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ABSTRACT The phage shock protein (Psp) system is a stress response pathway that
senses and responds to inner membrane damage. The genetic components of the
Psp system are present in several clinically relevant Gram-negative bacteria, includ-
ing Vibrio cholerae. However, most of the current knowledge about the Psp response
stems from in vitro studies in Escherichia coli and Yersinia enterocolitica. In fact, the
Psp response in V. cholerae has remained completely uncharacterized. In this study,
we demonstrate that V. cholerae does have a functional Psp response system. We
found that overexpression of GspD (EpsD), the type Il secretion system secretin, in-
duces the Psp response, whereas other V. cholerae secretins do not. In addition, we
have identified several environmental conditions that induce this stress response.
Our studies on the genetic regulation and induction of the Psp system in V. cholerae
suggest that the key regulatory elements are conserved with those of other Gram-
negative bacteria. While a psp null strain is fully capable of colonizing the infant
mouse intestine, it exhibits a colonization defect in a zebrafish model, indicating
that this response may be important for disease transmission in the environment.
Overall, these studies provide an initial understanding of a stress response pathway
that has not been previously investigated in V. cholerae.

IMPORTANCE Vibrio cholerae leads a dual life cycle, as it can exist in the aquatic en-
vironment and colonize the human small intestine. In both life cycles, V. cholerae en-
counters a variety of stressful conditions, including fluctuating pH and temperature
and exposure to other agents that may negatively affect cell envelope homeostasis.
The phage shock protein (Psp) response is required to sense and respond to such
insults in other bacteria but has remained unstudied in V. cholerae. Interestingly, the
Psp system has protein homologs, principally, PspA, in a number of bacterial clades
as well as in archaea and plants. Therefore, our findings not only fill a gap in knowl-
edge about an unstudied extracytoplasmic stress response in V. cholerae, but also
may have far-reaching implications.
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acteria have evolved to survive in an astounding number of habitats by monitoring

their internal and external environments and modifying their genetic regulation
accordingly. The only barriers to separate the interior of the cell from the outside
environment are its membranes and periplasmic space, or the cell envelope. Bacteria
have complex membranes that define cellular shape, generate energy, and provide
protection, while simultaneously maintaining permeability to nutrients, and are the site
of numerous other essential cellular processes (1). Gram-negative bacteria are sur-
rounded by two membranes, the inner membrane (IM) and the outer membrane (OM).
Any threat to the stability of either membrane could lead to loss of viability. To guard
against damage to the cell envelope, bacteria have signal transduction systems called
extracytoplasmic stress responses (ESRs) that monitor the integrity of the membrane
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compartments. Once an ESR has been initiated, proteins are produced that function to
restore cell homeostasis (2).

Gram-negative bacteria have a number of characterized ESRs, including the oF, Cpx,
Bae, Rcs, and phage shock protein (Psp) responses. The oF, Cpx, Bae, and Rcs pathways
involve regulation of a wide array of genes, whereas the Psp response is tightly
regulated (2-4). The Psp response was initially discovered by Peter Model and his
colleagues when they found that f1 filamentous phage infection of Escherichia coli
resulted in production of a 25-kDa protein (5). They subsequently named the protein
phage shock protein A (PspA) and determined that its production was induced by the
phage gene product plV (5). However, they later discovered that this response was not
limited to phage infection, but that a number of other stressors, such as ethanol, heat,
osmotic shock, and stationary-phase growth were also inducers (5, 6). The Psp system
includes several genes, with the core set, pspFABC, considered the minimal functional
unit in most Gram-negative bacteria (7). Oftentimes, the systems include an uncoupled
gene, pspG, and may also include additional less understood genes that play a role in
the Psp response. These systems are typically inactive when PspF, the transcriptional
activator of the system, is bound in a complex with PspA. However, when membrane
disruption occurs, it is sensed by PspB and PspC. PspA then releases PspF and pspABC
transcription occurs, resulting in the production of a protective response (8-10). The
exact mechanism by which the individual components of the Psp system ameliorate
membrane stress is not yet fully understood (11).

