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Abstract
Listeria monocytogenes can respond rapidly to changing environmental conditions, as illustrated
by its ability to transition from a saprophyte to an orally transmitted facultative intracellular
pathogen. Differential associations between various alternative σ factors and a core RNA
polymerase provide a transcriptional mechanism for regulating bacterial gene expression that is
crucial for survival in rapidly changing conditions. Alternative σ factors are key components of
complex L. monocytogenes regulatory networks that include multiple transcriptional regulators of
stress-response and virulence genes, regulation of genes encoding other regulators, and regulation
of small RNAs. In this article, the contributions of various σ factors to L. monocytogenes stress
response and virulence are described.

Listeria monocytogenes – a facultative intracellular pathogen and an
environmental saprophyte

The Gram-positive bacterium Listeria monocytogenes is described as having a Jekyll and
Hyde lifestyle [1] because it can cause life-threatening invasive disease in humans and
animals but can also effectively survive and multiply in many different non-host
environments. In fact, the robust ability of L. monocytogenes to survive and multiply
outside a host is crucial to its transmission, which typically occurs via the consumption of
contaminated foods or animal feeds. L. monocytogenes has several regulatory mechanisms
that contribute to its ability to respond to and survive under rapidly changing conditions.
Regulatory mechanisms contributing to bacterial survival can function at various levels,
including the transcriptional level, the post-transcriptional level and the post-translational
level. This review focuses specifically on the contributions of alternative σ factors to
transcriptional regulation in L. monocytogenes, including the contributions of these
regulatory mechanisms to stress resistance, environmental survival and virulence.

The pathogenic lifestyle of L. monocytogenes
L. monocytogenes can cause disease (listeriosis) in several animal species. It predominantly
occurs in mammals but is also seen in some poikilothermic animals and avian species [2].
Although L. monocytogenes can cause mild illness (e.g. diarrhea and flu-like symptoms) in
humans, it also can cause severe invasive infections. Listeriosis manifestations in humans
include meningitis, encephalitis and septicemia, and spontaneous abortions and stillbirths or
infant septicemia and meningitis after the infection of pregnant women [3]. The majority
(99%) of human listeriosis infections are foodborne [4]. Because initial contamination of
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food products usually occurs at low levels and the human infectious dose seems to be high
[5], post-contamination multiplication of L. monocytogenes in food products usually needs
to occur for the pathogen to reach high enough levels to cause human disease. Thus, the
transmission of infectious doses of L. monocytogenes to human hosts is often dependent on
the ability of this pathogen to survive and multiply in diverse environments, including in
refrigerated foods.

After the consumption of contaminated foods, human listeriosis infections involve the
following steps: (i) bacterial survival through the gastric passage; (ii) survival and
colonization in the intestinal tract, with possible intestinal symptoms (diarrhea); (iii)
invasion of intestinal epithelial cells and/or microfold (M) cells [6]; and (iv) systemic spread
with intracellular infection of phagocytic and non-phagocytic cells. Cellular-infection stages
also have been defined as follows: (i) internalization of L. monocytogenes within the host
cell; (ii) bacterial escape from the host vacuole; (iii) bacterial multiplication within the host-
cell cytoplasm and movement through the host cytoplasm by bacterially directed nucleation
of host actin; (iv) bacterial movement to the host-cell surface and extrusion of bacterial cells
in pseudopod-like structures; and (v) phagocytosis of these pseudopod-like structures by
neighboring cells, followed by escape of the bacterium from the resulting double-membrane
vacuole. The escape of the bacterium enables repetition of the cycle. Several L.
monocytogenes virulence genes and their specific functions during these stages of
intracellular infection have been identified and characterized, including prfA, which encodes
positive regulatory factor A (PrfA) [5] (Box 1).

Box 1

Listeria monocytogenes stress-response and virulence genes and
proteins, and abbreviations

Transcription regulators

CodY: transcription repressor that responds to GTP and branched-chain amino acid
levels in the cell.

CtsR: class III stress-response regulator; a transcription repressor.

Hfq: RNA-binding protein involved in stress resistance and virulence.

HrcA: heat regulation at controlling inverted-repeat of chaperone expression (CIRCE)
elements; a transcription repressor.

PrfA: positive regulatory factor A; global regulator that controls transcription of many L.
monocytogenes genes that are essential for virulence.

Genes involved in virulence

bilE (formerly lmo1421-lmo1422, or opuBAB): this two-gene operon (bilEAB) encodes
a bile-exclusion system; responsible for bile resistance.

bsh: encodes bile salt hydrolase, which is important for bile tolerance.

clpC operon: comprises ctsR, mcsA, mcsB and clpC, encoding CtsR, McsA and McsB,
which both regulate CtsR activity, and the ClpC endopeptidase and chaperone.

inlAB: this operon encodes internalin A and internalin B.

