of gene functions associated with the o®
regulon in B. subtilis suggests that, in addition to enhancement
of fundamental cellular processes, o®-mediated stress resis-
tance mechanisms are also responsible for targeted action
against specific stresses.

To better understand the role of ¢® in stress resistance and
virulence in L. monocytogenes, we combined promoter
searches and DNA microarrays to identify genes directly acti-
vated by o from experimentally defined or predicted o®-
dependent promoter sequences. As some B. subtilis genes have
shown apparent o®-dependent induction in the absence of
well-conserved o®-dependent promoter sequences, some o°-
mediated effects may also occur through indirect regulatory
mechanisms (e.g., possibly through o®-dependent expression
of additional transcriptional regulators [51]).

For the purposes of this study, we chose to focus specifically
on defining L. monocytogenes genes that are transcribed from
oB-dependent promoters. To that end, we first performed a
hidden Markov model (HMM) similarity search for putative
oB-dependent promoters against the published complete L.
monocytogenes genome sequence (28). To allow a focused
analysis of o®-dependent gene expression, a microarray was
constructed with the genes identified by the HMM search. To
more fully explore the role of ¢® in L. monocytogenes stress
response and virulence, our microarray also included previ-
ously identified stress response and virulence genes that were
not necessarily identified by HMM.

To be classified as being under direct o® control, genes had
to meet the following two independent criteria: (i) significantly
higher expression in the wild-type strain compared to the sigB
null mutant under the conditions used for the microarray ex-
periments and (ii) the presence of an identifiable o®-depen-
dent promoter-like sequence upstream of the coding region.
With these criteria, we identified 54 genes under direct o®
control. Although we refer to these genes as o dependent, it
is important to recognize that the genes identified with this
approach may not be exclusively o® dependent but may also be
regulated by o®-independent mechanisms. Interestingly, while
the genes that we found to be controlled by ¢® include many
that had been identified previously as part of the B. subtilis c®
regulon, several virulence and virulence-related genes were
also identified (e.g., a gene encoding a bile salt hydrolase and
genes encoding surface molecules with possible or confirmed
roles in host cell attachment). Our data provide further evi-
dence in support of the contributions of ¢® to L. monocyto-
genes stress resistance. Importantly, identification of multiple
o"-regulated virulence genes strongly suggests that this alter-
native sigma factor also contributes to the ability of L. mono-
cytogenes to infect and survive within a host.
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MATERIALS AND METHODS

Bacterial strains and media. L. monocytogenes strain 10403S (7) and the
isogenic sigB null mutant (AsigB) FSL A1-254 (67) were used throughout this
study. Cells were grown in brain heart infusion broth (BHI; Difco, Detroit,
Mich.) at 37°C with shaking unless indicated otherwise.

HMM searches. HMM searches were performed with HMMER (http:
/hmmer.wustl.edu) essentially as described by Price et al. (53). The training
alignments included 29 B. subtilis o-dependent promoters (described in refer-
ence 53) as well as four confirmed (prf4, rsbV, and opuCA) or likely (betL) L.
monocytogenes o®-dependent promoter sequences. The models were searched
against the complete L. monocytogenes strain EGD-e genome sequence (28). The
output results were filtered, and only hits within 350 bp upstream of a coding
region, as predicted by the ListiList web server (http://genolist.pasteur.fr/ListiList
[44]), and with an E value of =0.006 were kept.

DNA and RNA isolation and treatment. RNA was extracted from L. mono-
cytogenes either grown to stationary phase or exposed to osmotic stress (as
described below) with the RNeasy Protect Bacteria midi kit (Qiagen, Valencia,
Calif.). The enzymatic and mechanical disruption protocol provided by the man-
ufacturer was used, with the exception that cell lysis was performed with soni-
cation at 21W three times for 20 s each (with cells iced between bursts) instead
of bead beating. RNA was eluted from the column in RNase-free water and
ethanol precipitated overnight at —20°C. Precipitated RNA was centrifuged,
washed in 70% ethanol, and resuspended in RNase-free water. DNase treatment
was performed with 30 U of RQ1 RNase-free DNase (Promega, Madison, Wis.)
in the presence of 400 U of RNase inhibitor (RNasin; Promega) for 1 h at 37°C.
The reaction mix was then extracted twice with an equal volume of 50% phenol-
50% chloroform, followed by one extraction with an equal volume of 100%
chloroform. RNA was ethanol precipitated from the aqueous layer and stored at
—20°C in ethanol.

Cultures for RNA isolation were inoculated from single colonies and grown
overnight at 37°C. The cultures were then diluted 1:200 in BHI and grown at
37°C to specified growth phases. Specifically, for harvest of stationary-phase cells,
L. monocytogenes was grown for one additional hour after reaching an optical
density at 600 nm (ODg) of 0.8. At this point, a 9-ml aliquot of culture was
added to 18 ml of RNA Protect Bacteria reagent (Qiagen), and RNA isolation
was performed as described above. For osmotic stress treatment, cells present in
40 ml of a culture grown to an ODy, of 0.4 were collected by centrifugation and
resuspended in 8.25 ml of warm (37°C) BHI broth, to which 1.25 ml of 4 M KCl
was added to yield a final concentration of 0.5 M KCI. After 7 min of incubation
at 37°C, corresponding to the approximate peak of o®-induced transcriptional
response reported in induction experiments in B. subtilis (64), 20 ml of RNA
Protect Bacteria reagent was added, and RNA isolation was performed as de-
scribed above.

Chromosomal DNA used for genomic DNA microarray control spots was
isolated as described by Flamm et al. (20) from an overnight culture of L.
monocytogenes. Briefly, cell walls were digested with lysozyme in 20% sucrose,
followed by cell lysis with sodium dodecyl sulfate and proteinase K. DNA was
purified by phenol-chloroform extractions and ethanol precipitated. DNA was
then resuspended in spotting buffer consisting of 3X SSC (1x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) plus 0.1% Sarkosyl) and quantified by UV
spectroscopy.

Microarray construction. DNA microarrays were constructed to include 208
L. monocytogenes genes spotted in triplicate, 30 mouse B-actin cDNA spots for
nonhybridizing controls, and 60 spots of genomic DNA to aid in data normal-
ization and analysis. The 208 L. monocytogenes genes included 166 of the 170
genes identified by HMM searches as including an upstream predicted o®-
dependent promoter (PCR amplification failed for four genes) as well as 36
genes previously reported to be involved in virulence or stress response and six
negative control genes (i.e., housekeeping genes predicted not to show o®-
dependent expression). All 208 target genes as well as the PCR primers used for
their amplification are detailed in the supplemental material available at http:
/www foodscience.cornell.edu/wiedmann/Mark%20supplemental %20table %20
(4-15).doc.

PCR primers were designed with PrimeArray software (56) to amplify the
complete open reading frames (ORFs) of the selected genes. For ORFs of >1
kb, primers were selected to amplify a 1-kb fragment at the 5’ end of each ORF.
PCR was performed with AmpliTaq Gold (Applied Biosystems, Foster City,
Calif.) with an L. monocytogenes 10403S cell lysate (prepared as described in
reference 24) as template DNA. Appropriately sized products free of nonspecific
amplification or extraneous bands, as determined by agarose gel electrophoresis,
were purified by ethanol precipitation and reconstituted in spotting buffer (3
SSC-0.1% Sarkosyl) to a final concentration of 50 to 150 ng/pl. PCR was also
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used to generate a 1-kb PCR fragment of the mouse B-actin gene with mouse
B-actin cDNA (Sigma, St. Louis, Mo.) as the template.