Secretins are homomultimeric pores that facilitate the transfer of macromolecules
across the outer membranes of bacteria (12). These cylindrical multimers are formed
from 12 to 15 monomers and are a major component of 4 different classes of secretion
systems: the type Il secretion system (T2SS), type lll secretion system (T3SS), type IV
pilus system (T4PS), and phage extrusion (13). A common theme in the study of Psp
systems has been that secretins often induce the response. The phage gene product
plV, produced for phage extrusion out of the cell, is a secretin that localizes to the
bacterial outer membrane. However, during phage infection, some amount of this
protein often mislocalizes to the inner membrane, stimulating the Psp response (14,
15). When the Psp system was characterized in Yersinia enterocolitica, the T3SS secre-
tins, YsaC and YscC, were also discovered to be inducers of the Psp response (16, 17).
Historically, the Psp response has been most thoroughly studied in E. coli and Y.
enterocolitica, with limited characterization in a number of other bacteria (18).

Vibrio cholerae is a Gram-negative bacterium that is naturally found in aquatic
ecosystems but can also colonize humans, causing the severe diarrheal disease cholera
(19). Although there are hundreds of V. cholerae serogroups, only the O1 and 0139
serogroups are capable of causing pandemic cholera. The O1 serogroup is subdivided
into the classical biotype, which caused the first six cholera pandemics, and the El Tor
biotype, which has been the predominant cause of cholera since 1961 (20). Regardless
of location, V. cholerae is exposed to numerous stressors that negatively impact
membrane integrity (21). While other ESRs have been characterized in V. cholerae, the
Psp response has yet to be studied in V. cholerae. Therefore, the aim of this work was
to determine if V. cholerae has a functional Psp response and identify its inducers. In the
results presented here, we show that V. cholerae does contain a functional Psp
system. As anticipated, PspA functions as a negative regulator of the system,
whereas PspF, PspB, and PspC are critical for the initiation of the response. In
addition, we found that the V. cholerae Psp system is highly induced by overex-
pression of the T2SS secretin, GspD (EpsD), but not by any of the other encoded
secretins. We have also identified several environmental conditions that activate the
response, including stationary-phase growth, osmotic shock, SDS treatment, heat,
and ethanol stress. Furthermore, the Psp system is important for colonization in the
zebrafish model of cholera infection, suggesting that it may be required for
environmental transmission of disease.
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RESULTS

Genetic organization of the psp genes in V. cholerae. Previous transcriptomic
studies suggested that the V. cholerae Psp system may compensate for the loss of
another ESR, the oF response (22; unpublished data). In fact, a similar observation has
been made in Salmonella enterica serovar Typhimurium (23). However, before exam-
ining the regulatory relationship between the two ESRs, we first wanted to determine
whether or not V. cholerae has a functional Psp response. The V. cholerae psp locus was
previously predicted to contain the pspFABC and pspG genes during a TBLASTN search
examining conservation of Psp systems (7). The amino acid identities between the E.
coli and V. cholerae Psp genes from PspF, -A, -B, -C, and -G are as follows: 62%, 58%,
50%, 36%, and 45%, respectively. The N-terminal region of PspA tends to be highly
similar between species, and V. cholerae is no exception (Fig. 1B). In PspA, the first 60
of 222 amino acids have 75% identity and 96% similarity to the E. coli PspA. The
N-terminal region of PspA is important for membrane binding, and this conservation
suggests that the V. cholerae PspA may also retain those characteristics (24). The
unlinked pspG is found between 2,750 and 2,390 bp downstream of pspF in E. coli, S.
enterica, and Y. enterocolitica; however, pspG is 1,373 bp upstream of pspF in V. cholerae.
A subsequent TBLASTN analysis has revealed that V. cholerae also harbors a gene
homologous to pspE (Fig. 1A). In E. coli and S. enterica, pspE remains coupled to
pspFABCD. Interestingly, in V. cholerae, pspE is unlinked from the core set of psp genes,
residing on the second chromosome, and has 42% similarity to E. coli PspE (Fig. 1A). The
E. coli PspE is a rhodanese (thiosulfate sulfurtransferase), and structural predictions of
V. cholerae PspE show it is also likely to be a rhodanese (data not shown) (25).