LIPI: Listeria pathogenicity island; comprises virulence genes prfA, plcA, hly, mpl, actA
and plcB.

Genes involved in general-stress response
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Acid stress
GAD: the glutamate decarboxylase system, which is encoded by the gad genes. gadA
(formerly gadB, gadD, gadD3 or lmo2434) encodes glutamate decarboxylase. The
gadCB (formerly gadD2T2 or lmo2363–lmo2362) operon encodes a glutamate
decarboxylase and a glutamate-γ-aminobutyric acid (GABA) antiporter.

Osmotic stress
BetL: glycine betaine transporter encoded by betL.

Gbu: glycine betaine ABC transport system encoded by a three-gene operon (gbuABC).

OpuC: carnitine ATP-binding cassette (ABC) transport system encoded by a four-gene
operon (opuCABCD).

Oxidative stress
lmo0669: encodes an oxidoreductase; transcribed in an operon with lmo0670, which
encodes a hypothetical protein.

lmo1433: encodes glutathione reductase.

Energy stress and cellular metabolism
ldh: encodes L-lactate dehydrogenase.

lmo0398–lmo0400: operon encodes a fructose-specific phospho-transferase system
(PTS).

lmo0784–lmo0781: operon encodes a mannose-specific PTS.

lmo2205: encodes phosphoglyceromutase.

lmo2460: encodes a transcriptional regulator similar to the central glycolytic gene
regulator (CggR).

pdhB: encodes pyruvate dehydrogenase (E1 β subunit).

Cold stress
cspD: encodes cold-shock protein D.

ltrC: encodes low-temperature requirement C protein.

Other genes or proteins

clpB: encodes ClpB, similar to endopeptidase Clp ATP-binding chain B; transcribed in
an operon with lmo2205.

clpP: encodes ClpP, an ATP-dependent Clp protease proteolytic subunit.

clpX: encodes ClpX, an ATP-dependent Clp protease ATP-binding subunit.

DnaKJ: heat-shock proteins encoded by the dnaK operon consisting of hrcA, grpE,
dnaK, dnaJ, lmo1471 and lmo1470.

groESL: encode chaperone proteins GroES and GroEL, which regulate HrcA post-
transcriptionally.

grpE: encodes heat-shock protein GrpE.

lmo1138: similar to ATP-dependent Clp protease proteolytic component.

lmo1601: encodes a general-stress protein; transcribed in an operon with lmo1602, which
encodes an unknown protein.
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lmo1602: encodes an unknown protein; transcribed in an operon with lmo1601.

lmo2230: encodes a protein similar to arsenate reductase.

lstR: encodes lineage-specific thermal regulator; transcribed in an operon with sigC.

rsbVWX: encode regulators of σB activity, RsbV, RsbW and RsbX.

Other abbreviations

CCCP: carbonyl cyanide 3-chloropenylhydrazone. A protonophore used to destroy the
proton motive force across a plasma membrane to cause inhibition of ATP synthesis and
depletion of cellular energy in a bacterial cell.

CHP: cumene hydroperoxide. A compound used to induce oxidative stress in the cell.

ppGpp: Guanosine tetraphosphate. An effector of the stringent response and a regulator
of differential binding of alternative σ factors to RNA polymerase.

The nonpathogenic lifestyle of L. monocytogenes
L. monocytogenes is ubiquitously present in the environment. It has been isolated from
several non-host-associated locations, including a variety of raw and ready-to-eat human
foods, food-processing plants, retail food operations, urban environments, farm
environments and natural environments that have had limited human impact [7].
Characterization of L. monocytogenes isolates from various hosts and environments by
using a variety of different subtyping methods indicates that strains comprising the species
L. monocytogenes represent at least three distinct genetic lineages [7]. Serotyping is a
method that is commonly used to characterize L. monocytogenes strains. Thirteen L.
monocytogenes serotypes have been differentiated; three serotypes (1/2a, 1/2b and 4b)
represent the vast majority of human listeriosis isolates [3].

L. monocytogenes is capable of reproducing to high numbers in different natural
environments. For example, naturally contaminated silage on farms has been reported to
carry 1×108 colony-forming units (CFU) per g [8] and naturally contaminated human foods
can contain >103 CFU per g [9], although the majority of food samples tested and reported
in Ref. [9] contained <1 CFU per g. These findings clearly illustrate the ability of L.
monocytogenes to compete and grow successfully in non-host environments.