Arrays were spotted with a GMS 417 robotic arrayer (Affymetrix, Santa Clara,
Calif.) on GAPS2 glass slides (Corning, Corning, N.Y.). Immediately before use,
slides were blocked in a solution of 1-methyl-2-pyrrolidinone containing 1.44%
succinic anhydride and 0.02 M boric acid (pH 8.0), as directed by the slide
manufacturer.

c¢DNA labeling and microarray hybridization. Precipitated, DNase-treated
RNA was centrifuged, washed once in 70% ethanol and once in 100% ethanol,
and resuspended in RNase-free water. The RNA was quantified on a UV spec-
trophotometer and checked for quality by A,4050 ratio and formaldehyde-
agarose gel electrophoresis. cDNA was generated from 10 pg of RNA with
random hexamers and SuperScript II (Invitrogen, Carlsbad, Calif.) in the pres-
ence of indocarbocyanine (Cy3)-dUTP or indodicarbocyanine (Cy5)-dUTP (Am-
ersham Biosciences, Piscataway, N.J.). cDNA synthesis and labeling were per-
formed with a dye-swapping design (sometimes referred to as reverse labeling
[62]); each RNA sample was used for two separate labeling reactions, one with
Cy3 and one with Cy5. Completed reactions were incubated with 1.5 pl of 1 N
NaOH at 65°C for 10 min to inactivate the enzyme and degrade the RNA.
Reactions were then neutralized with 1.5 pl of 1 N HCL

Wild-type and sigB mutant cDNA probes were mixed and purified with the
QIAquick PCR purification kit (Qiagen) as described by the manufacturer, with
the addition of a 750-wl 35% guanidine-HCI wash after binding. The purified
probes were then dried and reconstituted in 20 wl of hybridization buffer (3.5%
SSC, 0.25% sodium dodecyl sulfate, and 0.5 pg of salmon sperm DNA/ul;
Invitrogen). Probes were boiled for 2 min, applied to arrays, and hybridized
overnight in a 60°C waterbath. Before scanning, slides were washed in 2X
SSC-0.1% sodium dodecyl sulfate at 60°C for 5 min, followed by room temper-
ature washes with 2X SSC-0.1% sodium dodecyl sulfate, 2X SSC, and 0.2X SSC
for 5 min each. Slides were centrifuged to dry them and scanned with a Perkin
Elmer Scan Array 5000 confocal laser scanner (Perkin Elmer, Wellesley, Mass.).

Microarray replicates and data analysis. For each stress condition described
above (osmotic stress or stationary phase), two independent RNA isolations (for
both wild-type and AsigB cells) were performed on separate days to provide true
biological replicates. Each set of independent RNA samples was used to perform
two microarray hybridizations with a dye-swapping design to correct for differ-
ences in Cy3 and Cy5 dye incorporation and to provide experimental duplicates.
Briefly, both wild-type and AsigB cell RNAs from each of the two independent
RNA isolations were labeled separately with either Cy5 or Cy3 as described
above. Labeled cDNA was used to perform two independent microarray hybrid-
izations, one with Cy3-labeled wild-type and Cy5-labeled mutant cDNA and one
with Cy5-labeled wild-type and Cy3-labeled mutant cDNA. Thus, data for four
microarray repetitions were collected for each stress condition.

Raw TIFF images from the scanner were loaded into ScanAlyze (http://rana
Ibl.gov/EisenSoftware.htm) for analysis. Spot grids were manually fitted to the
microarray images. Spots were flagged and eliminated from analysis only in
obvious instances of high background or stray fluorescent signals.

Because our microarray contained a relatively small number of genes, most of
which were expected to show differential expression, proper normalization of the
raw data was critical. Equalizing the mean intensities of both channels of an
array, the most common method used for microarray normalization, would thus
have provided severely skewed data on an array, with the majority of spots
appearing to be unequally expressed. Therefore, we normalized our data using
the mean intensities of spots containing genomic DNA. Data normalization was
performed simultaneously on all four array data sets for a given stress condition,
as follows. For each channel (Cy3 or Cy5), the mean intensity of all genomic
DNA control spots was calculated independently. A correlation factor comparing
genomic means among channels was calculated and used to proportionally adjust
all spot intensities (experimental and control) so that the means of genomic spot
intensities were equal across all arrays. From these normalized values, a floor was
calculated as the average intensity plus 2 standard deviations of all B-actin spots
in a channel. Spots with values below the floor in both channels were eliminated
from analysis; spots below the floor in only one channel had that channel
intensity raised to the floor value, and the resulting data were included in the
analyses (16).

Floored and normalized channel intensities were analyzed with the Signifi-
cance Analysis for Microarrays (SAM) program (63). This statistical analysis
involves factoring the change in expression of each gene relative to the standard
deviation of all replicates for that gene. Therefore, genes with a low change will
not be discounted if the ratios are consistent among repeats, effectively reducing
false-negatives. False-positives are also avoided when genes have poor repro-
ducibility between replicates. This method of statistical analysis maximizes both
the quantity of genes found and the reliability of the results. Spot intensities for

J. BACTERIOL.

TABLE 1. L. monocytogenes genes with significantly higher
expression in the wild-type versus the AsigB strain under
osmotic and stationary-phase stresses

No. of genes with statistically significant higher
expression under:

Change® : :
(fold)  Siationary  Osmotic stress  Stationary-phase  Stationary-phase
phase stress (0.5 M KCl) and osmotic or osmotic
stress stress
=1.5 41 51 37 55
=2.0 37 44 30 51

“ Change was calculated by SAM based on microarray data (see Materials and
Methods) and equals the average wild-type spot intensity divided by the average
mutant spot intensity for two separate arrays from each of two replicate RNA
isolations.

all channels were input in SAM as paired, unlogged values. All individual spots
were considered repetitions, generating 24 data points for each gene (3 spots per
gene X 4 arrays X 2 channels per array). Delta values were chosen according to
the lowest false discovery rate. Only genes with expression ratios of >1.5 were
considered biologically significant.

RACE-PCR. Promoter regions were mapped with the 5’ rapid amplification of
c¢DNA ends (RACE) system (Invitrogen) according to the manufacturer’s pro-
tocol. Briefly, gene-specific first-strand cDNA was tailed with dCTP by using
terminal transferase. The products were then amplified with a nested gene-
specific primer and a poly(G/I) primer in a touchdown PCR with AmpliTaq Gold
(Applied Biosystems). PCR products present in the wild-type L. monocytogenes
but absent in the AsigB strain were purified with the Qiagen QIAquick PCR
purification kit and sequenced with the Big Dye terminator system and an
Applied Biosystems 3700 sequencer at the Cornell University Bioresource Cen-
ter.

RESULTS

HMM search to identify potential ¢® promoters. An HMM
developed with 29 B. subtilis and four L. monocytogenes o®-
dependent promoter sequences was used to search the L.
monocytogenes EGD-e genome (28) to identify genes preceded
by a ¢® consensus promoter and thus potentially regulated by
a®. A total of 170 genes met the following criteria for putative
o®-dependent genes: (i) location of a predicted o® consensus
promoter sequence within 350 bp upstream of a predicted
open reading frame and (ii) an E value of =0.006. The pres-
ence of a sequence adequately fitting the promoter consensus
was confirmed visually at positions indicated by the HMM. The
results of this search were used to create a 208-gene microarray
to specifically study the o®-mediated stress response in L.
monocytogenes. The array consisted of 166 of the 170 HMM-
identified genes (PCR amplification failed for four genes), 36
genes involved in stress response or virulence, and six control
genes.