The GspD secretin induces the Psp response. While the genetic components for
a functional Psp system are found in the V. cholerae genome, whether the system is
active under any conditions is unknown. Therefore, we first wanted to determine if the
Psp response was functional in V. cholerae. To that end, we needed to identify an
inducer that activates the system. Previous studies characterizing Psp response systems
in other bacteria have shown that secretin proteins are remarkably specific inducers of
these systems. This is thought to be a result of secretin mislocalization to the bacterial
inner membrane (IM) when these proteins are highly expressed (3, 4). Therefore, we
wanted to determine if overexpression of any of the V. cholerae secretins would induce
the response, similar to that observed in Y. enterocolitica.

The V. cholerae serogroup O1 classical biotype contains multiple secretion systems:
general secretion via the Tat and Sec pathways, T2SS, T4PS, and T6SS, but only the T2SS
and the T4PSs contain a secretin protein as a part of their outer membrane machinery.
Furthermore, T4PS systems can be divided into two subclasses based on their mode of
assembly, type of pilins, and function. T4aPS generally functions in twitching motility
and transfer of DNA, whereas T4bPS is usually involved in host colonization in enteric
pathogens (26-28). Classical V. cholerae strain 0395 harbors three T4PS systems,
though only one is fully functional (29, 30). 0395 has one T4bPS, the toxin-coregulated
pilus system (TCP), which is involved in attachment to mammalian intestines (31). 0395
also harbors the mannose-sensitive hemagglutinin complex (MSHA) and pilus (Pil)
systems, which have associated secretin proteins. Therefore, we wanted to determine
whether all or any of these systems contained secretins that were capable of activating
the Psp system when overexpressed. The four secretins identified are as follows: GspD
(also known as EpsD; general secretory pathway, T2SS), TcpC (TCP; T4bPS), PilQ (Pil;
T4aPS), and MshL (MSHA; T4aPs).

To determine if the system was being induced, we constructed a reporter of pspA
promoter activity, as in other studies (16). We generated a chromosomal reporter fusion
where the promoter of pspABC was inserted upstream of the V. cholerae endogenous
lacZ gene, denoted lacZQOPpspA (see Table S1 in the supplemental material). We also
confirmed that pspABC are cotranscribed; therefore, the reporter fusion represents not
just pspA transcription but also that of pspB and pspC (see Fig. S1). Each of the four
identified V. cholerae secretins were then overexpressed in this background, and pspA
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FIG 1 Genetic organization of Psp systems and PspA sequence similarity. (A) Comparison of the genetic organization of the psp genes in V. cholerae with that
of three well-studied Gram-negative species, E. coli, S. enterica, and Y. enterocolitica. (B) Alignment of the amino acid sequences of PspA for the four species.
Multiple sequence alignment created with ExPASy 3.21 BOXSHADE server (https://sourceforge.net/projects/boxshade/). Black shading or *, fully conserved
residues; gray shading or dot, semiconserved residues; white, no conserved residues.

promoter activity was assessed using a B-galactosidase assay. We found that only the
T2SS secretin, GspD, is capable of inducing the Psp response when overexpressed (Fig.

A). Additionally, each secretin overexpression construct was designed to contain a
C-terminal 6Xhistidine epitope to measure protein expression levels and stability. To
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FIG 2 The T2SS secretin, GspD, induces the Psp response in V. cholerae. The four identified secretins of
V. cholerae (GspD, TcpC, MshL, and PilQ) were overexpressed from pTTQ18, containing C-terminal 6XHis
epitopes for detection. (A) Activity of the pspA promoter as detected by B-galactosidase production from
a lacZQPpspA reporter. (B) Chromosomal expression of PspA in response to overexpressed secretins. ***,
P < 0.001 by Student’s t test. Error bars represent = standard deviations.

determine if the lack of induction was due to decreased protein levels, we used
immunoblotting to detect the relative amounts of the secretins in the cultures. The
inability of the T4PS secretins to induce the Psp response does not appear to be due
to a defect in expression or stability, as they are expressed at high levels, especially in
comparison to the low expression of GspD (Fig. 2B). We also constructed a V. cholerae
strain where pspA was tagged with a chromosomal C-terminal 6xhistidine epitope for
detection. This strain was used to measure native PspA protein levels in the presence
of the overexpressed secretins via immunoblotting. Further supporting the transcrip-
tional fusion data, only GspD overexpression was capable of inducing expression of
PspA (Fig. 2B).