Under laboratory conditions, L. monocytogenes can grow in a wide range of environmental
conditions, including temperatures of +1 °C–45 °C, a pH range of 4.4–9.6 and salt
concentrations up to 10% weight/volume NaCl [10]. L. monocytogenes can persist, although
it might not grow, under an even wider range of conditions, including pH levels as low as
2.5 [11], bile and bile-acid concentrations higher than the 0.3% volume/volume and 5 mM,
respectively, that are typically encountered in host animals [12], and high hydrostatic
pressures [13]. Moreover, in addition to surviving under specific stress conditions, exposing
L. monocytogenes to mild conditions of one type of stress can produce cross-protection
against other stresses and result in robust and persistent strains in a given environment
[14,15].

L. monocytogenes transcription regulation in external and intrahost
environments

One important mechanism for regulating the transcription of appropriate genes under rapidly
changing environmental conditions is the ability of different alternative σ factors to
associate with a core RNA polymerase under specific environmental conditions. The σ
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factor is a dissociable subunit of the RNA polymerase holoenzyme that is responsible for
enzyme recognition of a specific DNA sequence that represents a promoter region for a
given gene and for transcription initiation at that promoter site. Therefore, differential
associations between alternative σ factors and core polymerase, in essence, reprogram
promoter-recognition specificities of the enzyme, thus enabling expression of new sets of
target genes under different environmental conditions. Some alternative σ factors (e.g. σB)
are maintained in inactive states through direct interactions between a given σ factor and its
specific anti-σ-factor protein until the cell encounters environmental conditions requiring
expression of genes recognized by that σ factor (as reviewed in Ref. [16]). Guanosine
tetraphosphate (ppGpp) seems to have an important role in σ-factor competition for core
RNA polymerase [17,18]). Alternative σ factors can produce dramatic changes in bacterial
gene expression after exposure to environmental stress conditions, such as during the
sporulation process of Bacillus subtilis, which is controlled by association of a specific
cascade of alternative σ factors with core polymerase [19]. The L. monocytogenes genome
encodes four alternative σ factors (σB, σC, σH and σL) [20]. By contrast, the genome of the
human intestinal bacterium Bacteroides thetaiotaomicron encodes 50 alternative σ factors
[21] and B. subtilis encodes 18 [22].

L. monocytogenes alternative σ factor σB

σB is encoded by sigB. Identification of the L. monocytogenes σB regulon, combined with
proteomic [23] and phenotypic analyses of sigB-null mutants (ΔsigB), has provided
considerable evidence that σB crucially contributes to the ability of L. monocytogenes to
multiply and survive, both in mammalian hosts and under stress conditions encountered in
non-host-associated environments [1]. σB was first identified and characterized in B. subtilis
and subsequently has been identified in several other Gram-positive bacteria including L.
monocytogenes, Staphylococcus aureus, Bacillus anthracis and Bacillus licheniformis [16].
Characterization of the L. monocytogenes σB regulon during stationary phase and under salt
stress identified >170 positively regulated σB-dependent genes in L. monocytogenes,
including 145 genes that are preceded by a putative σB-dependent promoter, indicating that
they are directly regulated by σB [24,25]. The L. monocytogenes σB regulon seems to be
similar in size to that of B. subtilis (125–150 genes [26,27]) and S. aureus (198 genes [28]).

Role of σB in L. monocytogenes’ general-stress response
Both gene-expression and phenotypic data support contributions of σB to L. monocytogenes
response and survival under non-host-associated environmental stress conditions, including
acid stress, osmotic stress, oxidative stress, cold stress and nutrient limitation or energy
stress. Based solely on gene-expression profiles, σB also might be involved in arsenate
resistance [24,25] (Table 1).

σB clearly contributes to L. monocytogenes acid resistance. Specifically, phenotypic
experiments have shown that an L. monocytogenes ΔsigB mutant has a severely reduced
ability to survive acidic conditions (pH 2.5) compared with its parent strain [29,30]. σB

regulates the transcription of genes contributing to acid resistance, including genes encoding
components of the glutamate decarboxylase (GAD) system. In general, the GAD system
consists of a glutamate decarboxylase enzyme (e.g. gadD2) and a glutamate-γ-
aminobutyrate (GABA) antiporter (e.g. gadT2) that act in concert to reduce acidification
within the cytoplasm of the cell. L. monocytogenes lmo2434 (also referred to as gadA
[14,25,31], gadB [24], gadD [29] or gadD3 [32]) seems to be directly regulated by σB

