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Virulence gene regulation in Salmonella enterica
Mark Clements', Sofia Eriksson', Dilek Tezcan-Merdol', Jay C D Hinton?

and Mikael Rbhen'

In order to infect a host, a microbe must be equipped with
special properties known as virulence factors. Bacterial
virulence factors are required to facilitate colonization, to
survive under host defenses, and to permit multiplication
inside the host. However, the possession of genes encoding
virulence factors does not guarantee effective infection.
There is considerable evidence that tight regulation of a
given virulence factor is as important as the possession of
the virulence factors themselves. Thus, an understanding of
the regulation of virulence expression is fundamental to
our comprehension of any infection process and can
identify potential targets for disease prevention and
therapy. We have summarized the lessons learned from
experimental salmonellosis in terms of virulence regulation
and hope to illustrate the differing requirements for gene
and virulence expression.
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Salmonella enterica: a pathogen and
a laboratory tool

S. enterica can be defined as a collection of closely
related enteric bacteria which, ‘as a species’, is capable
of infecting a wide variety of hosts, including man.
Because they are typical ‘enteric bacteria’, salmonellae
have been used for decades as laboratory model
organisms in the fields of biochemistry, genetics,
pathogenesis, and vaccine development (1).

The annual incidence of the most severe form of
human salmonellosis, typhoid fever, approaches 16
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million cases, whereas the rate of salmonella-related
gastroenteritis is much higher (2). Salmonella infec-
tion follows ingestion of contaminated food, water or
beverages and requires survival in the stomach and
colonization of the small intestine. At this stage, the
bacteria are seen to start multiplying and adhering to
the intestinal mucosa. In the mouse model system,
invasion of the intestinal epithelial cell barrier by
S. enterica serovar (sv) Typhimurium is an essential
step for systemic salmonellosis (3). Once the epithelial
cell barrier has been penetrated, the bacteria spread
through the mesenteric lymphatic system and the
blood stream to the liver and spleen. It is noteworthy
that this scenario described for mice resembles the
course of typhoid fever caused by S. enterica sv Typhi
in man (4).

The intimate interaction between bacteria and host
cells is the central theme of a Salmonella infection. It
not only involves adhesion to host epithelial cells (35,
6), but also the induction of cytokine and inflamma-
tory responses (7, 8) and active invasion of host cells
(9, 10). Careful microscopic examination of infected
livers of mice (11) and rats (12) indicates that during
the later stages of a systemic infection the bacteria
reside preferentially within the Kupffer cells. There is
strong evidence that subsequent bacterial intracellular
multiplication is a prerequisite for bacterial lethality
and virulence (11-15). This explains why Salmonella
is such a valuable research tool, not only as a model
for studying human typhoid fever but also for
developing our understanding of bacterial intracellular
parasitism in general. Accordingly, a number of
virulence factors have been identified and character-
ized in sv Typhimurium, that contribute to bacterial
virulence in mice. These include fimbrial adhesive
organelles, which enable the bacteria to attach to host
cell surfaces, and secreted effector proteins, which aid
bacterial invasion and promote intracellular bacterial
survival. Many of the gene functions responsible for
bacterial infection are not expressed under ordinary
laboratory conditions but are induced for expression
under special culture conditions or in milieus resem-
bling the host environment (1, 5, 6, 9, 10).
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This regulation of expression of virulence factors is
the key to success of Salmonella as a pathogen and
the subject of concerted research effort worldwide.
Perhaps the regulation of virulence expression should
be considered a virulence factor in itself.

Salmonella, gene regulation and virulence

Gene regulators that react to environmental
changes

A number of central gene regulatory functions govern
the life and growth of salmonellae, and these have
been studied for decades. In fact, many important
regulatory circuits were initially described in this
bacterium. Some regulatory circuits are involved in the
tuning of ordinary house-keeping functions and are
likewise present in Escherichia coli, whereas many
appear to be devoted to virulence or function as
global gene regulators affecting both house-keeping
and virulence functions (Table 1).

Although salmonellae lack the classic lac regulatory
system, they possess the well-characterized catabolite
repressor system (1). Catabolite repression responds
to a small-molecular-weight signal in the form of
cyclic adenosine monophosphate (cAMP). Bacterial
intracellular concentration of cAMP increases as a
result of the shortage of certain nutrients, a situation

Key messages

= Adaptation of Salmonella enterica to host
milieu involves sensing of environmental
changes and subsequent co-ordinated ex-
pression of virulence genes.