Multimeric stability of secretins determines whether they initiate the Psp
response. Intriguingly, the levels of the monomeric form of the GspD protein were
remarkably low in comparison to that of the other T4PS secretins (Fig. 2B). In Y.
enterocolitica, secretin mislocalization and multimerization are necessary to induce the
Psp response (32). Some secretins, such as TcpC, form stable multimers in SDS sample
buffer unless heated above 65°C, whereas phage protein plV forms stable multimers
even after boiling at 100°C in SDS sample buffer (31, 33). It has been reported that if a
secretin fails to form SDS- and heat-stable multimers, the Psp system is not induced (32,
33). Therefore, we examined the ability of all four secretins to form high-molecular-
weight SDS- and heat-stable multimers by separating them by electrophoresis using a
gradient gel. All samples were suspended in sample buffer containing SDS and boiled
for 5 min before loading onto the gel. Only GspD formed SDS- and heat-resistant
multimers, while the other secretins dissociated into monomers during this treatment
(Fig. 3A). This helps to explain our previous observation that GspD protein levels appear
to be lower than those of the other overexpressed secretins (Fig. 2B). In fact, the GspD
present in the samples was not initially detected since the vast majority were not
dissociated into monomers and were running at a very high molecular weight. This
result supports Andrew Darwin and colleagues’ hypothesis that only multimeric secre-
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FIG 3 GspD forms heat-resistant multimers that mislocalize to the inner membrane, where the other V.
cholerae secretins do not. (A) Cultures were grown to mid-log phase when protein production was
induced by the addition of arabinose for 1 h. Samples were resuspended in sample buffer containing SDS
and boiled for 5 min before separation by electrophoresis. (B) Induced cultures were fractionated into
total membrane (M), inner membrane (IM), and outer membrane (OM) fractions, and GspD multimer and
monomers were detected using anti-His antibody. OmpT-FLAG and ToxR were used as outer membrane
and inner membrane controls, respectively. Figure is representative of 3 experiments.

tins are sensed to be a threat by the Psp system and result in induction of the response
(32). Another part of this theory is that a significant amount of the multimeric secretin
complex mislocalizes to the IM. Therefore, we wanted to determine the localization of
multimeric GspD in V. cholerae. Total membranes were isolated from V. cholerae
overexpressing GspD and subsequently separated into inner membrane (IM) and outer
membrane (OM) fractions. OmpT and ToxR were used as OM and IM fractionation
controls, respectively. While we observed predominately GspD monomers in the OM
fraction, the vast majority of the GspD multimers were found in the IM fraction (Fig. 3B).
This supports the hypothesis that overexpressed GspD is forming mislocalized multi-
mers in the IM, which are likely sensed by the Psp system, initiating the response.
GspD overexpression increases expression of other psp genes and causes PspA
membrane association. To gain a more comprehensive understanding of the effect of
GspD overexpression on psp gene expression, we examined pspA, pspB, pspC, pspF,
pspG, and pspE transcript profiles. V. cholerae was grown with and without overex-
pressed GspD, and RNA was isolated. After cDNA generation, transcript levels for each
of the predicted psp genes were measured using reverse transcription-quantitative PCR
(gRT-PCR). Transcript levels were normalized to the housekeeping gene, recA. As
expected from the transcriptional reporter results, pspA, pspB, and pspC transcript levels
were highly elevated in response to GspD overexpression (Fig. 4A). pspG was also highly
expressed in response to secretin overexpression. This is the first evidence that pspG is
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FIG 4 GspD overexpression increases psp transcript levels and leads to PspA membrane association.
Cultures were grown to mid-log phase when protein production was induced by the addition of
arabinose for 1 h. (A) RNA was harvested and reverse transcribed. Transcript levels were normalized to
the housekeeping gene recA. (B) Induced and uninduced cultures were fractionated into soluble and
membrane fractions. Crp-FLAG and ToxR were used as cytoplasmic and membrane controls, respectively.
Figure is representative of 3 experiments.

involved in the Psp response in V. cholerae. In addition, we also found that pspE and
pspF expression remained completely unaltered by secretin overexpression (Fig. 4A).
PspF expression is negatively autogenously controlled in E. coli through blockage of
the pspF promoter by RNA polymerase and PspF itself during pspABCE transcription (34,
35). Therefore, we did not expect to observe elevated levels of this transcript under
these conditions. The lack of pspE transcript elevation with secretin overexpression
suggests that this gene may not encode a functional member of the Psp response in
V. cholerae. However, these results do not rule out the possibility that PspE is induced
and functional under other conditions.