[24,25,29,31]. In addition, the higher transcript levels observed in ΔsigB relative to the
parent strain for the lmo2363–lmo2362 operon (also called the gadCB [14] or the gadD2T2
operons [32]) indicate that these genes are indirectly regulated by σB [25].
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σB contributes to the osmotic stress-resistance mechanisms of L. monocytogenes; σB

activity increases with increased medium osmolarity [33,34]. The ability of L.
monocytogenes to grow under conditions of high osmolarity is affected by its ability to
accumulate compatible solutes by transport systems. Three σB-dependent systems (OpuC,
Gbu and BetL) transport carnitine and glycine betaine across the bacterial membrane, from
the environment into the cytoplasm, to combat osmotic stress [35,36]. An L. monocytogenes
ΔsigB mutant (10403S, serotype 1/2a) is deficient in its ability to use carnitine and betaine
as osmoprotectants compared with the corresponding wild-type strain [33]; however, this
phenotype is not shared with a serotype 4c ΔsigB mutant [37]. Microarray analyses have
revealed that several other transporters and transport systems are upregulated by σB in an L.
monocytogenes 10403S parent strain relative to a ΔsigB mutant upon exposure of
logarithmic-phase cells to 0.5 M KCl [24] or 0.3 M NaCl [25]. Furthermore, proteomic and
reverse-transcription (RT)-PCR analyses showed σB-dependent expression of several
proteins and genes in the presence of 0.5 M NaCl [23].

Transcriptional profiling of the σB regulon revealed several σB-dependent genes that encode
proteins with putative roles in oxidative-stress resistance, including lmo0669 and lmo1433
[24,25,38]. Survival experiments with stationary-phase L. monocytogenes 10403S (serotype
1/2a) and its isogenic ΔsigB mutant during exposure to ~13 mM cumene hydroperoxide
(CHP) showed considerably reduced survival of the ΔsigB strain relative to the parent strain
and indicated a role for σB in oxidative-stress resistance in 10403S [30,39]. However, σB

contributions to oxidative-stress survival seem to vary among L. monocytogenes strains of
different serotypes. CHP experiments with a different serotype 1/2a parent strain (L.
monocytogenes L61) and its isogenic ΔsigB mutant (ΔsigB61) showed no statistical
difference in survival [37]. Interestingly, an L. monocytogenes serotype 4c strain (L99) was
significantly less resistant than its corresponding ΔsigB mutant (ΔsigB99) upon exposure to
CHP for 15 min [37]. These phenotypic experiments indicate considerable strain-to-strain
variability in σB contributions to oxidative-stress resistance in L. monocytogenes.

Whole-genome transcriptional profiling of L. monocytogenes clearly indicated a major role
for σB in regulating carbohydrate metabolism; identification of numerous σB-dependent
genes that were upregulated during stationary phase indicates that σB is important for
utilizing the limited nutrients present in the environment [25,38]. Several operons
contributing to carbohydrate metabolism are σB-dependent, including lmo0784–lmo0781
and lmo0398–lmo0400, which encode mannose-specific and fructose-specific
phosphotransferase systems, respectively [25]. In addition, the presence of a putative σB-
dependent promoter upstream of lmo2460, which encodes a transcriptional regulator similar
to the central glycolytic gene regulator (CggR) in B. subtilis, indicates that σB has a direct
role in regulating genes involved in glycolysis and gluconeogenesis [25]. In phenotypic
experiments, ΔsigB cell numbers declined rapidly compared to those of the L.
monocytogenes 10403S parent strain during static incubation in brain heart infusion (BHI)
broth at 37 °C for 36 h [30]. Enhanced survival of the 10403S parent relative to the ΔsigB
strain under conditions of energy stress generated by limiting ATP synthesis through
addition of the protonophore carbonyl cyanide 3-chloropenylhydrazone (CCCP) to the
growth medium indicated that σB contributes to energy-stress survival [30]. Quantitative
RT-PCR on RNA isolated from L. monocytogenes 10403S and otherwise isogenic ΔsigB
cells exposed to CCCP for five minutes showed that RNA transcript levels for the σB-
dependent opuCA were significantly higher in the parent strain than in the ΔsigB mutant,
further indicating activation of σB in response to CCCP [40]. However, σB contributions to
energy and carbon limitation seem to be strain dependent. Whereas the L. monocytogenes
10403S (serotype 1/2a) response to carbon limitation was σB-dependent [30,39], the long-
term viability of L. monocytogenes L61 (serotype 1/2a) and L99 (serotype 4c) strains under
carbon-starvation conditions seemed to be σB-independent [37].
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Role of σB in L. monocytogenes virulence
Multiple lines of evidence indicate that σB contributes to L. monocytogenes virulence [16].
For example, σB directly regulates expression of some virulence genes and stress-response
systems that are required for survival and multiplication under conditions that are
encountered in a host, either during gastrointestinal passage (e.g. acidic pH in the gastric
environment) or during intracellular survival and growth (e.g. oxidative stress in the host-
cell phagosome).