Transcriptional analysis of potential o®-dependent genes.
Microarray analyses were performed with RNA isolated from
wild-type L. monocytogenes and an isogenic AsigB strain grown
to stationary phase or exposed to osmotic stress, two condi-
tions shown to activate o® (4, 19, 22). We identified 55 genes
that showed significant expression ratios, with >1.5-fold ex-
pression in the wild-type strain over that in the mutant strain in
at least one of the two stress conditions tested (Table 1).
Fifty-one of these genes displayed >2-fold induction; the high-
est relative induction was 27-fold.

Figure 1 shows scatter plots of wild-type versus sigB mutant
spot intensities. As the microarray predominantly targeted
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FIG. 1. Scatter plots of normalized microarray spot intensities for
wild-type and sigB mutant strains. The center line depicts equal ex-
pression in both strains. Outer lines depict 1.5-fold higher expression
in either strain. Spot intensities were normalized as described in the
text. Data for each gene represent the averages of three replicate spots
from each of four hybridizations. RNA for microarray experiments was
isolated from (A) stationary-phase cells or (B) osmotically stressed
cells.

genes predicted to be positively regulated by o, the distribu-
tion of the majority of the points above the diagonal, which
indicates that a large proportion of the genes in the microarray
were expressed more strongly in the wild type than in the
mutant, was expected. As the presence of points falling far
below the diagonal would signify increased gene expression in
the absence of o, none to few were expected. For the purpose
of this study and in accordance with previous studies (31), we
applied a cutoff of 1.5-fold induction to signify biological sig-
nificance. Two genes included in the microarray fell below this
cutoff (showing statistically significant expression ratios be-
tween 1.2- and 1.5-fold) and are not discussed further here. As
shown in Fig. 1, a few genes showed higher expression in the
AsigB mutant than in the wild-type strain; expression differ-
ences between strains for these genes were determined to be
not statistically significant.

Overall, 44 of the 169 genes (26%) in our microarray that
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were either (i) predicted to be o dependent by HMM or (i)
members of operons previously identified as being regulated by
a oB-dependent promoter also showed o®-dependent expres-
sion in our microarray experiments. There was no apparent
correlation between a promoter’s HMM E value and the rel-
ative expression level of a corresponding gene, as determined
by microarray (> < 0.01 for correlations between HMM E
values and relative expression levels under either osmotic
stress or stationary-phase conditions). In addition, 11 of the 36
currently recognized stress response and virulence genes that
were included in the array even though they did not show an
HMM-predicted o®-dependent consensus promoter displayed
o"-dependent expression patterns. Subsequent visual inspec-
tion of the upstream regions for these 11 genes identified
putative o® consensus promoter sequences for 10 of them
(Table 2). Although inlD showed o®-dependent expression in
our microarray experiments, no putative ¢ consensus pro-
moter sequence was identified for this gene.

Overall, we identified 54 o®-dependent L. monocytogenes
genes through combined application of HMM and microarray
analyses. Based on identification of the predicted proteins, the
genes were grouped into 10 functional groups (Table 2). The
two most highly represented categories were transport and
metabolism proteins, which together comprised 20 of the 54
genes (Table 2). Statistical analysis of microarray data (SAM
[63]) showed that, in addition to high expression ratios, the
putative oxidoreductase gene /m00669 also had the highest
significance score for differential expression of all genes rep-
resented in the microarray (Table 2). The known o®-depen-
dent betaine/carnitine transporter operon opuC also showed
o®-dependent expression, along with eight other solute trans-
port genes. The large proportion of metabolism and transport
genes regulated by o® underscores the importance of main-
taining proper cellular functions during exposure to stress con-
ditions and suggests that ¢® provides protection by enhancing
the operation of a specialized subset of basic cellular processes,
which may help to produce a more stress-resistant state for the
cell.

Two other notable functional categories of o®-dependent
genes are stress response and virulence genes (Table 2). The
stress response genes, which have apparent functions in bac-
terial stress resistance but do not encode transporters or pro-
teins from other recognized categories included in Table 2,
represented some of the most highly differentially expressed
genes. For example, in the SAM output, which ranks differen-
tially expressed genes based on the statistical significance as-
sociated with the expression ratios, four of the seven stress
response genes ranked among the 16 genes with the highest
significance values for differential expression, for RNA iso-
lated from cells exposed to osmotic stress. The stress response
genes identified include gadB, which was ranked as the third or
fifth most significantly differentially expressed gene in cells
grown to stationary phase or exposed to osmotic stress, respec-
tively.

Three confirmed virulence genes were expressed at a higher
level in the wild-type L. monocytogenes strain compared to the
AsigB mutant (Table 2). bsh exhibited 20.1-fold higher mRNA
levels in the wild type compared to the AsigB strain under
osmotic stress (Table 2); this expression ratio was determined
to be highly significant by SAM analysis (ranked as the second



J. BACTERIOL.

KAZMIERCZAK ET AL.

5726

(151-9) [szugns snjpovg]

