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Abstract
The Salmonella Pathogenicity Island-2 (i.e. SPI-2) encodes a unique type III secretion system that
delivers effector proteins from the Salmonella-containing vacuole (SCV) into the host cell. The SPI-2
locus also encodes translocated effectors as well as a two-component system – termed SpiR/SsrB –
that is essential for the expression of SPI-2 genes. Transcription of the horizontally acquired SPI-2
genes requires the ancestral nucleoid-associated proteins (i.e. NAPs) IHF and Fis, the regulatory
protein SlyA, and the two-component systems PhoP/PhoQ and OmpR/EnvZ, as well as the DNA
binding protein HilD encoded in a different pathogenicity island. Some of these positive SPI-2
regulators act to antagonize the robust silencing promoted by the NAPs H-NS, Hha, and YdgT.

Introduction
Pathogenic bacteria synthesize their virulence determinants when they are needed. This
requires signal transduction systems that respond to particular host and/or environmental
signals by modifying the level and/or activity of the transcription circuits, regulatory RNAs
and modulator proteins governing the expression of the virulence determinants. The
physiological control of virulence genes is crucial for a pathogen's ability to cause disease as
their constitutive expression can strongly attenuate virulence. For example, the two-component
regulatory systems CpxR/CpxA and PhoP/PhoQ are required for virulence in several bacterial
pathogens including the gastroenteritis-causing Salmonella enterica serovar Typhimurium
[1,2]. However, constitutive activation of the CpxA sensor significantly reduces Salmonella's
ability to proliferate within mouse organs following oral inoculation [2], and the pho-24 mutant
(encoding a variant PhoQ protein often referred to as PhoPC) is as attenuated for mouse
virulence as a strain deleted for the phoP or phoQ genes [3].

The Salmonella Pathogenicity Island 2 (SPI-2) is a 25-kb locus of horizontally acquired
virulence genes that is required for Salmonella replication inside host cells and systemic
infection in mice [4,5]. The SPI-2 locus encodes a type III secretion system responsible for
delivering effector proteins to the host cell, effectors translocated by the type III secretion
system as well as a two-component regulatory system that controls not only its own expression
but also that of the secretion apparatus and secreted effectors [4,5]. The effectors facilitate
Salmonella survival and replication in host cells by altering a variety of cell properties including
its cytoskeletal structure, signal transduction pathways, and vesicular trafficking (reviewed in
[6]). Interestingly, some of the genes coding for the effectors translocated by the SPI-2-encoded
type III secretion system and regulated by the SPI-2-encoded two-component system are
located outside the SPI-2 [7]. The SPI-2 and associated effector genes are expressed primarily
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when Salmonella is present in a modified phago-some known as the Salmonella-containing
vacuole (SCV) [8].

Like many other horizontally acquired genes, the SPI-2 DNA has a higher A + T content than
that of the ancestral Salmonella DNA [4,5]. This AT-rich DNA is bound by the histone-like
nucleoid structuring protein (H-NS), which results in transcriptional silencing of the
corresponding genes [9•,10•]. The H-NS-promoted silencing could protect Salmonella from
the detrimental effects of expressing virulence determinants at inappropriate times and/or
locations. Yet, Salmonella does express the SPI-2-encoded (as well as other horizontally
acquired) virulence genes indicative that it has evolved means to overcome the silencing effect
mediated by H-NS.

In this review we discuss how expression of SPI-2 genes and associated effector genes located
outside SPI-2 is controlled. We explore the distinct roles played by positive and negative
regulators of SPI-2 expression as well as the distinct tasks performed by horizontally acquired
and ancestral regulatory proteins. And we examine the possible effects of regulation of genes
in one pathogenicity island being affected by a regulator encoded in a different pathogenicity
island.