Microarray analyses and single-gene transcriptional analyses have identified several
virulence genes that are directly regulated by L. monocytogenes σB. Specifically, σB seems
to contribute to the transcriptional regulation of genes important for bile resistance,
including bsh, which encodes a bile-salt hydrolase [41], and the bilE (opuB) operon, which
encodes a bile-exclusion system [42]. σB also regulates transcription of several genes that
encode L. monocytogenes internalins, including inlAB that encode internalin A and B,
which are crucial for L. monocytogenes attachment to and invasion of different host-cell
types [24,43]. Importantly, σB also contributes to transcription of the gene encoding the
global L. monocytogenes virulence gene regulator, PrfA [44,45] (Box 2).

Box 2

Regulation of PrfA expression by σB

σB activates transcription at the prfAP2 promoter region, which includes overlapping σB-
and σA-dependent promoters, and represents one of three promoter regions that
contribute to prfA transcription. The other prfA promoters are the P1 promoter (which is
located upstream of prfAP2) and the plcA promoter (which can generate a bicistronic
transcript that includes plcA and prfA). Importantly, although translation of the prfAP1
transcript is temperature dependent (i.e. translated only at temperatures >30 °C),
transcripts originating from the prfAP2 promoter do not show temperature-dependent
translation [78]. Thus, transcription originating from prfAP2 provides a mechanism for
σB-dependent production of PrfA, even at temperatures typically encountered outside a
mammalian host. Inactivation of σB-dependent prfA transcription through deletion of the
prfAP2 promoter does not affect L. monocytogenes virulence in intragastrically
inoculated guinea pigs [50] or L. monocytogenes’ cell-to-cell spread in at least some
mammalian cell lines [79]. The contribution of σB to prfA transcription thus seems to be
important only at specific stages of infection and/or in specific hosts. Alternatively, σB

transcription at prfAP2 might represent a redundant system that provides highly robust
regulation of prfA expression. Interestingly, the role of σB in regulating a primary
virulence gene regulator is not unique to L. monocytogenes. In S. aureus, σB contributes
to regulation of virulence gene expression through transcriptional regulation of sar
[28,80]. 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 pathogenesis of S. aureus [81].

In addition to regulation of virulence-gene expression (e.g. prfA, bsh and inlAB), L.
monocytogenes σB also regulates transcription of stress-response genes that contribute to the
ability of L. monocytogenes to infect mammalian hosts. For example, σB regulates the opuC
operon, which encodes an ATP-binding cassette (ABC) transporter of osmoprotectant
molecules (predominantly carnitine) that contribute to L. monocytogenes survival in the
gastrointestinal tract of experimentally infected mice [46]. Another example of σB–
dependent gene expression that contributes to bacterial survival is induction of glutamate
decarboxylase (gad) genes when L. monocytogenes is exposed to mildly acidic conditions
(pH 5.1) [32]. Furthermore, L. monocytogenes acid adaptation results in cross-protection
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against other cellular stresses [15], and acid-adapted L. monocytogenes also grows markedly
better in interferon-γ (IFN-γ)-activated THP-1 macrophages than cultures not previously
exposed to acid [14]. σB also seems to regulate expression of L. monocytogenes genes after
entry into both phagocytic and non-phagocytic host cells [47,48]. Among the σB-dependent
genes differentially transcribed in infected host cells, some genes seem to be predominantly
regulated by σB (e.g. lmo1433, which encodes glutathione reductase) [25,47,48], whereas
other genes seem to be co-regulated by σB and one or more transcriptional regulators,
including PrfA [42,47].

Phenotypic evidence also supports important σB-mediated contributions to virulence. For
example, σB clearly contributes to L. monocytogenes survival in artificial gastric fluid with
a pH of 2.5 [39]. A ΔsigB strain was defective relative to the 10403S parent strain in
invading Caco-2 and HepG-2 cells [49], and in causing infections in guinea pigs [50]. σB

seems to contribute to virulence across multiple Gram-positive bacterial pathogens. For
example, a B. anthracis ΔsigB strain was less virulent than its parent strain, indicating σB-
mediated virulence contributions in this pathogen [51].