97 L1 (z91-0) pypd D1V -"*N OVOVOD LOWWIWW 19D 1D L L IVWOOVO LYWO LLLID1VIO0V (yunqns eydpe 1) oseuddoipAyap jeanig yypd
(98-%) [stpmSuruo
e 9T 91V -"'N D 11991 L IDVYWWWOOOVWYD LLOVO LLOVOVO L L IDOVWWYY puassIaN] sseInw ajerddA[soydsoyq sozzou]
(011-9) [stovarpruv snjpovg]
#I 81 (zL-a1) psvu D1V -"N OVWYWOOV LYWV IOOOOLLL LI LIDVIILIVIIOOI11111  9se[£)ooedp 32%oi.o%anmﬁm%_m_boé.z 9g600U]
MOM-O ,QQ»&S%QNS\\
%% 8T D1V N OW19OWO LLYWVOOOVWV IOV IO 1L IOV L1 1 ID0VIOWY snpovg| dseuny duojedeAX0IPAYIQ s69zow]
1T 'y 91V -*"N OVIOVIDLLIIVIOOOLIDIVIOVOLLLIVIIIIOVIOLLL (L11-9) wsuagskm s:atwﬂ aseunIy) £8810w]
N@.DN &U%&QN:E
L1 ST $(65-25) Jufd 911 -*N VLIOV IOVW IWOEOVWWWY LOV IOV IV LLLIDD 1VWWY snjpovg| Ajruey Juspusdap-qVN dwms%am #69 10|
98
$6 THl £(s6-2¢) @y D1V -°'N VIOV LYOVOWWSEOVOOVOVWWYID0OVLLLIOOVWWYIL  -3¢) [sisuadoyr snjjionqounasg] aseronpaiopixQ 699001 wsIOqeIRN
(Lg-91) [av110mp8D $N220001d2418 |
€T 6T (81-21) fomd 911 "N - LVOVVOWY LLYWYOROOOVWYYO LLIOVOWYLLLIDIDL 111 urojoxd Ajrurey 10310dsueI) 9ILIIU/IRWIO £6500u]
(0$-27) [15510AD s1sopnatagny
67T 07T D1V N OW LV IOV LYWV 19000V IO LV IO 11D 1 1VO LVOVOV wna12vqoIApN| E:O%E% Bﬁwzm rzsoou]
86-98
1T ST 191V -"N VLD LVO0 LIV 1909V L L IVO 1VO0OV L L LY IVWOOV LWV [croev swovayup snjpopg] 19110dsuen Dgy [zrrouy
(99-98) [suvmpoppy
€T (x4 (18-96) 4dj3 D1V "N -OVOVWY IOWWWY 19999 L IVWOIDD LD 1OVV 1V L I99D VWY snjpovg] 101E)[RY dyeIdn 0190410 6esIouU]
(08-99) [4070211205 saofwoydassg)
TS 0¢ (0s-9y) ffpk 91900V LIVWY LY IOOVOVVYWWY IO LY LVOED L LID VO 1YW (onorquue) Eo:ma :ovgwu J[qeqoid copzow]
9L-9% &UQE\\N:Q
6 6€ D1V N VWV LYWOVOV LV IS00OVWYY VIO LLIVIVILIIIDLIVD  snyjpovg] Ajiwey sto%sem Sﬁmwwi hwo:m Soroow]
T1-97) |Ss1sua: E\N
8¢ [Sfe (60-21) gdvs 91V -°'N - 190V LIV LV IVWOOOVWWOOO LW LLIOOL L1191 1V L1 sn]j1orqOUP2IQ) o%mbw mcuwow@m:.co_%o z09zoul]
p€-96) [N susa
0°S SL (12-9D) @91 91V -*°'N -191VIDLIDIVWIOOOVLLLIDIVWIOVOIOLLLISODLIVY  prisiaf] dgroads-osoutew ‘qy] SWAZUS S1d #8L00uW]
(urojoad suerquiowr)
%Y 0°S (99-06) gondo 19110dsueI) DV QUIOYd/AUNIUIR)/AUIR}g aondo
(Surpuig-juejosjordowso) roj1odsuen)
TS Iy (z6-21) Dondo DEV 2UI[OYd/UNIUIRd/dUIe}aq dUIAID) Dondo
(ureyoxd ouerquow) 19y10dsuery
Lt 8¢ (pL-a1) gondo DEV QUIOYD/AUNIUIEI/AUTEIdq SUIIAID gondo
(urojod Surpuiq-4.1v) 1e310dsuerny
$9 €¢ (651-0) pondo DAV SUI[OYD/QUIIUIE/SUIRIdq UKD yondo
919 -¥'N D01V LIOV L IVWWOOOV L IOVIOVIV IO 1YWV L L IDVWWYYL uotado Hndo s1op1odsuely,
v'T L€ 191V -"N -OLYWOOYWW LIVO1OVLLLIVW 1D IOVWOWW LISO LYWV L H uIeuIdu] Hut
€T € puno § suoN  ureuIduy aput
I ! 191V =N -“WLLVLIVID1VIOOOWWYYWWID 19O L LIVWLIOLL L1111 7O uIeuIaju] zonu
1T 9y 1919 -*TN -0 1099 1¥WID LOVWOOV IOVIOV LIV ID0OVL 19111 190 g uleuIdiu] g pojeIo0sse
6'¢ 79 1919 -**'N - LVOWV LVOOVOV I90OVWY LVOVVO LLLLVLID IOV 1VI0 V ul[euIdju] plu QoudNIIA
T0z  S01 91V -"N - LVOV.LV199 1OV I90DVO00 LOVWYOO LDV LLLID IV L IWY (L90zowrT) %mﬁoéﬁﬁw u_w@ ysg ysq PUE OOUdMIIA
11-99) |S1sU2. NQ.N
1T LT 3(¢1-29) D1k 91V -*N VOOVVVYYYOV LV 199DV 1OV IVWOOOOVOV LL L IDVWYOWY snjjpqounadQ) urjoid ssans [eIaUaD z09rouy
Tt ST i(gg-ar) o DLV N V1D LWLV LVOVIO0OVWWIDLLLLIVIOOL 1119111201 (Lz-01) 23D urejoid ssox3s [IDUDT Syuqns g o1
(16-9%) [suvioanaov vurwsouvydp|
LS 89 919 -"N DWW LOOVVIVWWWODDIVOVI LVWVO LOVWYO LLIDOL 111 L (HdAVN) 9seionpar suonpenin ceprou)
61 8t i(gs-an) omd 191V -9%N -1V LIOVWO 1V LOVO000000 LYO 190 LIDVL 1L 1 19001900 urdjoxd O juswanmbar-omyeradwal-mo] o4
(§L1-9) [s1suaprouo vjjouvmoyg|
el 0Tl D1V -*N - IOVWVOVWWYWY LV IDOVOD 1V L L L IVWWIVYO LLLISOVVYYO urdjoid Ajruregradns asewelor]-e10q-oEIRN pdas
6F Y D1V -*N VOVOO 1O LIV 190D LWL L I9D1D 1010191 1 IDO0WWO L (pepzowrT) Ssejhxoqreodp osaﬁﬂw mﬂmo qpvs
80-91
61 0LT (01-3L) Dsw 91V -#°'N - 1910V L IV IVOVIO0OVWWWY LLIVVIOVIO L LIDIWWLLL [snamv sn2200014ydp)g] sseronpar sjeussry oszzow] ssang
SO LS (onea 77)
(p1oy) Lengojowoy gouanbas xjowoid o pajorpaid (enpea 77) ,onSojowoy 9SO 10 UOHOUN Quon) K103918D
o ) syuqns “q

sasATeue Aelreoldnu Aq paynuapr se suidjed uorssaidxa juspuadap-g0 Ym saudd Jo Arewwing 7 gIIV.L



5727

L. MONOCYTOGENES ¢® REGULON

VoL. 185, 2003

(103 N S°0) S[199 passamns A[[ednowso ‘SO s[[oo oseyd-A1euone)s ‘IS "(0'T JO ONel & wolj JudIoPip A[jueoyrusis A[[eonsie)s aq Jou 0) JNYS AQ POUIULINOP AI9M Jey) SO 9JEDIPUI SII[e)I Ul SIOqUINN "SUONEB[OSI VN
Sjeoridar om) Jo yora woyy skerre ajeedas omy 10§ Arsuatur Jods Jueinw 9Feraae ay) Aq papIaip Asuaur jods adA1-prim a8e1aar oy sfenba pue (3x91 aY3 995) IR ARIIROIIW UO PAsEq V'S Y PAIR[NO[RI Sem d5uey) ,
i I PdYIRW IR (€6 ‘TS) Syuqns g ul Juapuadap o0 9q 0} PAUIWLIAIAP U3 dARY JRY} SINFO[OWOH "sasayjuated ur anfea 7 3y YIm SUO[R ‘pUNOJ SeAM AUO JI ‘PIISI] ST
angojowoy 3s9s0[d YT, (IsrTnqng/1y-Inajsed-isijousd//:diy) I0AI0S QoM ISITIANS oY) uo () Ise[d Aq urayoxd sauagoyloouows 7 uoald oy3 03 snofojowoy surojoxd Surpoous SIYO 10 PAYIILIS Sem OWOUdT syuqns g YL, ,
‘uopod }1e)s [euonje[suer) pawnsard oy st 3o[dLr) Spr)Oa[ONU ISB[ Y} PUB ‘P[Oq UI AIB SUOITAI ()] — puk G¢— pajoadxe ay [, ‘uonoadsur [ensia 10 WIAH Aq punoj 2q pinod 1ejoword 9[qeims ou ey} sajedpur
punoy suou,, ‘pajedtput st uondadsur [ensia £q paynuopt 1ajoword aaneind B (L yim payrew) souanbas 1ojoword pajorpard-INNH U InoyIm saudd 10,1 pas] st NINH Aq paiorpaid se 2ouanbas 10jowoid ayg,
‘woysAs aserojsuenioydsoyd ‘§1d -oseqejep Iu ayy jsureSe xjew Z9NNSOTI Yl UM SOUDIIEIS ()'7 ISe[d )M paurelqo
a1om sasayjuared ur sanfeaA 77 Y, ‘PAISI] ST uOHdUNY umouy i urdjoxd oy} Jo anSo[owWOY JSAILAU AY) VSIMISYIO "BILP [RIIWAYD0Iq 10 d13ouag £q perroddns uaaq sey I1 J1 pajsi| s papodus ursjord ayy Jo uonduny ayJ, ,