< A meaningful induction of virulence genes
involves the concerted action of global gene
regulators and specific virulence gene regulators.
« Functional inactivation of virulence gene
regulation may lead to avirulence.

that can resemble starvation. The gene regulatory
catabolite repressor protein (CRP) responds to changes
in intracellular cAMP concentrations by binding the
ligand cAMP. Binding of CRP to cAMP modulates its
DNA-binding ability; depending on the promoter in
question a cAMP-CRP complex can act either as an
activator or repressor to control gene expression with
the aim of counteracting starvation. Four details of
the CRP response are relevant to the regulation of
bacterial virulence gene regulation. First, a gene
regulatory protein is involved, which is allosteric in its
function. Second, a signal substance modulates the

Table 1. Examples of regulators of Salmonella enterica virulence expression.

Regulator Environment/signal Targets Effect(s) on virulence
sensed

CRP Starvation, cCAMP Multiple, Many

spv (via rpoS ?)
LysR/MetR-type regulators
SpvR Starvation, intracellular ~ spvRABCD Increased intracellular replication

compartment

AraC-type regulators
SprA Intestine? SPI1 genes Inreased invasion
InvF Intestine? SPI1 genes Invasion
Two-component
regulatory systems
HilA Intestine? SPI1 genes Invasion
OmpR/EnvZ Osmolarity, pH Multiple Many, involved in the induction of stress tolerance
PhoP/PhoQ Mg**/Ca**, pH Multiple, Many, involved in the induction of stress tolerance,

(eg pag, prg, spv, suppression of invasion, induction of intracellular

SPI2 genes) survival and growth.
RcsB/ResC Osmolarity Multiple, (eg invF, sipB)  Alteration in SPI-1, flagellin and Vi-antigen expression
Alternative o factors
RpoS Starvation Multiple, (eg spv) Many, induction of stress tolerance, inreased

intracellular survival and growth
Others
H-NS Temperature, Global gene Many
(DNA topology) (co)regulator

TIpA Temperature tipA Unknown
Fur Iron, pH Multiple, (eg sitABCD) Many, involved in the induction of stress tolerance
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activity of the gene regulatory protein. Third, the CRP
response is essential for the virulence of salmonella
(16). Finally, catabolite repression is an example of
the ability of the bacterium to sense environmental
changes or stresses and to give rise to a specific
response.

In addition to CRP-cAMP, there are many protein
families defined in S. enterica sv Typhimurium that
have the ability to sense environmental changes. These
include the so-called LysR/MetR regulatory protein
family, the AraC protein family, the iron response-
regulator Fur family, and two-component regulatory
systems.

LysR/MetR gene regulators. These regulatory proteins
are characterized by an N-terminal DNA-binding
helix-turn-helix motif, followed by a central protein
domain that binds small-molecular-weight coregulatory
molecules (17) or is capable of responding to oxidative
substances (18). Some members of the LysR/MetR
family also contain a cationic C-terminus that may be
involved in DNA binding. Like the CRP-cAMP
response, the activity of these regulatory proteins is
affected by the presence of a coregulatory molecule,
and many LysR/MetR members are involved in the
feed-back regulation of metabolic pathways.

Based on protein sequence identity, the SpvR
protein associated with intracellular growth of
Salmonella clearly belongs to the LysR/MetR family
(19-21).

AraC-type gene regulators. This large family of gene
regulators contains characteristic C-terminal helix-
turn-helix motifs involved in DNA binding (22). The
N-terminal portions are variable, presumably reflecting
different evolutionary backgrounds and functional
attributes. The prototype regulator AraC is involved
in the regulation of arabinose catabolism; the sugar
arabinose binds to AraC and modulates its activity
(1). Thus, this family of regulators also has the
potential to sense environmental factors. Not sur-
prisingly, therefore, many members of the AraC
family are known to be involved in virulence gene
expression.

In salmonellae, some virulence functions are en-
coded by large clusters of genes. One such constel-
lation of genes constitutes the pathogenicity island 1
(SPI 1), which is required for the invasion of epithelial
cells. The expression of a number of genes on SPI 1 is
regulated by the AraC-like proteins InvF and SprA
(23-26).