Gene regulation in L. monocytogenes by the alternative σ factor σH

L. monocytogenes σH, encoded by sigH, shows homology to the B. subtilis stationary-phase
σ factor, σH, which regulates >400 genes (~240 genes positively and ~180 negatively) [52].
B. subtilis σH is involved in the transition from exponential phase to stationary phase,
sporulation, nutrient transport, and the regulation of many other transcription factors and
cell-wall-binding proteins. Although σH-dependent L. monocytogenes genes have not been
identified, an L. monocytogenes sigH-null mutant (ΔsigH) showed reduced growth in a
minimal medium and in alkaline conditions compared with wild type [53]. In addition,
characterization of an L. monocytogenes ΔsigH mutant in an intraperitoneal inoculated
mouse model also indicated a role for σH in infection [53]. In the closely related pathogen S.
aureus, σH contributes to the expression of competence-related genes (e.g. comE and
comG), indicating a possible indirect role for σH in S. aureus virulence, by enabling the
acquisition of genetic material that is beneficial to bacterial survival and infection [54]. In B.
anthracis, σH contributes to the expression of AtxA, a positive regulator of anthrax toxin
components, which indicates a direct role for σH in B. anthracis virulence [55].

Gene regulation in L. monocytogenes by the alternative σ factor σL

L. monocytogenes σL (also known as σ54, or RpoN), which is closely related to the
alternative σ factor σ54 in several other bacterial species [56], is encoded by sigL. sigL
expression is sensitive to growth phase and temperature [57,58]. For example, sigL
expression is induced in logarithmic-phase cells grown at 10 °C [57]; however, it is
downregulated during stationary phase at 4 °C [58]. σL-dependent transcription requires
energy to melt target promoter sequences; therefore, transcription initiation typically
requires an additional activator (i.e. ManR) that is also an ATP–GTP-binding protein [59].
Global transcriptome analysis of an L. monocytogenes rpoN-null mutant (ΔsigL) identified
77 σL-dependent genes, including several genes that contribute to carbohydrate and amino
acid metabolism [60]. Twenty-four σL-dependent genes are differentially expressed inside
macrophage cells relative to their expression levels in BHI [47]. Genes encoding for
pyruvate dehydrogenase, cell division and thioredoxin reductase are repressed, and those
encoding for an oligo-peptide transporter and the ClpP serine protease are induced. These
findings indicate roles for σL in intracellular replication and stress response. Phenotypic
characterization of ΔsigL mutants has shown that σL contributes to L. monocytogenes
osmotolerance [61] and influences susceptibility to the antibacterial peptide mesentericin
Y105 [56].
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Gene regulation in L. monocytogenes by the alternative σ factor σC

Extracytoplasmic function (ECF) σ factors comprise a distinct subgroup among σ factors.
ECF σ factors typically regulate gene expression in response to envelope or extra-
cytoplasmic stimuli, transport and secretion. The first recognized ECF σ factor (encoded by
rpoE) was identified in Escherichia coli [62,63]. Seven ECF σ factors have been identified
in B. subtilis [22]. Typically, although not in all cases, ECF σ factors are cotranscribed with
corresponding anti-σ factors. L. monocytogenes encodes only a single ECF σ factor (σC).
To date, sigC, which encodes σC, seems to be present only in strains classified into one L.
monocytogenes evolutionary lineage (lineage II) [64]. L. monocytogenes σC seems to be
activated upon heat stress, and a ΔsigC strain showed increased sensitivity to heat killing
[64]. No virulence or virulence-associated phenotypes have been ascribed to L.
monocytogenes σC. Expression of sigC and of lstR, which is immediately downstream of
sigC, is repressed by the pleiotropic transcriptional regulator CodY during exponential
growth, indicating interactions among these transcriptional regulators, and a possible role for
CodY in mediating temperature stress (i.e. repressing thermal-resistance genes and cold-
stress-response genes) [65].

L. monocytogenes regulatory networks and interactions involving
alternative σ factors

L. monocytogenes alternative σ factors clearly have crucial roles in assuring appropriate
gene expression during survival of non-host associated stress conditions and during
infection. Emerging evidence indicates that alternative σ factors are crucial components of
regulatory networks in L. monocytogenes and function to (i) co-regulate stress-response and
virulence genes, (ii) regulate genes encoding other regulators and (iii) regulate small RNAs.

Co-regulation of stress-response and virulence genes by alternative σ factors
Transcriptional analyses have provided clear evidence that several virulence and stress-
response genes are co-regulated by either multiple alternative σ factors, or alternative σ
factors and other transcriptional regulators. One important theme that has emerged from
various transcriptional studies is that, in addition to σB-dependent transcription of prfA
itself, several other virulence genes are also co-regulated by PrfA and σB (e.g. inlA, inlB,
bsh and the bilE operon) (Figure 1). Interestingly, some of these genes (e.g. inlA, bsh and
bilEAB) encode proteins that seem to have specific roles in the gastrointestinal stage of the
interactions between L. monocytogenes and its hosts, indicating the need for interactions
between PrfA and σB during the transition of L. monocytogenes from the non-host
environment to the systemic stages of infection.