$9
143

Sc
¥'C
69
L'c
8¢

6’1
Y

6'S
9¢C
6’1
6’1

¥'e
6’1
|x4
L01
6'¢
[
€T
¥'C
0c

0c

1’9
LT

0c
81
L'e
0c
s

[
0t

1Y
y'C
8¢
'

9’7
I

4
LvL
8’1
0C
0C
x4

0c

(0s-o1) @md

(11-9) g

($$-06) gumd

(60-05) zvak
(00) 2k
$(z91-0) gdad
(sg-o¢) yol€

$(821-9) guund
(16-9¢) pxob

£(9z-21) X8t
$(L6-2L) g8is
$(zr-o¢) mqst
$(2-9€) Agst

i(gL-oL) v

D1V -“9N V LIOOV 1YWYV 19000 LWV IOV LLL 1 1V 1 19OVOVYYD
919 -**'N V1IVWYWO 119 1 1VWO000 L L0909 1VO0 19090 1YWOOWY 1OV

9LV -“N V9000 LYVOV 1V 19900VVOWY LOOOVWY L L I9D 191 1D
DLV -*N OV LVWOWW LYWW IDD 1D 1 1VO LOOVV LW LLL L IDOVIVYD
9LV -ON VIVWVIOWLIVIOOOIVILIVLLLID11IDLIDDIVOLWY
DLV -°N VIOV LV LYWWV IS0OVOVWYWYOOV LLLID 11991V L
91V -*'N V1O LID L IWIWWOOO0 11101000019V L LID 1YWV LY

OLV -*N OLVIVLIIVIIIVISOO00OVI L0000 L IOWWLLLID11D1VD
919019V 199 IDVOOVVO LOVO LV IVVVIVVIOLIVOVVLL L L

DLV -"¥N VOO LOVVYVYVOVVOOOOV.LLLY LVVOV LD L 1D 19DVOVYD
DLV -*N -LYWOOWV 1V L1V I9DOVWIOV L1V 1D 10000V L L 1D 1VIOV.L
DLV -**™N -V LOV LYWWV LYV 1OV L LV I990OVVOO0D L L IDOVOVWY
DLV -*N - LYWWV LV LV IO IVWWWIVWLLLLLIVLLIOVWWOO L

91V -““'N -OV19D L1V 1V IVWOOOV LYW 1D 10OV 1D L L IOVIVIVO
919 N VOVOVWD 1OV IVWOEOV LOLWYWOVILLIVWOOL LI LI 111

D1V 2N VLVOVWY LY LOOWWOOD 19 1 IDVVIOVVIVYLLL L 1990VIDL

D1V -*N -19IWOIWLLIVIOOIVI L1919 111011 119109910

LV -*'N VOO LOVWO LD L L I9OVVO LV L LVWOD LYWVOOV LOVWWYID

191V -*N ~1OVOVOO LYWWV IS0OVLIDL LIV LIVYLILLIDIVYOLL

91V N VOOV LIV LV IVWOOOV IVWYOVLLLID1DL 1 119919V 1

Kureqiuts oN

Ayrepruns oN
(68-27)

[s17gns smypovg| JpyA Sojowoy uIsAjowoH
(Lg-o) [syuqns snjpovg]

amg urdjoxd [eonoyjodAy poArasuo))
(8z-9p) [swovayup snjjovg]

urewop Suipuiq-4LV [eonaylodAy paarasuo)
(0-9¢) [swvagup snypovg]

urewop Surpuiq-4 IV [eonay10dAy pasrasuo))
(0s-07) [syuqns snjpovg]

qumx urdjoxd [eonoyiodAy poaresuo))
(90

-9]) [suvanpojpy snpovg| umousun-61TZHI

(9z-96) sauadojfoouous vLysIT Jo DZYX
(€207)

[syugns snjoog| zeax uroroid [eonoylodAy
(891-0) [sunmpoppy

snjpovg| (g1110ds) osesorsuen) YN
(€6-07) [swovagpuw_snjjong]

urdjoxd uonenpow ¢ BwWSIS {O¢S [BWOSOqrY
(-o¢) [suvanpoy snjjovg| sserdjsuenjhjooe

-N ouruere-(¢S) urojoxd [ewosoqry
(€z1-0) [swvayup snyprovg]

3SBJONPIIOPIXO IPY[NSIP-IPHOJ[ONU UIPLIAJ

II 3rungns aseprxo journb )09-cVvy
(9g-91) [pnoouur vraysig)

(Jnow D1 XdT) uraroxd paroyoue-ooejing
(81-91) [pnoouur vussry]

(Jnow H1Xd7) urloxd paroyoue-adeyIng
(p0-01) [1900 1020004

pudapsouvyiapy| 10ye[ndal reuondrosuer],
(eseyeydsoyd ourros)

g ewsis jJo uonengar aAnesau JO3IIpuy

(g ewsSis) 10308 / ¢-ewSIs oserowAjod VN

MASY Iojengar aanedou Kjanoe g ewsdig

(A\QSY Jo Istuogejue) 10joe] RWIIS-NUR-NUY

(£9-29)
[suvanpojpy smypovg] 1 9se[0IPAYO[IAd J1.O

F6600U]
sErOOU]

66ECOU]
98ccou]
£L9cow]
08souy]
P6LOOW]

[1600w]
69ccou]

oLscow]
9091 0]
[1scow]
86910w]

68EcoU]
pxob

088001

ssozou]

sgpzou)
Xqst
gsis
MYst

A9
uouado 4qs.

georow]

[eonaylodAHq

aseoo[suer) YNJ

uone[SuUBI],

A310ug

[eM 12D

uorje[ngax
Treuondrmosuer],



5728 KAZMIERCZAK ET AL.

most significant ratio for all the genes in the array). The viru-
lence genes inlA and inlB showed significantly higher expres-
sion under osmotic and/or stationary-phase stress in the wild
type compared to the mutant strain, with expression ratios
consistently >2.0 (Table 2). In addition to these confirmed
virulence genes, three other internalins (in/C2, inlD, and inlE)
also showed significant expression ratios of >2.0 under osmotic
and/or stationary-phase stress (Table 2).

PCR mapping showed that the L. monocytogenes strain used
in our study (10403S) bears an inIC2DE operon rather than an
inlGHE operon, which is present in the L. monocytogenes
EGD-e strain (57). Each ORF of the inI[C2DE gene cluster is
potentially transcribed independently of the others (13). We
identified a o® promoter consensus sequence upstream of both
inlC2 and inlE but not inl/D. Only one previously described
internalin gene (in/C) that was included in our array and is
present in strain 10403S did not show differential expression
between the wild-type and the AsigB mutant strains.

Microarray identification of operons and known ¢®-depen-
dent genes. For putative o®-regulated genes that were identi-
fied only by HMM, only PCR products from the genes most
proximal to given HMM-predicted promoters were spotted on
the microarray. Therefore, downstream genes that may have
been cotranscribed from a given promoter were not tested for
o® dependence in this array. However, the microarray did
include genes comprising two operons (opuC and rsbV’) that
were known a priori to be o® dependent (4, 22). All genes in
these two operons were expressed at significantly higher levels
in the wild-type compared to the AsigB strain. Furthermore,
expression ratios for each gene within these operons were
approximately equal (Fig. 2A and B). The inlAB operon was
not previously known to be regulated by o®, but inl4 and inlB
were among the virulence genes included on the microarray.
We found that both genes in this operon were expressed at
higher levels in the presence of ¢® and that inl4 and inlB
displayed similar expression ratios (Fig. 2C).

