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After uptake by epithelial cells or engulfment by macrophages,
Salmonella resides in an acidic vacuole. Salmonella senses this
acidic compartment through the action of the EnvZ/OmpR two-
component regulatory system. OmpR, in turn, represses the
cadC/BA system, preventing neutralization of the bacterial
cytoplasm. New, single cell techniques now enable us to
observe that in response to acid stress, the pH is low in
bacterial cells and acidification is critical for infection. Instead
of recovering from acid stress, Salmonella uses acid pH as a
signal to drive pathogenesis. The relevant molecular
mechanisms employed by Salmonella to couple acid stress
with the expression of virulence genes that promote
intracellular survival are explored.
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Introduction

Salmonella infections occur from ingestion of contami-
nated food or water. The bacteria that survive the
extreme acid pH of the stomach travel to the intestine
and catalyze their uptake across the intestinal epithelium
by activating the expression and assembly of a type three
secretion system ('T'3SS) encoded on Sa/monella pathoge-
nicity island 1 (SPI-1). Once it is intracellular, Sa/monella
resides in an acidic vacuole that it modifies through the
action of effectors. These effectors are secreted by
another T'3SS located on Sa/monella pathogenicity island
2 (SPI-2). This article focuses on how Sa/monella senses

@ CrossMark

the acidic vacuolar environment and the subsequent
events that ensue to drive its intravacuolar survival and
replication.

The Salmonella cytoplasm is acidified in the
vacuole

SPI-2 activation requires the expression of the SsrA/B
two-component regulatory system (TCRS) that is located
on SPI-2 (Figure 1). Expression of ss7A/B is activated in
the vacuole and requires input from multiple TCRSs,
including: the EnvZ/OmpR system [1-3], which activates
ss7A transcription [4] and produces ss7A and ss7B [5] and is
necessary for full virulence in mice [6,7]; and the PhoQ/P
system [8], which activates (boosts) ss7B transcription [4].
ssrB is in turn auto-regulated [9,10]. The ss74/B gene
structure is extremely complex and involves lengthy
(>150nt) untranslated regions in front of both ss74 and
ssrB genes [1]. A separate ss7B promoter embedded in the
ss7A open reading frame is activated by PhoP~P to
enhance SsrB levels [4]. SstB~P drives SPI-2 transcrip-
tion by de-repressing H-NS [11°,12-14] and activating
transcription of ssaB, sseA, ssaG, ssaM [10] and ssaR [15]
genes on SPI-2, as well as additional SPI-2 co-regulated
genes [3,14].

In our previous studies of EnvZ function, we discovered
that EnvZ was responding to cytoplasmic signals, rather
than extracellular cues [16,17°°] (for a review, see Ref.
[18]). As a result of those studies, we suspected that the
Salmonella cytoplasm might acidify when Sa/monella was
internalized in the acidic vacuole. We transformed Sa/-
monella with the I-switch, a FRE'T, DNA-based biosen-
sor, and used I-switch containing bacteria to infect
RAW264.7 macrophages [19°]. As soon as we could mea-
sure the pH of Sa/monella inside cells (approximately
30 min post-infection), the cytoplasm was acidified from
an initial pH of 6.8 to pH 5.75, and it further acidified to
pH 5.65 over time. Acidification was entirely dependent
on OmpR, as the cytoplasm of ompR null strains remained
at neutral pH. The pH gradient established by the
vacuolar H*-A'TPase was essential and inhibition by
bafilomycin also blocked acidification [19°]. OmpR bound
directly and repressed the cadC/BA operon to inhibit
neutralization (Figure 2). CadC is a response regulator
in the OmpR subfamily and at acid pH, it induces cadB/
A. CadA is a lysine decarboxylase that consumes a proton
during decarboxylation. The antiporter CadB subse-
quently transports the product, cadaverine, out of the
cell, restoring intracellular pH to near neutral. The pH
optima of 6.1-6.5 of the CAD system makes it the major
amino acid decarboxylation system involved when Sa/-
monella is in the vacuole [20]. The model therefore is that
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Figure 1
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SPI-2 regulation by TCRSs. EnvZ responds to an internal acid stress and interacts with OmpR to promote an activating conformation. OmpR
binds and activates ssrA transcription, producing both SsrA and SsrB. PhoP boosts SsrB levels during acid stress. SsrB relieves H-NS silencing of
SPI-2 genes. SsrB also activates transcription of SPI-2 TT3S structural genes, as well as secreted effectors such as SifA and Ssed.

low external pH normally leads to CadB/A-mediated
cytoplasmic neutralization (Figure 2), but this event is
repressed by OmpR when Sa/monella is in the host
vacuole. It is now appreciated that EnvZ-directed activa-
tion of OmpR plays a major role in enabling E. co/i and
Salmonella to survive acid stress and the acidification that
also occurs during osmotic stress [19°,21,22°°,23].