Two-component regulatory systems. For this group of
regulators, the necessary sensor and regulatory do-
mains are usually contained in separate proteins (1,
27). The sensor domain is normally located in the
periplasmic membrane and, as a result of environ-
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mental changes, phorphorylates the cytoplasmic regu-
latory component. The promoter specificity and regu-
latory capacity of the regulator component become
altered through the phorphorylation. This enables the
bacterium to sense changes occurring outside the
cytosolic compartment and to subsequently transmit
information into the cytosol in order to achieve a
gene response. Changes in osmolarity and Ca*/Mg**
concentration are sensed by the OmpR/EnvZ and
PhoP/PhoQ sensor regulator pairs, respectively, both
essential for Salmonella virulence (28-30). The SPI 1
pathogenicity gene island encodes an activator protein
HilA that belongs to this family of regulators and is
important for the expression of bacterial invasion
functions, whereas invasion and Vi surface antigen
expression in sv Typhi is controlled by the regulator
homologue ResB (31).

Several important virulence-associated gene regu-
lators of Salmonella belong to the so-called LuxR
family (32). Some members of this family function
as the regulator component for other sensor/kinase
components. Otherwise, the LuxR family of regulators
responds to autoinducer molecules, which are involved
in the process of quorum sensing. Interestingly, SPI 1
codes for a protein SprB, which shares homology with
the LuxR regulator proteins (33).

Sensing changes in temperature. While the above
gene regulators illustrate how bacteria can sense
changes in chemical composition, other examples are
required to demonstrate how bacteria sense changes
in temperature. While temperature-dependent gene
control is complex and multifactorial, involving
changes in DNA topology and RNA configuration
and RNA half-life, it does involve several regulatory
proteins (34).

An apparently Salmonella-specific temperature-
sensing gene regulator is the TIpA protein (35). TlpA
has been shown to bind a specific region in the
promotor region of tlpA. Closely related sequence
motifs are found in the promoter regions of four
virulence genes (orgA, pagC, prgH and spvA) and
two genes (bipA and envM) responding to exposure to
bactericidal components. What makes TIpA particu-
larly interesting is that the temperature-sensing and
DNA-binding regions reside in the same molecule.
The TIpA protein consists of two main domains: an
N-terminal DNA-binding domain is followed by an
extended region allowing the protein to form coiled-
coil dimers. Dimer formation is subjected to a
temperature- and monomer concentration-dependent
equilibrium, and only the dimer binds DNA to cause
repression of gene expression. An elevation in
temperature, eg from 28 °C to 43 °C, will result in
dissociation of dimers into monomers and consequent
transcriptional activation of the #/JpA promoter.
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Global gene regulation, host adaptation and
induction of virulence gene expression

Alterations in DNA topology. The topological struc-
ture of the bacterial chromosome is not linear, but
involves a compact supercoiled structure (36, 37). The
degree of global DNA supercoiling is not constant,
but varies as a response to changes in environmental
conditions (38, 39). The activity of many promoters is
sensitive to changes in DNA topology, and these
control many environmentally regulated genes that
are commonly involved in virulence (40, 41). Thus,
the activities of a number of genes and subsequently
the physiology of the cell can be altered through
changes in DNA supercoiling. Two enzymes are
mainly responsible for altering DNA supercoiling;
DNA gyrase (topoisomerase II) and topoisomerase I
(1, 41). The former introduces negative supercoils into
DNA, whereas the latter catalyses relaxation or
unwinding of supercoiled DNA. As the activity of
DNA gyrase is dependent on the cellular ATP/ADP
ratio, changes in metabolic status are translated into
changes in the level of DNA supercoiling (42). Also,
the promoters directing gyrase and topoisomerase
expression respond directly to changes in DNA
supercoiling.

In addition to the above two enzymes there are
DNA-binding proteins that constrain or maintain
DNA supercoiling, such as H-NS. H-NS is a small
protein that binds DNA in a nonsequence-specific
manner (43, 44). H-NS generally causes repression of
gene expression and is known to affect the activity of
a number of virulence-associated promoters (44-47).
H-NS resembles TIpA in its ability to repress promoter
activity at low temperature (34). Crucially, H-NS is an
oligomeric protein (44), which forms hetero-oligomers
with the other H-NS-like protein StpA in E. coli and
S. enterica sv Typhimurium (44). It is possible that H-
NS activity can be modulated through alterations in
oligomeric state or through its binding to DNA.

Another important protein that binds throughout
the genome is the integration host factor (IHF). In
contrast to H-NS, THF shows clear sequence specificity
for binding (43). IHF helps to create DNA loops and
to form protein-DNA complexes at promoter sites
(48, 49), which have specific effects on local tran-
scription.