The SPI-2 encoded SpiR/SsrB two-component regulatory system
SpiR/SsrB is a two-component system encoded in the SPI-2 pathogenicity island. SsrB is the
response regulator and SpiR is the predicted integral membrane cognate sensor (even though
spiR is often referred to as ssrA, we have retained the original designation [4,5] to avoid
confusion with the tag-adding ssrA gene [11].) The SsrB protein binds to the promoters of all
SPI-2 functional gene clusters [12•] and is essential for expression of the SPI-2-encoded type
III secretion system and its effectors, including those coded for outside the SPI-2 locus [7].
SsrB binds to and regulates transcription from both its own promoter and that corresponding
to the upstream spiR gene [13] (Figure 1). This is atypical for two-component systems because
sensor and regulator proteins encoded by adjacent genes are usually co-regulated where the
same promoter(s) generates a polycistronic mRNA. The use of separate promoters to transcribe
the ssrB and spiR genes may depend on the growth condition because others reported the
presence of a single promoter upstream of spiR driving transcription of a polycystronic spiR–
ssrB message [14•]. The SpiR protein is predicted to have two transmembrane domains, which
define a large periplasmic region presumably involved in sensing a signal(s) the identity of
which remains unknown.

Negative and positive regulation of SPI-2 gene expression by nucleoid-associated proteins
Nucleoid-associated proteins as negative regulators of SPI-2 genes—Enteric
bacteria harbor nucleoid-associated proteins (or NAPs for short) that function as global
regulators by controlling the expression of a large number of genes throughout their genomes
[15]. H-NS is a NAP that prevents the uncontrolled expression of horizontally acquired genes.
Deletion of the hns gene results in derepression of genes that are silent under laboratory
conditions (reviewed in [15]). Thus, inactivation of the hns gene in Salmonella can be quite
unhealthy and has to be carried out in strains also harboring mutations in either the phoP or
rpoS regulatory genes [9•], suggesting that overexpression and/or super-repression of a PhoP-
regulated and/or RpoS-regulated gene(s) results in bacterial lethality.

H-NS binds to AT-rich regions of the genome, such as that corresponding to SPI-2, silencing
the expression of the corresponding genes [9•,10•,16]. When the activity of wild-type H-NS is
neutralized by expression of the dominant negative H-NSQ92am allele, the level of SPI-2-
encoded effectors increases [17]. Likewise, transcription of SPI-2-encoded genes is
derepressed in an hns mutant strain experiencing non-SPI-2-inducing conditions [12•]. H-NS
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exerts its effect directly by binding to the spiR promoter [14•]. Then, what is the mechanism
by which H-NS repression of SPI-2 genes is overcome?

As discussed above, the SsrB protein binds to the SPI-2 promoters and is necessary for SPI-2
expression [12•,18], raising the possibility that it functions both by activating gene transcription
and by antagonizing H-NS-mediated silencing. Consistent with this notion, transcription of the
SPI-2 gene sseA starts within the region footprinted by the SsrB protein in vitro [12•]. Moreover,
an ssrB hns double mutant experiencing SPI-2 inducing conditions displays a reduction in
transcription of SPI-2-encoded genes relative to an hns mutant; but this reduction is relatively
modest when compared to that observed in an hns+ background [12•]. In addition to SsrB, the
HilD protein, which is encoded in the SPI-1 pathogenicity island, relieves HNS-promoted
repression under particular SPI-2 inducing conditions (i.e. during stationary phase following
growth in LB medium) but not under other conditions [14•]. HilD appears to exert its effect
directly as gel shift experiments show that it binds to the spiR promoter [14•].

Antagonizing H-NS-promoted silencing is not exclusive to horizontally acquired regulatory
determinants because the ancestral SlyA protein binds to the spiR promoter [19] and because
genetic studies [13,19] and cDNA microarray analysis [20] implicate SlyA in expression of
SPI-2 genes. Furthermore, the intramacrophage activation of the SsrB-activated sifA and sifB
promoters [21] is significantly reduced when SlyA is absent (though that corresponding to the
SsrB- activated srfH promoter is not [13]). SlyA is required also for expression of the
horizontally acquired PhoP-activated pagC and ugtL genes [20], which are neither located
within SPI-2 nor dependent on SsrB for expression. Because in vitro transcription of the
pagC and ugtL promoters required SlyA only when H-NS was present in the reaction [22], it
is possible that SlyA's role as a SPI-2 activator might be limited to overcoming silencing by
H-NS as well.