Confirmation of predicted o®-dependent promoters by
RACE-PCR. To confirm that predicted o®-dependent promot-
ers were in fact responsible for the differential gene expression
seen in the microarrays, we performed RACE-PCR on eight
selected genes. These genes were chosen to represent highly
differentially expressed genes and genes with high significance
scores in SAM as well as known stress response or virulence
genes. Gene-specific first-strand cDNA was generated for each
gene, and a 3’ poly(dC) tail was added to each cDNA product
with terminal transferase. The tailed cDNA product was am-
plified by touchdown PCR with a poly(G/I) primer (Invitro-
gen) and a nested gene-specific primer.

PCR bands from wild-type cDNA reactions that met the
following conditions were purified and sequenced (Fig. 3): (i)
bands that must have been generated by reactions with wild-
type ¢cDNA and (ii) equivalent bands that must have been
absent in sigB mutant cDNA reactions. For all genes tested, the
transcriptional start site determined by RACE was 10 nucleo-
tides (= 2 nucleotides) downstream of the o®-dependent pro-
moter —10 region that had been predicted by HMM or by
visual inspection (Fig. 4). The genes selected for promoter
confirmation by RACE were bsh and inl4, both virulence
genes; Imo0669, a putative metabolic gene; /mol421 and
opuCA (which encode putative and known compatible solute

J. BACTERIOL.

A cB: 2120 22 2.0
rsbV rsbW sigB  rsbX
B

8

. 53 3 41 50
N D D D S —

opuCA opuCB opuCC opuCD

C ® ! 62 o (?g 46

inlA inlB

FIG. 2. Graphic depiction of three operons represented on the
microarray. Numbers above genes indicate wild-type-to-mutant ex-
pression ratios in stationary-phase cells. Arrows indicate transcrip-
tional start sites. (A) The four genes of the rsb})” operon are transcribed
from a o®-dependent promoter (7). Transcription can also occur from
a o”*-dependent promoter further upstream, which also transcribes the
four upstream genes rsbR, rsbS, rsbT, and rsbU. (B) The four genes of
the opuC operon are transcribed from a o®-dependent promoter (22).
(C) Transcription upstream of inl4 can be initiated from one of four
promoters (40), one of which is o® dependent (as confirmed by
RACE). Cotranscription of in/B can occur from at least one of the inl4
promoters (40). Transcription of inlB can also occur independently
from promoters directly upstream of in/B (i.e., not including inl4),
including one promoter that does not have a o® consensus sequence
(40) and potentially from one with a visually predicted o®-dependent
promoter.

transporter proteins, respectively); and 102230, Imo1433, and
gadB, all putative or proven stress response genes.

L. monocytogenes ¢® promoter consensus sequence resem-
bles that of B. subtilis. Successful identification of specific o®-
dependent genes in L. monocytogenes provided new informa-
tion needed to facilitate further refinement of the predicted
consensus sequence for o®-dependent promoters in L. mono-
cytogenes. The 54 oB-dependent promoter sequences described
above were aligned and used to generate a new consensus
recognition site (Fig. 5). The —35 region (GTTT) is separated
from the —10 region (GGGWAT) by 13 to 17 nucleotides,
most frequently by 15 or 16. The guanidine in the —35 box is
almost completely conserved (98%). Overall, the L. monocy-
togenes o® consensus sequence resembles the consensus se-
quence for B. subtilis ¢®, which was reported by Petersohn et
al. (50, 51) as GTTTAA-N,,_,5-GGGWAW. This finding is not
surprising, as the majority of the sequences used to train the
HMM used in this study were obtained from B. subtilis genes.
However, the predicted L. monocytogenes o® consensus se-
quence does differ slightly from the B. subtilis consensus pro-
moter sequence. Specifically, the two adenosines at the 3’ end
of the B. subtilis —35 region are not conserved in L. monocy-
togenes. The different consensus sequences suggest that ¢ may
vary in its ability to recognize certain promoters in these two
species.

Effect of induction conditions on gene expression patterns.
As o®-dependent gene expression patterns were determined
under two different stress conditions, we also analyzed whether
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A

Imo2230 gadB

1 2 3 4 5

6 7 8 9 10

B
Poly(dC)-tail l
NN NGGGGGGGGGGEGGGLRGGGGEA AGGTGATCAGTTATTTITAAAGGAGGAAAAAAG
! fifn
‘i] ! U

FIG. 3. Determination of o®-dependent transcriptional start sites
by RACE-PCR. (A) Agarose gel electrophoresis of touchdown-PCR
amplified poly(dC)-tailed cDNA. DNA was stained with ethidium bro-
mide and visualized under UV light. Two gene-specific experiments
(lmo2230 and gadB) are shown. Lanes 1 and 6, pGEM DNA size
marker (Promega). Lanes 2 and 7, negative control PCR of untailed
wild-type ¢cDNA. Lanes 3 and 8, PCR of poly(dC)-tailed wild-type
c¢DNA. Lanes 4 and 9, PCR of poly(dC)-tailed AsigB cDNA. Lanes 5
and 10, negative control PCR of untailed AsigB cDNA. (B) A typical
chromatogram from sequencing the wild-type RACE-PCR product
(gadB shown). As a reverse-oriented primer was used in sequencing
reactions, the reverse complement of the sequence obtained is shown
in order to depict the actual transcript sequence. The poly(dC) tail is
shown, and the transcript beginning is marked with an arrow.
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the magnitude of o® dependence for individual genes varied
with the condition. Comparison of the microarray data gener-
ated under different stress conditions indicated that the rela-
tive magnitude of o®-dependent expression was similar under
the two conditions for the genes tested. The scatter plot in Fig.
6 shows the wild-type-to-AsigB mutant gene expression ratios
obtained for stationary-phase cells plotted against the gene
expression ratios for osmotically stressed cells.

The majority (67%) of the o®-dependent genes defined as
described above showed significantly higher mRNA levels,
with expression ratios of >1.5 in the wild-type L. monocyto-
genes strain under both stress conditions (Table 1). For five
genes, the expression ratios between the two stress conditions
varied from each other by more than twofold; the largest dif-
ference was 2.5-fold (Imo0880, point A in Fig. 6). However, the
majority of the genes (39 out of 55) had expression ratios that
differed by less than 1.5-fold under the two stress conditions.
These results suggest that the majority of genes comprising the
o® regulon are induced to a similar extent in relation to each
other regardless of the specific environmental stress. A subset
of oB-dependent genes (e.g., mo0880) may also be subject to
additional transcriptional regulation by other stress-specific
mechanisms. This is not to say, however, that all stress condi-
tions activate o® to the same degree. For example, while our
specific conditions resulted in similar induction levels among
the targeted genes (slope of regression = 0.89), primer exten-
sion data suggest that induction of transcription from the o®-
dependent L. monocytogenes rsbl promoter may vary under
the different stress conditions (4).

DISCUSSION

To improve our understanding of the specific roles of the
alternative sigma factor o® in regulating gene expression and
bacterial stress response, we used a combination of whole-
genome HMM similarity searches and microarray-based strat-
egies to identify members of the o® regulon in the facultative
intracellular pathogen L. monocytogenes. A 208-gene microar-

bsh

*

TTTTTTGTGAAAAAAACCACAAATTATGTITTITACTCCAAACTCCGAGGGTACTGGTATACATGTAAGGTGA

gadB

.