Altering the composition of the RNA polymerase
complex. In bacteria, alternative 0 factors are ex-
pressed under certain stressful environmental con-
ditions. In Salmonella (50), as well as in many other
bacteria, the alternative @ factor RpoS is expressed as
a response to nutrient starvation or a sudden decrease
in pH (51). RpoS can replace the vegetative 0 factor
leading to an altered RNA polymerase complex
that recognizes a specific subset of promoters. Con-
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sequently, the expression of a number of genes is
affected (52, 53). In Salmonella, starvation and
subsequent expression of RpoS is a prerequisite for
the expression of many virulence factors, such as
AgfA adhesive fibres (54) and the Spv intracellular
growth proteins (50, 55). Also, at least in E. coli, the
expression of IHF is dependent on RpoS (56).

DNA methylation. The DNA in wild-type strains of
Salmonella is methylated to varying degrees. Inactiva-
tion of the Dam methylation system in S. enterica sv
Typhimurium, which as in E. coli, acts on GATC
sequences, drastically reduces virulence in mice (57).
In addition, Dam mutants are impaired in their ability
to invade host cells and in their levels of expression of
Pef fimbriae (47). Genetic analyses by using pef
promoter sequences show that the promoter DNA
must be methylated at specific GATC sequences for
proper transcription to occur. As the expression of
invasion and Pef are strongly dependent on environ-
mental cues, alterations in the degree of methylation
at promoter sequences may well be a tool for tuning
gene expression.

Acid induction of gene expression

Exposing Salmonella to sudden temperature increase,
reactive oxygen compounds, low pH or nutrient
starvation induces defined stress responses that cause
specific effects on global bacterial gene expression.
Evidently, the purpose of these responses is to allow
bacteria to adapt to new extreme environments or to
specific shortages in nutrients. For example, the
sudden exposure of a Salmonella culture growing at
neutral pH (~ pH 7) to low pH (~ pH 3) is detrimental
for the culture. However, if the culture growing at
neutral pH is pre-exposed to a more moderate pH
shift (~ pH 5), it will be able to cope with subsequent
sudden drops in pH (58). It is clear that the result of a
moderate pH stress is the induction of expression of
certain bacterial functions required for adaptation to
an acidic environment (58, 59), a process called the
acid tolerance response (ATR). The induction of ATR
improves the ability of bacteria to handle an acid
gradient and is evidently required for the intracellular
multiplication of S. enterica sv Typhimurium in the
acidified phagosomal vacuole of macrophages.

Given that the intracellular environment can be
harsh for bacteria, it is not surprising that there is an
overlap between the induction of general stress
responses and virulence (60-62). For example, heat
shock response can be induced in E. coli by increasing
the growth temperature from 30 °C to 42 °C, with a
concomitant induction of some 20 proteins. In parallel,
many heat shock-induced proteins are also switched
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on during growth of Salmonella within eukaryotic
cells (34, 63) implying that (parts of) this stress
response can also be induced by host environment.
Interestingly, many crucial components of the star-
vation response and the ATR are also well-defined
virulence regulators (64, 65) and involve, as regulators,
components such as OmpR, RpoS, PhoP/PhoQ and
Fur, which are also found in E. coli. Furthermore, the
ATR is a useful example, as it has pleiotropic effects,
allowing the bacteria to adapt to various types of
acids, to the host environment and, by involving the
combined action of several gene regulators, to affect
the expression of more than 50 genes (66). One can
distinguish two types of ATRs. One is induced in the
logarithmic growth phase, the other occurs as the
culture enters the stationary phase. The log-phase
ATR includes OmpR, the alternative o factor RpoS,
and the iron response regulator Fur for induction (64,
67, 68). The stationary-phase ATR includes at least
10 genes separate from log-phase ATR (69) and is
dependent on the regulator OmpR (70).

The log-phase ATR involves separate adaptations
for inorganic and organic acids, in which PhoP
appears to have a central role in establishing tolerance
to inorganic acid stress (71). What is interesting in
this context is that three components defined as
regulatory factors in the ATRs, OmpR, Fur and PhoP,
were initially identified as regulators responding to
osmolarity or to selected metal ions. Thus, either pH
changes affect the ability of corresponding regulatory
circuits to sense the environmental ion content, or
alternatively the circuits have dual sensing ability.