YdgT and Hha are two NAPs that repress transcription of SPI-2 genes. The Salmonella ydgT
gene is not expressed at early stages of macrophage infection, a time when SPI-2 genes are
being upregulated. Moreover, transcription of most SPI-2 genes was derepressed in a ydgT
mutant when Salmonella was grown under SPI-2 inducing conditions, indicating that YdgT
functions, genetically speaking, as a SPI-2 repressor [23]. When mice were inoculated with
mixtures of wild-type and ydgT mutant Salmonella, the ydgT mutant displayed enhanced early
survival advantage in mouse organs; however, during the course of infection the ydgT mutant
lost its advantage and was recovered at significantly lower numbers compared with the wild-
type strain. At the early stages of infection, the ydgT mutant showed a competitive survival
advantage also over the ssrB–ydgT double mutant, indicating that the phenotype displayed by
the ydgT depends on the SPI-2 regulator SsrB [23].

Hha is a YdgT homolog that represses SPI-2 gene expression stronger than YdgT, at least under
certain conditions [24]. Similar to the behavior of the ydgT mutant, a Salmonella strain
defective in the hha gene is significantly attenuated for virulence at late stages of a systemic
infection in mice [24]. A strong derepression of the sseA promoter in SPI-2 was reported for
an hha mutant but not for the hha-ssrB double mutant when grown in rich medium (e.g. LB at
early log phase), which is normally non-conducive to SPI-2 gene transcription. This suggests
that Hha is an important SPI-2 silencer when bacteria are not experiencing an intracellular
environment [24].

Because YdgT and Hha can form heterodimeric complexes with H-NS [25,26], it has been
proposed that YdgT and Hha repress SPI-2 gene expression indirectly, in concert with other
NAPs such as H-NS [23,24,27]. However, binding of YdgT and Hha to SPI-2 promoters has
not been reported. Furthermore, if YdgT and Hha repress SPI-2 by associating with H-NS,
then, the requirement for SsrB should also be reduced when YdgT or Hha are absent as observed
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when H-NS is removed [12•]. However, the hha ssrB and ydgT ssrB double mutants fail to
induce SPI-2 expression [23,24] arguing against the possibility that YdgT and Hha function
simply by forming a repressor complex with H-NS. An alternative scenario is that YdgT and
Hha do associate with H-NS to prevent SsrB from overcoming H-NS-promoted repression.

Nucleoid-associated proteins as positive regulators of SPI-2 genes—The
integration host factor (IHF) and the factor for inversion simulation (Fis) are two NAPs that,
in contrast to the repression properties of H-NS, YdgT and Hha, are necessary for full
expression of SPI-2 genes. IHF plays an important role in DNA bending and compaction, and
is important for the transcriptional regulation of many genes. Genome-wide expression
experiments have shown that in the absence of IHF, SPI-2 genes are downregulated when
grown in LB mainly in late log phase when expression of IHF usually peaks and SPI-2 genes
are induced [28]. Because IHF expression is important for SPI-1 expression at early to late log
exponential growth phase, it has been proposed that IHF levels may play a role in coordinating
expression of genes located in the SPI-1 and SPI-2 pathogenicity islands [28].

Fis is a direct activator of SPI-2 genes because the Fis protein binds to the promoter regions
of the SPI-2 encoded spiR and ssaG genes [29,30], and because a fis mutant displayed decreased
expression of SPI-2 genes following growth in LB to stationary phase [30,31]. When grown
in LB media, Fis expression is maximal at early log phase and is dramatically reduced by late
log phase and stationary phase [29], when expression of SPI-2 genes is induced. Thus, Fis may
exert its activating action on SPI-2 genes at a very particular growth condition because optimum
SpiR expression occurs at a crucial concentration of Fis and that too much Fis results in
diminished SpiR expression [32]. There is a strong correlation between the transcription pattern
of fis and the SPI-2-encoded genes when Salmonella is inside macrophages [32]. Fis is known
to influence transcription through its ability to preserve intermediate supercoiled forms of DNA
from shifting to more relaxed or more negatively supercoiled topology [33]. During the course
of macrophage infection the degree of DNA supercoiling of the test plasmid pUC18 was
progressively relaxed and SPI-2 genes upregulated. This correlated with Fis activity,
suggesting a model in which Fis protein affects SPI-2 genes by controlling SPI-2 promoter
topology [32].

Fis may also regulate SPI-2 expression indirectly, by its ability to control expression of other
regulatory genes such as phoP and SPI-1 encoded genes. Consistent with this notion, PhoP is
an important SPI-2 regulator [7,34–36] and SPI-1 encodes the transcription factor HilD, which
has recently been found to be required for SPI-2 activation at late log phase Salmonella grown
in LB broth [14•]. Nevertheless, it may be possible to evaluate the relative contributions of the
direct and indirect pathways by which Fis controls SPI-2 transcription by exploring the
phenotype of strains mutated in the Fis-binding site(s) in SPI-2 promoters.