TAACAAATTATTGTGAAAAATTGAACGGTTTGTCTCTGTGGTTTAATGGGTATTGGTGAGAGAAGGTGATC

inlA

*

CTTTTTAACRAAAATTCTCACACCATTATGTGTTATTTTGAACATAAAGGGTAGAGGATAACATAAGTTAA

opuCA

L4

TTAAGCTGTTTTTTTGTATTTAAAAAGTTTAAATCTATACTAGTTAGGGAAATTAGTTATCGATTGCCAAT

1mo2230

L

CTCTTTTTTACAATTTCTTCATTTTAATGTTTCTAGTAATTTAAARAAGGCTAGATATTACTGTTACCATTA

1mol433

*

CACATTCGTGTGTGGCAGTTTTTTTCGTTTGAAAGTGAAATCAGACGGGAAAACAAGCTAAGAAGGAGTGA

1mo0669

*

ACAATTCTTTTTCAATTTGATGTTAAACGTTTTAGCGTAAAACAGGAGGGAAGACATAAAGTAATGGGGGG

1mo1421

*

GAATTCCATAGTTTTTTTCTTAAAT TAGGAATATTTAGGGATGAT TTAGGGTAAT TGGATGATATGTTCTT

FIG. 4. Promoter sequences of genes with o®-dependent transcriptional start sites confirmed by RACE-PCR. The —35 and —10 regions are
underlined and in bold. Diamonds indicate transcriptional start sites determined by RACE. All promoter sequences displayed were predicted by
HMM except for those of inl4 and Imol421, which were identified by visual inspection.
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.50 .19 .00 .08 .08 .08 .19 .31

.15 .00 .02 .00 .00 .13 17

.10 .25 .98 .06 .02 .02 .23 .19

29 42 .02 .83 .92 .90 .46 .33
-35 region

- ® 0 »
1S

.52 .06 .00 .02 .50 .83 .33 .60 .33 .58

.17 .00 .00 .00 .02 .04 .06 .04 .08 .02

.15 .92 .98 .90 .00 .02 .06 .06 .19 .15

.17 .02 .02 .08 .48 .10 .54 .29 .40 .25
-10 region

FIG. 5. L. monocytogenes consensus sequence logo generated with the GENIO/logo RNA/DNA and Amino Acid Sequence Logos web server
(http://genio.informatik.uni-stuttgart.de/GENIO/logo). Predicted promoter sequences of the 54 o®-dependent genes were aligned manually and
entered into the program. The vertical axis is information content in bits. The height of a nucleotide represents its frequency at that location.
Letters displayed upside down indicate a nucleotide frequency of less than 25%. Numbers below selected residues indicate nucleotide frequencies
at that position. Conserved —35 and —10 regions are indicated by bold numbers.

ray, which included 166 HMM-identified L. monocytogenes
genes located downstream of putative o®-dependent promoter
sequences as well as selected additional virulence and stress
response genes, allowed us to identify 54 genes as being di-
rectly regulated by L. monocytogenes o®. Transcriptional start
site mapping on selected genes confirmed the functionality of
putative o®-dependent promoters at the locations predicted by
the HMM or by visual inspection.

Similar to the o® regulon previously defined for B. subtilis, a
gram-positive soil bacterium closely related to the genus Lis-
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Wild-type-to—AsigB gene expression ratio
(Osmotic stress)

FIG. 6. Comparison of expression ratios for two stress conditions.
Wild-type-to-sigB mutant gene expression ratios for stationary-phase
and osmotic stress are plotted on the two axes. Genes that are not
expressed at a significantly higher rate in the wild type (X) cluster near
the origin. Significantly o"-dependent genes (m) lie near the diagonal,
indicating similar expression ratios under both conditions. Outer lines
indicate twofold differences in expression ratios among conditions. The
point labeled A represents [mo0880, which showed the largest differ-
ence in expression ratio.

teria, members of the L. monocytogenes o® regulon were shown
to encode a variety of protein functions involved in metabolic
pathways, transport, and other fundamental cellular functions.
As expected, many genes identified in this study encode pro-
teins directly associated with stress resistance. Interestingly,
several genes identified as o® dependent represent putative or
known virulence genes (e.g., inlE and bsh, respectively) or
stress response genes that have been shown to contribute to
the ability of L. monocytogenes to survive within an infected
host (e.g., opuC [60, 66]) or under conditions similar to those
encountered in an infected host (e.g., gadB [11]). These results
suggest that ¢®, in addition to enhancing bacterial survival
under stress conditions, also contributes to virulence in L.
monocytogenes.

Role of o® in L. monocytogenes stress resistance. Phenotypic
characterization of L. monocytogenes strains lacking sigB has
shown that ¢® plays an important role in resistance to osmotic,
oxidative, and acid stresses (4, 18, 19, 22, 67). Similar studies
with B. subtilis AsigB mutants also provided evidence for the
importance of a functional o® for survival under ethanol, ox-
idative, osmotic, and acid stresses (2, 25, 65). The o®-depen-
dent L. monocytogenes genes identified here provide additional
insight into the functional bases of the reduced stress resis-
tance in L. monocytogenes AsigB mutants. For example, gadB,
which encodes a glutamate decarboxylase important for acid
stress survival in L. monocytogenes (11), was shown in this work
to be part of the L. monocytogenes o® regulon.

Interestingly, both the L. monocytogenes and the B. subtilis
o® regulons include multiple genes that have been shown ex-
perimentally to contribute to protection against osmotic stress,
including genes encoding several solute transporters. The ABC
transporter OpuC contributes to osmotic stress resistance by
facilitating uptake of the osmoprotectants choline and glycine
betaine in both L. monocytogenes and B. subtilis (1, 35, 36, 60),
and expression of the encoding operon is ¢® dependent in L.
monocytogenes. Similarly, Imol421 and the B. subtilis homo-
logue opuB, each of which is a member of the o® regulon in its
species, both encode a putative choline transporter which may
also contribute to osmotic stress resistance (22, 36). In addi-
tion, ctc, which shows o®-dependent expression in both L.
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monocytogenes (this study) and B. subtilis (29, 33), was recently
shown to contribute to osmotolerance in L. monocytogenes
(26).

Finally, the o® regulon in both L. monocytogenes and B.
subtilis also includes genes that appear to contribute to oxida-
tive stress resistance, consistent with the observation that an L.
monocytogenes AsigB mutant shows increased susceptibility to
oxidative stress (18). From our data, we propose that o®-
dependent resistance to oxidative damage in L. monocytogenes
is likely due, at least in part, to glutathione reductase, which is
encoded by Imo1433. Glutathione reductase is an enzyme that
provides protection from oxidative stress by reducing glutathi-
one disulfide to glutathione (9). L. monocytogenes has been
shown to accumulate glutathione, supporting the possible ac-
tivity of this enzyme during oxidative stress (47). While no
glutathione reductase homologue was found in B. subtilis, ox-
idative stress protection in B. subtilis is dependent on the
DNA-binding protein Dps, as well as on the fmx4-encoded
thioredoxin, both of which are o® dependent (59). Our HMM
searches did not identify L. monocytogenes trxA as bearing a
oB-dependent promoter.

Role of o® in virulence gene expression. Characterization of
L. monocytogenes AsigB mutants in both tissue culture and
murine models of infection has provided initial evidence that
o® contributes to the ability of L. monocytogenes to cause
infection. While it has been shown that transcription from one
of three prfA promoters (specifically the P2 promoter) is abol-
ished in a AsigB mutant, no additional evidence for other
functional contributions of o® to virulence have been reported.
Our results provide clear evidence that o® in L. monocytogenes
contributes to transcriptional activation of genes directly asso-
ciated with virulence as well as those that likely contribute
indirectly to virulence (58).

Virulence genes defined as being part of the ¢® regulon
include bsh (encoding a bile salt hydrolase) as well as two genes
from the internalin family (inl4 and in/B). Although o®-depen-
dent transcription of inl4 and bsh has also been independently
verified by reverse transcription-PCR (D. Sue and M. Wied-
mann, unpublished data), and while RACE-PCR confirmed
the presence of functional o® promoters for these genes, it is
important to note that both genes also appear to be transcribed
from o®-independent promoters (14, 15).