SsrB is a Salmonella lifestyle switch

As described above, EnvZ/OmpR plays a major role in
allowing the bacterial cell cytoplasm to acidify. This acid
stress induces ss7A and ss7B transcription, driving SsrB~P
activation of SPI-2 genes [1,9,10,14]. In order to count
SsrA and SsrB molecules in single cells using superreso-
lution imaging, we constructed chromosomally-encoded,
active photoactivatable fusion proteins. For a description
of the method and an example using OmpR, see Refs.
[24-26]. In vitro and in vivo measurements of bacteria
recovered from Hel.a cells demonstrated that the number
of SsrA and SsrB molecules increased about three-fold in
acid pH compared to neutral pH. Furthermore, the SsrB
response regulator was always present at higher concen-
trations than the SsrA kinase [4]. Increasing the number
of SsrA kinase molecules is an important driver of patho-
genesis. Recent studies reported that SsrB can act non-
canonically at neutral pH (in the absence of

phosphorylation) to drive the biofilm pathway by de-
repressing H-NS at the promoter of the master regulator
esgD [11°,27]. Thus, SsrB is an important switch in deter-
mining Sa/monella lifestyles, choosing between an intra-
cellular lifestyle (SPI-2 activation) and an extracellular
carrier state forming biofilms on gallstones in the gall
bladder [28]. Thus, when the SsrA kinase is present, SsrB
~P accumulates and it activates the SPI-2 genes. At
neutral pH, the SsrA kinase is very low and the unpho-
sphorylated form of SsrB predominates, driving the
expression of biofilm genes. Increasing the concentration
of SsrA pushes SstB~P to activate SPI-2. Validation of
recent RNAseq experiments [11°] will provide a deeper
understanding of how SsrB controls ancestral genes [29]
to promote its various lifestyles. Interestingly, single
particle tracking experiments showed that SsrB binding
to DNA, as evident by a change in its diffusion coeffi-
cient, increased in acid pH by >50% [4]. This was a
unique feature of the SsrB response regulator, because
DNA binding by OmpR only increased by 5% in acid pH
and PhoP binding was insensitive to acid pH.

Cytoplasmic acidification is required for
virulence

In the presence of bafilomycin, the H"™-ATPase was
inhibited and the vacuole was no longer acidified. Under

Current Opinion in Microbiology 2019, 47:45-51

www.sciencedirect.com



Figure 2
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OmpR represses cadC/BA to prevent neutralization in the acidic vacuole. Normally, in response to acid stress, CadC activates transcription of
cadBA. CadA decarboxylates lysine, consuming a proton in the process. The product, cadaverine, is transported out of the cell via the antiporter
CadB. In the absence of cadC/BA (dashed lines), the Salmonella cytoplasm stays acidified. Acidification is required for secretion of SPI-2
effectors. In contrast to Salmonella, Shigella breaks out of the vacuole and does not reside in an acidic compartment. Hence, it does not require
the CAD system. Hence, during its evolution of virulence, Shigella has lost the CAD genes [48]. Further, cadaverine was shown to block the

activity of Shigella enterotoxins [49].

these conditions, surprisingly, the SPI-2 T3SS was made
and assembled, as visualized by the presence of SseB
translocons on the bacterial surface in the macrophage
vacuole (see Figure 3) [19°]. In Sa/monella, the translocon
is composed of two hydrophobic proteins, SseC/D and a
hydrophilic protein SseB [30]. SseB is produced at neutral
pH, but only secreted at acid pH [31]. During a normal
infection, when the vacuole and the Sa/monella cytoplasm
were acidified, the translocon moved away from the
bacterial surface, but it still remained co-localized with
LAMP-1* endosomes [19°] (Figure 3¢). What wasn’t clear
was whether SseB was still associated with the additional
translocon components SseCG/D. We presumed that SseB
was still associated with SseC and SseD, because it was
still co-localized with LAMP-1" endosomes, a hydropho-
bic compartment [19°]. However, in other pathogens,
translocons can dissociate from one another during infec-
tion. For example, in EPEC, the SseB homologue EspA is
released by a protease EspC [32]. Another remaining
question was whether the translocon was still attached
to the needle, SsaG (Figure 3c—f). If SseB were still
attached, then the needle would have to elongate, allow-
ing SseB to extend from the bacterial surface (Figure 3e
and f). Alternatively, the translocon may function some-
what similarly to Pseudomonas aueruginosa. In this

example, the translocon PopB/D functioned as a pore-
forming toxin after the bacterium had detached from its
site of attachment [33°°]. This event drove histone H3
modification in the host. Alternatively, if SseB acts like a
plug in the translocon pore of SseC/D, then after its
removal, effectors may be first secreted into the vacuole
and then into the host cytosol (Figure 3d). It still leaves us
with the question-what is SseB interacting with? Super-
resolution imaging of secreted effectors in the vacuole
may help to resolve this issue. Purification of SseC/D
complexes and following them during infection will also
be informative.