In a number of bacteria, PspA has been shown to be localized to both the cytoplasm
and membranes, leading to its designation as a membrane-associated protein (5, 36,
37). However, in Y. enterocolitica, secretin overexpression resulted in increased PspA
association with the membrane (10, 36). Therefore, we analyzed the effect of GspD
overexpression on PspA localization. Without GspD induction, PspA expression is low,
and it is primarily localized to the soluble fraction (see Fig. S2). However, upon GspD
induction, PspA is highly expressed and predominantly associated with the membrane
fraction (Fig. 4B). These results suggest that PspA spatial localization changes with the
presence of an inducing stimulus, similar to what was observed in Y. enterocolitica (10).

Regulation of the Psp response. In other characterized Gram-negative Psp sys-
tems, PspA functions as a negative regulator, binding PspF and preventing it from
activating transcription from the pspA promoter (11, 16, 38). To determine if Psp
regulation is similar in V. cholerae, we made deletions of each psp gene in the strain
containing the lacZQPpspA reporter fusion. Deletion of any of the psp genes did not
result in observable growth defects (data not shown). In the absence of induction by
secretin overexpression, lacZQPpspA reporter activity is generally 40 to 50 Miller units.
However, when pspA was deleted, there was a 50-fold increase in reporter activity
despite the lack of inducer, which is consistent with other systems (Fig. 5A) (16, 38).
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FIG 5 PspA is a negative regulator of the Psp response, and PspB, -C, and -F are positive regulators.
Cultures were grown to mid-log phase (4 h). B-Galactosidase activity was produced from a chromosomal
promoter fusion of lacZQOPpspA. (A) Loss of pspA leads to a large increase in PpspA activity, which can be
reduced by complementation. (B) Loss of pspB, pspC, or pspF results in the inability to induce the Psp
response. ***, P < 0.001 by Student’s t test. Error bars represent * standard deviations.

Overexpression of pspA from a plasmid in the deletion strain dramatically reduced the
activity of the reporter. This suggests that PspA is a negative regulator of the Psp
response in V. cholerae.

In the other bacteria where the Psp response has been characterized, PspF, PspB,
and PspC are all positive regulators of the system (16, 39). In E. coli, PspF has been
shown to be the transcriptional activator of the psp operon (40). PspB and -C are inner
membrane proteins that are required to sense membrane damage and bind PspA after
Psp induction in Y. enterocolitica (16, 41). To determine whether PspF, PspB, and PspC
have conserved positive regulatory roles, we induced the response by GspD overex-
pression and tested for loss of Psp induction in the mutant strains. When GspD was
overexpressed, lacZQPpspA activity increased 7-fold in the absence of any psp deletion
(Fig. 5B). However, in the pspB, pspC, pspBC, and pspF mutants, the secretin was no
longer capable of inducing increased activity from the reporter. pspB and pspC were
tested individually and in combination, as their sequences partially overlap. Comple-
mentation studies resulted in the restoration of activity for each of the mutants;
however, these studies were hampered by the necessity of using multiple plasmids and
antibiotics, which negatively impacted baseline expression levels. Also, the addition of
PspBC or PspF without GspD overexpression resulted in Psp activation, providing
further evidence that they are positive regulators (Fig. S3 and data not shown). Overall,
these data suggest that PspB, PspC, and PspF play positive regulatory roles in the Psp
response in V. cholerae.