Interestingly, both bsh and inlA are regulated by PrfA (14,
15), a positive transcriptional regulator of virulence gene ex-
pression. While PrfA binding has been shown to activate tran-
scription by binding to the —35 promoter region, none of the
PrfA binding boxes upstream of the o®-dependent virulence
genes described here overlap the o® consensus promoter —35
region. However, the o®-dependent P2 promoter of prf4 con-
tains a sequence resembling a PrfA box (23), and Milohanic et
al. (42) reported a gene, Imo0596, with a putative PrfA box
located at the —35 region of a predicted o®-dependent pro-
moter. We conclude that transcription of a subset of L. mono-
cytogenes virulence genes is regulated by a complex regulatory
network that can include activation by both PrfA and o®. We
hypothesize that this PrfA/c® regulatory mechanism coordi-
nates transcriptional activation of subsets of L. monocytogenes
virulence genes in specific host environments, e.g., bsh and inl4
have been shown to be critical for listerial pathogenesis in the
intestine (15, 39).
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While bsh, inl4, and inlB represent experimentally verified
virulence genes which were identified as being ¢® dependent,
we also defined as members of the o® regulon additional pu-
tative L. monocytogenes virulence genes, including additional
internalins. The L. monocytogenes internalins represent a di-
verse group of surface proteins with confirmed or putative
virulence functions (39, 49, 57). While internalin B does not
display an LPXTG motif, the other internalins include this cell
wall anchor domain. Proteins with LPXTG motifs are common
among gram-positive bacteria, and their functions are broad in
range and frequently affect virulence (reviewed in reference
46). In addition to inlA4, we identified four other L. monocyto-
genes genes encoding putative cell wall-anchored proteins dis-
playing an LPXTG motif (including the internalin genes inlC2
and inlE) as being o® dependent. While in/C2 and inlE, which
are part of the inIlC2DE operon in L. monocytogenes 104038,
have not been shown experimentally to contribute to virulence,
members of the homologous inlGHE operon present in other
L. monocytogenes strains (e.g., EGD-e) have been shown to
contribute to host cell internalization (5, 57). In addition to two
other oB-dependent genes encoding proteins with LPXTG mo-
tifs (1m02085 and Imo0880), we also identified one o®-depen-
dent gene (Imo0994) that is unique to L. monocytogenes (i.e.,
absent from Listeria innocua and B. subtilis). Further studies
with appropriate null mutants will be necessary to determine
the specific functions of these putative o-dependent virulence
genes.

In addition to the established or putative virulence genes
discussed above, we also identified o®-dependent stress re-
sponse genes that had been shown previously to contribute to
L. monocytogenes virulence, infection, and intrahost survival.
Examples include the o®-dependent opuC operon; an L.
monocytogenes 1L.O28 opuC mutant showed reduced coloniza-
tion of the mouse upper small intestine following peroral in-
oculation (60) and reduced numbers of bacteria in the spleens
and livers of infected mice (66), although the phenotype ap-
pears to be strain specific (60). The o®-dependent gadB was
previously shown to contribute to L. monocytogenes acid sur-
vival, including survival in synthetic gastric and ex vivo porcine
stomach fluids (11). In conjunction with our findings described
above, these data support a broad role for o®-dependent genes
in L. monocytogenes virulence and intrahost survival. The ma-
jority of L. monocytogenes virulence studies thus far have used
the mouse model of infection, but the mouse lacks the appro-
priate E-cadherin receptor, which is particularly critical for
gastrointestinal invasion by L. monocytogenes (67). Use of
more appropriate animal models to study L. monocytogenes
pathogenesis (e.g., guinea pigs [39]) may help us to more
clearly define the in vivo contributions of o® to L. monocyto-
genes virulence.

Studies in other gram-positive pathogens have provided fur-
ther evidence that o® contributes to directing gene expression
during host infection. In S. aureus, the virulence determinant
SarA is expressed from a promoter that is strictly ¢® depen-
dent (6, 41). SarA specifically activates transcription of agr,
which encodes a positive regulator of extracellular virulence
gene expression (43, 48). In both S. aureus and S. epidermidis,
o® is also required for biofilm formation, a probable prereq-
uisite for establishing infections (37, 54, 55). o® contributes to
virulence in Bacillus anthracis; a sigB mutation in B. anthracis
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severely attenuates virulence in a murine model of infection
(21). In addition to ¢®, stress-responsive sigma factors may
contribute broadly to bacterial virulence. For example, the
gram-negative stress-responsive alternative sigma factor RpoS
has also been shown to contribute to virulence in a variety of
pathogens, including Yersinia spp., Salmonella spp., Pseudomo-
nas aeruginosa, and Legionella pneumophila (3, 17, 34, 61).

Comparative genomics of the ¢®-dependent stress response.
The definition of 54 o®-dependent genes in L. monocytogenes
provides a unique opportunity for a comparative evaluation of
the predicted functions of the o®-dependent stress response
among low-GC-content, gram-positive bacteria. Overall, the
range of protein functions associated with the L. monocyto-
genes oB-dependent genes defined in this work appears to be
similar to the range of functions encoded by the genes de-
scribed for the B. subtilis o® regulon (51, 53). Through simi-
larity searches, we determined that 31 of the 54 o®-dependent
genes in L. monocytogenes have homologous gene sequences in
B. subtilis and 12 of these 31 genes show o®-dependent expres-
sion in both L. monocytogenes (this work) and B. subtilis (51,
53). These 12 genes include the stress response genes ctc, ltrC,
and Imo1602, the rsbV operon, and metabolic genes (see Table
2). These genome-scale comparisons of the L. monocytogenes
and the B. subtilis o® regulons thus suggest that the o®-depen-
dent stress response system has adapted in L. monocytogenes to
facilitate pathogen-host interactions.

The analysis of the S. aureus o® regulon performed by Gertz
et al. (27) identified predominantly uncharacterized proteins.
While 20 of the 27 o®-dependent S. aureus proteins identified
had homologues in B. subtilis, only 7 of those homologues were
o® dependent in B. subtilis. This finding parallels our own in
that only a portion of the B. subtilis genes that are homologous
to the o®-dependent genes identified in L. monocytogenes are
also o® dependent in B. subtilis. Taken together, these obser-
vations suggest that the ¢® regulon has evolved to serve dif-
ferent roles among these bacteria.

Towards defining the complete L. monocytogenes o™ regulon.
Stress-responsive alternative sigma factors, including RpoS in
gram-negative bacteria (32) and o® in low-GC-content, gram-
positive bacteria, contribute to regulation of large sets of
genes, both directly and indirectly (51). As commercial, full-
genome microarrays become available, more genes than those
found here can be identified as o® dependent, including those
not identified by the original HMM search. Still, defining all
genes regulated by an alternative sigma factor represents a
significant challenge, even with the availability of technologies
such as two-dimensional gel electrophoresis and full-genome
microarrays.

While our identification of 54 o®-dependent genes likely
represents about one-third of the L. monocytogenes o® regu-
lon, which is estimated to contain around 150 genes, the func-
tional diversity represented by the proteins encoded by these
genes provides valuable new insight into the specific functions
of the L. monocytogenes o® regulon. In addition to the 54 genes
reported here, many additional members of the L. monocyto-
genes o® regulon may have been correctly predicted by our
HMM search, but their detection may have been masked by
redundant regulation of transcription. Additional approaches
such as in vitro transcription analyses with a purified L. mono-
cytogenes o®-RNAP complex (8) or transcriptional profiling of
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an L. monocytogenes strain with an inducible sigB (53) will
likely be necessary to identify and confirm additional members
of the o® regulon. We have demonstrated, however, that a
combination of HMM-based similarity searches and construc-
tion of a microarray as described here represents an efficient
and economical approach for defining genes regulated by a
specific mechanism, such as an alternative sigma factor.
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