A SPI-2 secretion threshold

Salmonella acidification also occurred in response to osmo-
lytes, but the pH drop was not as significant as it was in
response to acid stress [21]. We also compared osmolytes
NaCl and sucrose. In the presence of NaCl, the pH; was
6.7, and this level of acidification did not support SPI-2
secretion, as evident by the lack of accumulation of the
effector Sse] in the supernatant [21]. In contrast, in the
presence of sucrose, the pH; was 6.45 and Sse] was
secreted, establishing a threshold for SPI-2 secretion
between 6.7 and 6.45. At neutral pH, Sse] was produced
and it accumulated in the cytoplasm, but it was not
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Does SPI-2 secretion involve needle elongation and/or translocon release? (a) The T3SS is made and assembled, and SseB appears on the
bacterial surface. (b) The drop in Salmonella cytoplasmic pH triggers unknown events that open the secretion gate. (c-f) One of these events may
involve needle elongation, because over time, the translocon moves away from the bacterial surface, although it is still in a LAMP-1*
compartment. It is not known whether the translocon detaches during the secretion process (c and d) or whether it is still attached to the SsaG
needle (e and f). If SseB is still attached to the needle, the needle must elongate in the vacuole. If SseB detaches from the needle, does the

translocon still function as a pore (d)?

secreted. Thus, at neutral pH, the SPI-2 secretion gate
was closed. An earlier model proposed that Sa/monella
sensed host cytosolic pH, and required a neutralization
step to disrupt the gating complex composed of Ssal.,
SsaM and SpiC [34]. Our results indicated that Sa/monella
sensed vacuolar pH and no evidence of a neutralization
step was evident [19°]. Understanding the molecular basis
of the substrate specificity switch of SPI-2, when secre-
tion switches from apparatus components to effectors, is
an active area of investigation, but likely involves an
interaction with the needle length control protein SsaP
and the effector secretion gate.

Measuring pH in single bacteria cells

Previous studies that identified acid-sensitive genes in
Salmonella did not consider the possibility that the source
of acid stress might be internal. This was not surprising,
because we think of signal transduction as resulting from
an extracellular stress driving an intracellular conforma-
tional change that activates a response. Furthermore,
most of the past measurements of the bacterial response
to acid stress reported that E. co/i responded to acidic pH
by a decrease in intracellular pH (pHj), followed by a
rapid recovery (see reviews by [35,36]). However, our
discovery that EnvZ was sensing the cytoplasm
[16,17°°,18] changed our thinking and drove us to

measure intracellular responses to acid and osmotic stress
[19°,21,23]. This resulted in a paradigm shift, but it
required us to look back at the literature in an attempt
to understand why our measurements differed from
others and led to a different conclusion. In Table 1,
the results of this comparison are summarized. In a study
of mRNA structure of the acid-induced virulence factor
mgtC [37], Groisman and colleagues used a plasmid-
encoded pH-sensitive GFP to measure the pH of Sa/mo-
nella [38]. The wildtype strain did not acidify, it remained
at pH 7.25, even though it was exposed to an external acid
pH (pH,) of 5.1. In a follow-up study, a similar approach
reported that an #g7C null strain was acidified to pH;=5.9
[39]. In contrast, in our study, the pH; of the mg/C null
strain was identical to the wildtype strain, that is, both
strains were acidified to pH 6.1 (see Table 1). How do we
reconcile these differing results? We analyzed single cells,
and we used either BCECF or the I-switch fluorophores
[19°,21]. Our Sal/monella strain was the same as the one
used by Groisman and colleagues, so strain differences do
not provide an explanation. The plasmid-inducible pH-
sensitive GFP (pHluorin) was driven in some instances by
the pBAD promoter [38], which leads to substantial
heterogeneity [21,40], which would be masked by popu-
lation measurements. Finally, the most significant differ-
ence was the way that the cells were clamped to generate
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Table 1
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The strains are listed on the top of the column, along with the clamping method used to measure the pH. The extracellular pH and

measured intracellular pH are indicated

Salmonella Typhimurium pHluorin [37,39]

BCECF, I-switch BCECF [21] sodium E. coli

MC4100 pHluorin MG1655 BCECF [21]