Genes regulated by more than one alternative σ factor (i.e. σB and σL) include those
encoding cold-shock protein cspD and general-stress protein lmo1601. cspD is negatively
regulated by σB under salt stress and by σL in late logarithmic-phase whereas lmo1601,
which is positively regulated by σB under both salt stress and entry into stationary phase, is
negatively regulated by σL [25,60]. σB and σL seem to modulate the expression of genes
that are differentially expressed in intracellular bacteria, such as ldh and pdhB, which
encode L-lactate dehydrogenase and a subunit of pyruvate dehydrogenase, respectively
[25,47,60]. In addition to indicating interplay between σB and σL, these results also indicate
that σB and σL control and fine-tune the expression of genes that is important for coping
with physiological stresses and metabolic requirements in L. monocytogenes, including
during host infection.

σB also co-regulates stress-response and virulence genes with negative regulators such as
CtsR and HrcA, which both contribute to the regulation of expression of heat-shock genes
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and genes important for virulence [66,67] (Figure 1). Specific examples include: (i) the σB

and CtsR co-regulation of genes encoding Clp proteins, which have endopeptidase and
chaperone functions; and (ii) the σB and HrcA co-regulation of heat-shock proteins DnaKJ
and GroESL, which act as chaperones. At least one gene (i.e. clpP) is co-regulated by σB,
CtsR and σL. Furthermore, in addition to co-regulation by σB and σL, the expression of
cspD is also positively regulated by HrcA. Networks between different transcriptional
regulators, including alternative σ factors, thus seem to contribute to fine-tuning gene
expression under various different stress conditions.

Regulation by alternative σ factors of genes encoding other regulators
Regulatory interactions among alternative σ factors and other regulators in L.
monocytogenes are not limited to co-regulation of genes encoding effector proteins.
Alternative σ factors also regulate the transcription of genes that encode proteins with
regulatory functions, including other transcriptional regulators. One particularly intriguing
and important interaction is the regulation of prfA transcription by σB (Box 2).

Emerging evidence indicates that σB contributes to the control of negative regulators CtsR
and HrcA [66,67] and, hence, to the regulation of heat-shock proteins. σB seems to directly
regulate HrcA through a σB promoter upstream of hrcA. Expression of hrcA from the σB-
dependent promoter occurs in logarithmic-phase L. monocytogenes exposed to
environmental stress (0.3 M NaCl), which indicates that the role of σB in hrcA expression
might be growth-phase dependent [67]. σB seems to regulate CtsR indirectly. From a
promoter upstream of mcsA, σB regulates transcription of the mcsA-mcsB-clpC operon,
which encodes a set of modulators of CtsR activity [66]. In B. subtilis, McsA helps stabilize
CtsR. Post-translational modification of CtsR by McsB results in release of CtsR from the
operators of repressed genes. Consequently, released CtsR is targeted for degradation by the
Clp proteins [68,69].

Contributions of alternatives σ factors to regulation of small RNAs
σ factors regulate small RNAs (sRNAs) directly by controlling their transcription. However,
alternative σ factors also can regulate sRNAs indirectly by controlling the expression of
binding proteins and chaperones such as Hfq. In E. coli and other bacteria, Hfq has two
major roles: (i) pairing sRNA to targeted mRNA, resulting in mRNA inhibition, and (ii)
binding directly to mRNA to stabilize the transcript. Hfq has been identified in many
bacterial pathogens, including Vibrio cholerae and Salmonella Typhimurium, and
contributes to virulence. In L. monocytogenes, Hfq contributes to stress response in the
presence of salt and ethanol, in addition to contributing to virulence in mice, although no
virulence role is apparent in tissue culture models [70]. In E. coli, Hfq regulates the
translation of general-stress σ factor RpoS mRNA (reviewed in Ref. [71]). By contrast, hfq
is regulated by the general-stress factor σB in L. monocytogenes [70] and by RpoS in
Legionella pneumophilia, the causative agent of legionellosis [72]. Taken together, these
findings indicate that, in addition to regulating gene expression at the level of transcription,
alternative σ factors seem to exert post-transcriptional control indirectly through sRNAs and
Hfq.