Environmental inducers of the Psp response. A number of environmental con-
ditions, including heat shock, ethanol, osmotic shock, stationary-phase growth, and
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FIG 6 The Psp response can be induced by specific environmental conditions. (A) Cultures were grown
for 24 h, and 1-ml aliquots were removed at the indicated time points. Cultures were normalized by
ODgq, and chromosomal PspA-6XxHis expression was detected by immunoblotting. (B) The indicated
stressors were added after 3 h of growth. After 1 h (or the indicated time), cultures were normalized by
ODgq, and total protein concentration and chromosomal PspA-6xHis expression were detected by
immunoblotting. Loading control is a cross-reactive protein to ToxR antisera (59). Both panels are
representative of three experiments.

treatment with the protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP),
were found to increase PspA expression in E. coli (5, 6). In addition, increasing the
alkalinity of cultures using NaOH, subjecting bacteria to the detergent SDS, and
hyperosmotic shock were shown to be toxic to pspA mutants in Streptomyces lividans,
suggesting that the Psp system was needed for survival in the presence of those
stressors (37). Due to the varied environmental inducers of the Psp response in other
bacteria, we tested a range of possible conditions to determine if any induced the
response in V. cholerae. Similar to what was found for E. coli and S. enterica, stationary-
phase growth increased PspA expression (Fig. 6A) (6, 23). Exposure to ethanol stress
and SDS consistently induced PspA expression in comparison to that in untreated cells
(Fig. 6B). Heat shock induces PspA expression over a short period of time, before cellular
death begins after 30 min of exposure. Osmotic shock mediated by the addition of salt
and increased alkalinity through NaOH treatment modestly induced PspA expression;
however, these conditions were less reliable inducers of the response (Fig. 6B). Unlike
in E. coli, S. lividans, and S. enterica, treatment with the protonophore CCCP did not
reproducibly produce an increase in PspA expression (Fig. 6B). Despite identifying
environmental conditions that induced the Psp response, we have not observed
significant survival defects when psp mutant strains are exposed to these inducing
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FIG 7 The psp null strain shows reduced colonization in the zebrafish model of cholera infection but
no defect in infant mice. (A) Infant mice were orally inoculated with a 1:1 ratio of 106 0395A/acZ
and 0O395ApspFABC. (B) Zebrafish were incubated in water containing either 108 O395AlacZ or
0395ApspFABC. After overnight infections, intestines were harvested and bacteria were plated for
enumeration. Each data point represents data from one fish or mouse. (C) The water was tested for mucin
concentration postinfection as a measure of fish diarrhea. The bar diagrams show the mucin level in
excreted water after 24 h. (D) Bacterial numbers in the water postinfection were quantified to determine
the levels of excreted bacteria. ***, P < 0.001. Error bars represent =+ standard error of the means in panel
B and standard deviations in panels C and D.

stressors (data not shown). These results demonstrate that there are specific environ-
mental inducers of the Psp response in V. cholerae and illustrate potential differences
in the response between bacterial species.

A psp null strain shows reduced colonization in the zebrafish model. The Psp
system has been implicated in bacterial virulence in multiple species and is especially
well characterized in Y. enterocolitica (42-44). In Y. enterocolitica, a pspC mutant is
completely attenuated in a mouse model of infection (42). Therefore, we wanted to
determine if the Psp response was required for successful colonization in two different
models of V. cholerae infection, namely, the infant mouse and the zebrafish. The infant
mouse is the most commonly used model for the study of factors required for V.
cholerae colonization. In this model, infant mice are orally infected with a 1:1 mixture
of wild-type and mutant strains in order to determine whether the mutant has a
competitive disadvantage in colonization of the intestine (45). When we examined the
psp null mutant (ApspFABC) in this model, we did not observe any significant defect in
colonization (Fig. 7A). Additionally, we examined the ability of the psp null strain to
colonize the zebrafish intestine (46). Fish are natural hosts for V. cholerae and may play
a role in cholera transmission in the environment. Adult zebrafish were incubated in
water containing wild-type or mutant bacteria, and colonization was allowed to occur
for 6 h. At the 6-h time point, fish were washed and moved to clean sterile water. Both
strains survived equivalently in the water over the 6-h interval (wild type, 2.55 X 10°
CFU/ml; ApspFABC, 2.97 X 10° CFU/ml). After an additional 18 h, the zebrafish intestines
were harvested, and colonizing bacteria were enumerated. In comparison to the
wild-type strain (0395AlacZ), the psp null mutant was significantly less efficient at
colonizing the zebrafish intestine (Fig. 7B). In addition, to examine the severity of the
disease, mucin production and bacterial excretion were measured. While the reductions
in mucin and bacterial levels were not statistically significant, there was an overall
trend, suggesting that the psp mutant causes less severe disease in zebrafish (Fig. 7C
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and D). Overall, these observations indicate that the psp system in V. cholerae may not
be required for colonization in mammals but may play a role in the environmental
transmission of disease.