Regulation of SPI-2 expression by ancestral two-component systems
Ancestral regulatory proteins regulate horizontally acquired genes, perhaps as a means to
coordinate the expression of the newly acquired genetic information with that of the rest of the
ancestral genome. This is also the case of SPI-2 as the two-component system SpiR/SsrB is
regulated by the ancestral two-component systems OmpR/EnvZ and PhoP/PhoQ. OmpR/EnvZ
plays an important role in SPI-2 expression when Salmonella is grown under certain laboratory
media conducive to SPI-2 expression and also inside host cells [7,13,34,37,38]. The response
regulator OmpR binds to the spiR [34] and ssrB [13] promoters leading to the proposal that
OmpR regulates SPI-2 genes by promoting the expression of its master regulator: SpiR/SsrB.
Even though the OmpR binding sites in the spiR promoter overlap with the SsrB binding sites,
OmpR does not seem to antagonize H-NS-promoted silencing as SsrB does because OmpR
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was required for SPI-2 expression also when H-NS was inactivated by the dominant negative
H-NSQ92am protein [14•].

The PhoP/PhoQ system is required for Salmonella virulence [1], controlling a number of
pathogenicity determinants including mgtC [39], mig-14 [40], and macAB [41]. Like the SPI-2
genes, the PhoP/PhoQ system is required for Salmonella's ability to survive within
macrophages [42] and PhoP-activated genes are typically expressed when Salmonella is inside
host cells [8,43,44], suggesting the possibility that the PhoP/PhoQ system regulates expression
of SPI-2 genes. Indeed, when Salmonella were grown in media with low Mg2+ [36] and low
pH [34], PhoP was required for SPI-2 induction. Moreover, the expression of SsrB-regulated
effectors was significantly affected inside macrophages in a phoP mutant [7]. Furthermore,
PhoP has been shown to regulate SPI-2 transcription in Salmonella-infected macrophages
where PhoP directly binds to the ssrB promoter [35]. In contrast to OmpR, which binds to both
the spiR [34] and ssrB [13] promoters, PhoP controls SpiR levels post-transcriptionally in a
process that appears to involve the 5′ leader of the spiR mRNA [35]. In addition, because PhoP
regulates the expression [45] and/or activation of the SlyA protein [20], and because SlyA is
a positive SPI-2 regulator, one might expect PhoP to play a role in SPI-2 expression.

The participation of PhoP/PhoQ in SPI-2 expression has been disputed because, using a
plasmid-based fusion of the ssaG and spiR promoters to a promoterless gfp gene, fluorescence
was detected inside macrophages also in a phoP mutant [8,34]. Likewise, the intramacrophage
promoter activity of the sspH2 gene, coding for an SsrB-regulated effector, was induced 13-
fold in a phoP mutant compared to a phoP spiR double mutant, implying that PhoP is
dispensable for SPI-2 expression [46]. A comparison of the number of phoP and spiR
Salmonella recovered from mice spleen two days after intraperitoneal mixed infections
demonstrated that the ratio of the bacterial level of the phoP spiR double mutant to either the
phoP or spiR single mutants was similar to the ratio of the corresponding single mutants
phoP or spiR, and the wild-type strain. The authors concluded that PhoP-modulated virulence
is independent of SPI-2 [47], which is not surprising given that, as discussed above, PhoP has
been known to control expression of several virulence determinants unrelated to SPI-2 [39].

How can one reconcile the different findings regarding the role of the PhoP/PhoQ system in
SPI-2 expression? One possibility is that the PhoP is necessary to promote SPI-2 expression
only under certain circumstances. For example, induction of SPI-2 genes is expected to require
factors that can antagonize the strong silencing effects of NAPs, especially when induced after
preexisting conditions that promote abundance of such proteins. These factors may not be
required if Salmonella senses SPI-2-inducing conditions when coming from a preexisting
environment that promoted expression of SPI-2 activators. Thus, even when Salmonella
experiences the same signal for SPI-2 induction, the contextual preexisting conditions may
determine whether certain SPI-2 regulators, such as PhoP/PhoQ, are required for their
induction. In agreement with this idea, HilD is required for SPI-2 expression when induction
takes place in LB but not following growth in N minimal media [14•]. Thus, depending on
what conditions bacteria experience before entering a host cell, PhoP, HilD, and potentially
other proteins, may (or may not) be required for transcription of SPI-2 genes. As discussed
above for Fis, the role that PhoP and HilD play in SPI-2 expression during infection of an
animal host may be evaluated by inactivating the PhoP or HilD binding sites in the SPI-2-
regulated promoters.