Concluding remarks
Developing an improved understanding of the roles of alternative σ factors within complex
regulatory networks under the myriad environmental conditions that L. monocytogenes
might encounter in its natural life represents a considerable challenge. Clearly, we are only
starting to understand the roles that alternative σ factors have in enabling L. monocytogenes
to thrive as a ‘Jekyll and Hyde’ in both host and non-host environments. Initial microarray
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studies indicate that the roles of stress-response regulators, and of σB in particular, differ
across L. monocytogenes strains [73], indicating that the diversity of stress-response
systems, even within a given species, is considerable. This is supported further by the
observation that one alternative σ factor (σC) seems to be present only in a phylogenetically
distinct lineage of L. monocytogenes. Taken together, the work in this field predicts that the
roles of alternative σ factors in bacterial stress response and virulence will differ among
strains within the same species. Therefore, considerable work remains to explore crucial
regulatory networks present across the phylogenetic diversity of L. monocytogenes.
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Figure 1.
Partial σL, PrfA, σB, HrcA and CtsR interaction network in L. monocytogenes. The network
represented here is based on macroarray data for σL [60] and PrfA [82], and microarray data
for σB [25], CtsR [66] and HrcA [67]; data for the bilE operon are based on Ref. [42]. The
genes shown were selected specifically to highlight interactions between σL, PrfA, σB, HrcA
and CtsR as identified by whole-genome transcriptome analyses and are only a subset of
those regulated or co-regulated by the different regulator proteins. Different analytical
approaches (e.g. through proteomic or metabolomic strategies) are likely to identify further
additional interactions among these and other L. monocytogenes regulatory proteins. Color-
coded arrows indicate genes regulated by σL (purple), PrfA (orange), σB (green), HrcA (red)
or CtsR (blue). Solid lines indicate direct regulation of a gene by a given regulator as
determined by the presence of a PrfA box, σB promoter, HrcA operator site or CtsR operator
site; broken lines indicate indirect regulation. Target arrows (↓) indicate positive regulation
by a given regulator; target stops (⊥) indicate negative regulation by a given regulator.
Loops indicate autoregulation. Color-coded shapes identify (i) transcriptional regulators
(gray rounded squares); (ii) genes that regulate a transcriptional regulator (blue rounded
rectangles); and (iii) genes regulated by a single transcriptional regulator (yellow), two
transcriptional regulators (green) or three transcriptional regulators (orange). Hexagons
represent virulence genes (e.g. virulence genes directly regulated by PrfA [i.e. plcA, hly,
mpl, actA and plcB] that comprise the Listeria pathogenicity island [LIPI]), squares
represent stress-response genes (e.g. grpE encodes heat-shock protein GrpE), circles
represent metabolism genes (e.g. lmo2205 and pdhB encode a phosphoglyceromutase and a
subunit of pyruvate dehydrogenase, respectively) and octagons represent genes encoding
proteins of unknown or other function (e.g. lmo1471 and lmo1470 encode an unknown
protein and a ribosomal protein methyltransferase, respectively). Genes arranged in vertical
columns represent operons (e.g. lmo0670, which encodes a hypothetical protein, is in an
operon with lmo0669, which encodes an oxidoreductase). The green arrow targeting σB

indicates post-translational regulation of σB by RsbV, RsbW and RsbX, which are encoded
by rsb (regulator of sigma B) genes rsbV, rsbW and rsbX, respectively [30]. The red arrow
targeting HrcA indicates post-transcriptional regulation of HrcA by GroES and GroEL,
based on evidence reported for B. subtilis [83]. The blue arrow targeting CtsR indicates
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post-translational regulation of CtsR by McsA, McsB and ClpC, based on evidence reported
for B. subtilis [68,69].

Chaturongakul et al. Page 17

Trends Microbiol. Author manuscript; available in PMC 2012 July 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chaturongakul et al. Page 18

Table 1
Listeria monocytogenes

σB contributions to stress resistance

Stress condition σB-dependent genes Phenotypic data supporting σB contributions Refs

Acid gadA and gadCB operon Survival of ΔsigB strain is five logs lower than wild type when
logarithmic- phase cells are exposed to pH 2.5 for 1 h

[29]

Osmotic betL, gbuA, bilEAB and
opuCABCD

Reduced ability to use carnitine and betaine as osmoprotectants
in ΔsigB strain

[35]

Oxidative lmo0669a and lmo1433 Survival of stationary-phase ΔsigB strain is one log lower than
wild type when exposed to 13 mM CHP for 15 min

[30]

Energy opuCA and carbon metabolism
genes (e.g. ldh)

Viability of ΔsigB strain is impaired when glucose is limiting,
upon entry into stationary phase and under conditions that
deplete intracellular ATP

[30]

Cold or freezing ltrC (low-temperature
requirement C)

σB is not required during growth in rich media at 4 °C or for
survival after freeze–thaw cycles, but contributes to growth in
minimal media and in meats at low temperatures

[29,74–76]

High hydrostatic pressure Not determined Survival of ΔsigB strain is four logs lower than wild type at
350 MPa after 28 min

[29]

Arsenate lmo2230 (encodes a protein
similar to arsenate reductase)

Not determined [24,25]

a
lmo0669 might contribute to the acid-stress response at pH 4.5 [77].
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