14028s sodium benzoate [19,21] nigericin benzoate clamped [35,38] sodium nigericin clamped
clamped clamped benzoate clamped

Extracellular pH 7.70 7.20 7.20 Extracellular pH 5.50 5.60

Intracellular pH 8.15 6.80 5.80 Intracellular pH 7.60 6.10

Extracellular pH 5.10 5.60 5.60

Intracellular pH 7.25 6.10 6.30

a standard curve. The probe fluorescence is measured
after setting the external pH equal to the internal pH over
a range of pH values, depending on the sensitivity range
of the probe. This generates a standard curve and then in
experimental samples, the fluorescence of the probe is
measured and a pHi value is deduced from the standard
curve. In order to ‘clamp’ pH; to pH,, most previous
studies used 20 mM sodium benzoate and claimed that at
this concentration, the cytoplasmic pH was equilibrated
with the external pH, although no standard curves were
shown. In our studies, we clamped cells using the iono-
phore nigericin [19°,21]. To determine whether the
clamping conditions could explain the discrepancy in
results, we added sodium benzoate to neutral or acidic
bacterial cultures and then measured the pH with the
probe BCECF. If the cells were ‘clamped’ by sodium
benzoate, then the pH; should be equal to the pH,. The
result was truly surprising, because instead of clamping
pH; at external pH, the cells were acidified to pH
5.8. Furthermore, this effect was greatest at neutral
pH. This would have led to the erroneous conclusion
that bacterial intracellular pH was neutral, when indeed it
was very acidic inside. Thus, the discrepancy between our
pH measurements and others can be explained. This was
further apparent in a recent study that made bulk mea-
surements, clamped with nigericin, and subsequently
reported an acidification of the Sa/monella cytoplasm
[41]. Thus, our data indicate that both wildtype and mgrC
null strains were acidified to the same extent, and MgtC
does not play a role in acidification [19°].

Acid pH does not relax the nucleoid

What is the stimulus during acidification that increases
SPI-2 gene expression? One model proposed that a
decrease in supercoiling occurred, leading to relaxation
of the nucleoid [42], and relaxation led to the exposure of
OmpR binding sites. This enhanced exposure would
promote OmpR regulation of acid-responsive genes.
Other data conflicts with this model in two significant
ways. Single particle tracking experiments demonstrated
that only a very small change in OmpR binding to DNA
occurred at acid pH (~5%) [4]. Single particle tracking
was certainly capable of detecting enhanced DNA bind-
ing, because SsrB binding to DNA increased by more
than 50% at pH 5.6 [4]. Perhaps many of the OmpR

regulated genes involved in the acid tolerance response
are not direct OmpR targets; most of these targets have
not been further validated [22°°,23,42]. High resolution
structured illumination microscopy (SIM) imaging was
used to measure the area of the bacterial nucleoid at acid
and neutral pH [4,43]. The nucleoid was more compact at
acid pH, that is, the nucleoid area was reduced by 20%
compared to neutral pH [4]. SIM was able to detect
changes in nucleoid area, because in the presence of
100 pg/ml novobiocin, a gyrase inhibitor, the nucleoid
was more relaxed [43]. Thus, our results do not support a
model that involves nucleoid relaxation at acid pH
[4,24,43]. We propose instead that SsrB undergoes a
pH-dependent conformational change that increases
DNA binding and transcriptional activation of SPI-2
[4], a model that is currently being tested in our
laboratory.

Conclusions

When Salmonella is in an acidic vacuole, the cytoplasm
becomes acidified through the action of EnvZ/OmpR
repression of cadC/BA. This repression maintains an
acidic cytoplasm and then global regulators OmpR and
PhoP activate the transcription of ss7A and ss7B. The
number of SsrA and SsrB molecules increases at least
three-fold, and DNA binding by SsrB increases by more
than 50%. These events relieve H-NS silencing and drive
expression of SPI-2 genes, leading to the assembly of the
T3SS. A still unknown series of events involving the
substrate specificity switch leads to the secretion of viru-
lence factors, including Sse] and SifA into the host cyto-
plasm [44-46]. The resulting endosomal tubulation (oth-
erwise known as Sa/monella-induced filaments or Sifs) is a
force-driven event requiring the interaction of effectors
with the motor protein kinesin [44,47]. This interaction is
evident from two-color superresolution images in which
kinesin and Sse] are co-localized. In the absence of sifA,
Sse] does not traffick along tubules, and destabilizes the
vacuole [44]. Thus, modification of the vacuole and
subsequent Sif formation enables Sa/monella to replicate
within the vacuole and eventually disseminate to sys-
temic sites.
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