Regulation of SPI-2 expression by a horizontally acquired regulator encoded outside SPI-2
Crucial to Salmonella's ability to cause disease is the capacity to coordinate the expression of
the numerous virulence factors required in the various tissues experienced during infection.
One possible mechanism is the control of genes encoded in one pathogenicity island by a
regulatory protein encoded in a different pathogencity island. For example, expression of SPI-5
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genes pipB and sopB is distinctly regulated by transcription factors encoded in the SPI-2 and
SPI-1 loci, respectively [48]. Interestingly, transcription of SPI-2 genes when Salmonella is
grown in LB to stationary phase requires the SPI-1-encoded HilD protein, which promotes
expression of SPI-1 genes at early log phase in LB a condition that is normally non-conducive
to expression of SPI-2 genes. Accordingly, HilD has been proposed to control the switch from
SPI-1 to SPI-2 induction. HilD antagonizes H-NS silencing by binding to the hilA-promoter
in SPI-1 and the spiR-promoter in SPI-2. Because binding to the spiR-promoter requires a
higher level of HilD protein, this may explain how HilD could differentially regulate SPI-1
and SPI-2 genes. The striking similarity between the growth conditions in which HilD and IHF
promote SPI-1 and SPI-2 expression [28] suggests that the coordinate regulation of SPI-2 after
SPI-1 by IHF might occur indirectly via HilD. Yet, the role of HilD in SPI-2 expression when
Salmonella is inside eukaryotic cells is yet to be reported. This is crucial because deletion of
SPI-1 does not affect Salmonella's ability to cause a lethal infection following intraperitoneal
inoculation whereas inactivation of SPI-2 does.

Conclusions
The horizontally acquired SPI-2 genes are expressed primarily when Salmonella is inside host
cells. This is achieved both by positive and negative regulators (Figure 1), some of which are
widespread within enteric bacteria and others specific to the Salmonella genome. The positive
regulators of SPI-2 expression exert their action by counteracting the silencing effects of H-
NS and other nucleoid-associated proteins, and/or by recruiting RNA polymerase to particular
promoters. However, it is not clear how these factors achieve the spatiotemporal control of
SPI-2 genes. Whereas laboratory conditions that induce SPI-2 genes are static, the natural
environment experienced by Salmonella within the SCV is dynamic as SPI-2 transcription
inside mammalian cells peaks 2–4 h after infection and is then significantly reduced [49,50].
Not surprisingly, the importance of some of the SPI-2 regulators is observed specifically under
certain growth conditions. Other SPI-2 regulators may be required to optimize expression of
SPI-2 genes encoding functionally different products such as effectors, apparatus components,
and regulators. Finally, because only one or two SPI-2 apparatuses are expressed per cell
[51], additional levels of SPI-2 regulation are yet to be uncovered.
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Figure 1.
Schematics of the known SPI-2 regulatory factors. Three different two-component systems,
SpiR/SsrB, EnvZ/OmpR and PhoQ/PhoP, are involved in SPI-2 regulation. OmpR activates
SPI-2 genes by binding to the promoter and inducing the expression of SpiR and SsrB. PhoP
directly binds the ssrB promoter and could induce spiR transcription indirectly by inducing
transcription/activation of the transcription factor SlyA. PhoP indirectly enhances SpiR levels.
SsrB binds to all SPI-2 promoters including the spiR and its own promoter where it is required
for antagonizing the repression activity of H-NS. The SP-1 encoded HilD transcription factor
is also involved (under certain conditions) in antagonizing H-NS activity. The NAPs H-NS,
Hha, and YdgT function as general negative SPI-2 regulators. Fis and IHF, on the contrary,
are NAPs that have a positive effect on SPI-2 as well as SPI-1 gene expression. Transcription
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inhibition—red lines, Post-transcription activation—black arrows, transcription activation—
green arrows, H-NS derepression—dashed green arrows.
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