DISCUSSION

In this study, we report for the first time that V. cholerae encodes a functional Psp
extracytoplasmic stress response system. We found that overexpression of the secretin,
GspD, is a specific inducer of the V. cholerae Psp response. Interestingly, the three other
secretins produced by V. cholerae, TcpC, PilQ, and MshL, fail to induce the Psp response.
In addition, we found that specific environmental conditions, including ethanol stress
and stationary-phase growth, cause an increase in PspA expression, similar to the E. coli
Psp response (5, 6). Furthermore, the core set of Psp proteins, PspF, -A, -B, and -C,
appear to possess identical regulatory roles to those observed in other bacterial
systems (16, 38). Deletion of pspA causes the Psp system to become constitutively
active; however, deletion of pspF, pspB, or pspC results in the inability to induce the
response. Finally, we found that the Psp system plays a role in zebrafish intestinal
colonization, providing a connection to environmental transmission of the organism.

When the Psp system was first discovered, it was theorized that the agents found to
induce the Psp response functioned to dissipate the proton motive force (PMF) in the
bacterial cell (6, 17, 23). The proton ionophore, CCCP, disrupts the PMF and has been
shown to induce the Psp response in E. coli and S. enterica (6, 23). Additionally, the
membrane potential component of the PMF is decreased in E. coli psp null strains (6, 9).
However, this PMF theory was brought into question by Engl and colleagues in 2011
(47). They showed that dissipation of either the membrane potential or the proton
gradient did not induce the Psp response in E. coli. To complicate matters further, some
secretins are very specific inducers of the Psp response (5, 16, 48). It has been
established that the secretins must mislocalize and multimerize in the inner membrane
to activate the Psp cascade (32). The exact damage generated from secretin mislocal-
ization is unknown. It may lead to leakage across the membrane or perhaps it
destabilizes the inner membrane and increases membrane-stored curvature elastic
stress (11, 49). We also found that secretin multimers of GspD mislocalize to the inner
membrane upon overexpression, and we hypothesize that the damage generated is
capable of signaling induction of the response in V. cholerae (Fig. 8).

While V. cholerae is predicted to harbor four different secretin proteins, we found
that only one, GspD, can induce the Psp response when overexpressed. Despite the
similarity in structure of secretins, there are differences in how they target and insert
into the OM. Koo et al. separated secretins into five classes based on localization,
stability, and requirement of aide in assembly (50). The classes are as follows: (type 1)
auto-assemble and capable of localizing to OM without assistance, (type 2) auto-
assemble but need aide to reach the OM, (type 3) auto-assemble and can reach OM
without assistance, but do so inefficiently, (type 4) cannot auto-assemble, but can
localize to the OM, and (type 5) cannot auto-assemble or reach the OM. GspD in V.
cholerae has been classified as a type 3 secretin, which is consistent with our results. In
the case of TcpC in V. cholerae, it has been classified as a type 4 secretin, meaning that
it cannot assemble by itself and form stable multimers, again, consistent with our
findings. The T4aPS secretins, MshL and PilQ, have not been classified to date. Based on
our results suggesting that they do not appear to auto-assemble or induce the Psp
system, we hypothesize that they are also class 4 secretins, though it is plausible that
they could also be categorized as type 5. The T3SS secretin YscC in Y. enterocolitica that
causes Psp induction is classified as a type 2 secretin. Interestingly, the class of the first
secretin found to induce the Psp response, the filamentous plV secretin, has not been
determined (50). The fact that the Psp system has the ability to differentiate between
monomeric and multimeric secretins in the IM highlights its sophistication.

In addition to secretins, a range of other environmental stressors are known to
induce the Psp response in the bacterial species where it has been studied. In E. coli,
CCCP, heat shock, ethanol, osmotic shock, and stationary-phase growth induced the
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the psp genes. The inner membrane proteins PspB and PspC are predicted to aid in sensing damage and binding
PspA to the inner membrane.

response. In S. lividans, NaOH and SDS were detrimental to pspA mutant growth and
survival (5, 37). Therefore, we tested many of the known inducers to determine if they
induced the response in V. cholerae. Ethanol, heat, hyperosmotic shock, and detergent
exposure all induced expression of PspA. However, unlike in E. coli, S. enterica, and S.
lividans, the proton ionophore CCCP does not reliably increase PspA expression. Again,
this brings into question the exact inducing signal that stimulates the Psp response in
different bacteria.