Regulating an infection: fine-tuning the
expression of virulence

It seems logical that bacteria would induce virulence
factors when times are hard, and that environmental
stress would have a role as an inducer. However,
stressful conditions are certainly experienced outside
hosts, and a simple on—off induction of general stress
responses, including concomitant induction of viru-
lence factors, would appear both misdirected and
futile. In fact, many stress responses are multilayered;
the final outcome reflects the co-ordinate interplay
between many regulatory circuits.

As the salmonellae enter the host through con-
taminated food, the acidic content of the stomach
represents the first major host innate defense. Previous
starvation may well have induced the expression of
RpoS and RpoS-mediated responses in the infecting
bacteria, allowing a proportion to survive the acid
shock (61). For many Salmonella strains, low growth
temperature and RpoS induce the expression of thin
aggregative fibres (54), or AgfA fimbriae, which the
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bacteria may use for adhering to intestinal epithelial
cells (72, 73). Thus, environmental starvation could
serve as a priming factor for bacterial adaptation to
the host.

To establish a systemic infection, the surviving and
adhering bacteria in the small intestine must initiate
invasion of the epithelial cell barrier. Invasion of
epithelial cells is not a passive process, and salmonellae
are equipped with special functions enabling them to
inject effector proteins into the host cell cytoplasm
(74, 75). One function of these SPI 1-encoded proteins
is to hijack the nonphagocytic cells to force the
endocytosis of bacteria from the lumen. In addition to
participating in the generation of the ATR, the phoP/
phoQ regulon also controls invasion of epithelial cells
and the survival of bacteria in phagocytic cells (29,
30, 76). As the concentration of Mg* decreases,
possibly as a result of entering a host cell, the phoP/
phoQ regulon activates the expression of a set of
genes, collectively termed pags, that adapt the
bacterium to intracellular life (77). At the same time,
another set of genes, the prgs, that are needed for
bacterial invasion become repressed (76, 77).

The importance of this regulation cascade is
illustrated by the significant attenuation caused by
genetical inactivation of the PhoP/PhoQ regulation
system (29, 30). The fact that the constant activation
of PhoP by a constitutive PhoQ mutant also causes a
decrease in virulence (78) further illustrates the
importance of the PhoP/PhoQ regulation of virulence
gene expression during an infection. We need to
understand how the phoP/phoQ regulon distinguishes
between induction of the ATR and of effector proteins
required for invasion. One obvious solution would be
to include down-stream regulatory functions that
control invasion gene regulation and respond to
PhoPQ. In fact, the SPI 1 invasion gene cluster has
several regulatory functions, including the HilA acti-
vator protein that switches on the expression of
invasion genes (79, 80). The expression of hilA is
itself dependent on genes within and outside the
invasion gene cluster (79, 80). For example, the
response regulator SirA has been shown to activate
hilA transcription in the presence of suitable environ-
mental signals (79, 80), providing us with tools for
both an on- (SirA/HilA) and off-switch (PhoP-
mediated prg response) for invasion.

In experimental systems, the spv intracellular
growth genes are dependent on RpoS for expression
(20, 21). However, the production of RpoS alone is
not sufficient for spv expression. This makes sense
because intracellular location is defined by more than
starvation. Full induction of spv expression has been
shown to depend on RpoS, SpvR, H-NS, IHF and a
global regulatory component termed leucine response
protein (LRP) (81, 82). Although the function of each
component in this complex concerted regulatory
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process is not absolutely clear, their purpose is
evidently to ensure that spv genes are expressed only
at the site of action, which is when the bacteria have
entered a host cell and should start their intracellular
multiplication phase. In S. enterica sv Typhimurium,
spv genes are strongly induced for transcription in
cultured host cells, while this induction is abolished in
sprR mutants. This has led to the suggestion that
induction of spv virulence genes would be initiated by
the binding of SpvR to a (as yet unidentified) ligand
specifying the intracellular milieu, and that this SpvR—
ligand complex would act as a key activator of Spv
protein expression (20, 21).

As well as being regulated at the transcriptional
level, bacterial gene products are subjected to post-
transcriptional regulation both at the mRNA and the
protein level. Some observations suggest that post-
translational gene regulation would play a role in
Salmonella virulence. The RpoS protein of S. enterica
sv Typhimurium, for example, is subject to post-
transcriptional regulation (83). Also, deletion of the
E. coli homologue csrB, involved in RNA turnover,
from 8. enterica sv Typhimurium has an effect on
invasion gene expression (84).
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