Due to the high conservation of the Psp system and the amino acid similarity of the
proteins in V. cholerae and E. coli, we anticipated that the individual Psps would
maintain similar regulatory roles. We observed that deletion of pspA led to an un-
checked Psp response that was constitutively active. In addition, the ability to activate
the Psp response was lost in pspF, pspB, and pspC mutants. These results suggest that
PspA is a negative regulator of the system, whereas the other proteins are positive
regulators. While this is consistent with previous reports, the specific roles of these Psps
still need further examination. Based on previous studies and bioinformatic analysis, we
hypothesize that PspF is the transcriptional activator of the V. cholerae Psp system,
binds sigma-54, and enables RNA polymerase to initiate transcription at the pspABC
promoter. In addition, we can predict that PspA binds PspF to inhibit psp transcription,
as it has been shown to do in other bacteria. Furthermore, we can postulate that PspB
and PspC are inner membrane proteins necessary for sensing the inducing signal and
subsequently sequester PspA to the inner membrane. Of note, we discovered that PspC
expression is unstable without coexpression of PspB, similarly to that in Y. enterocolitica
(51). Interestingly, expression of PspC in E. coli does not depend on PspB coexpression,
accentuating differences in PspB and PspC between species. With regard to pspG, we
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can only conclude at this time that its expression is regulated with the rest of the core
psp operon. Further studies are needed to determine if there is a PspF binding site in
the pspG promoter. Finally, our studies have not revealed a role for PspE in the V.
cholerae Psp response. Further investigation is required to determine if it is connected
to the response under different growth conditions.

Since the Psp system has been associated with virulence in other bacteria, we
wanted to determine if it played a role in V. cholerae pathogenesis (42-44). We
examined this possibility using two different animal models: the infant mouse and
zebrafish. With the infant mice, we performed the classical competition between the
wild type and a psp null mutant and did not find that the mutant had any competitive
defect. In the zebrafish, individual infections with both strains were performed. In this
model, we found that the psp mutant had a defect in colonizing the zebrafish intestine
in comparison to the wild-type strain. This difference in colonization leads us to
hypothesize that the V. cholerae Psp response may play a greater role for survival under
environmental stress and may also contribute to transmission of disease in the aquatic
environment.

In summary, we have made the first steps in characterizing the Psp response in V.
cholerae, including identifying some of the signals that induce its activity. We have
identified both specific protein and environmental stressors that initiate the response.
Future work will continue to investigate the role of the V. cholerae Psp stress response
in survival under environmental stress and in disease transmission.

MATERIALS AND METHODS

Strains, media, and growth conditions. All V. cholerae strains were derived from classical biotype
0395. The Escherichia coli strains JM101 and DH5aApir were used for generating constructs, and
SM10Apir was used for conjugation with V. cholerae. All bacterial strains were grown and maintained at
37°C in Luria-Bertani (LB) medium or on LB agar plates supplemented with appropriate antibiotics.
Plasmids used in this study include the suicide vector pKAS32 (52), the arabinose-inducible expression
vectors pBAD33, pBAD18-Kan and pBAD30 (53), and the tac-promoter driven, isopropyl-B-p-
thiogalactopyranoside (IPTG)-inducible expression vector pTTQ18 (54). E. coli strains were transformed by
standard methods (55), plasmid DNA was electroporated into V. cholerae, and pKAS32 was introduced
into V. cholerae by conjugation with SM10Apir. Antibiotics were used at the following concentrations
unless otherwise indicated: ampicillin, 100 ng/ml; kanamycin, 50 ug/ml; streptomycin, 100 ug/ml; and
chloramphenicol, 30 ug/ml (E. coli) or 5 wg/ml (V. cholerae). Expression from pBAD vectors and plasmid
pTTQ18 was achieved through the addition of 0.2% L-arabinose and 0.5 mM IPTG, respectively.

Plasmid and strain constructions. Plasmids and strains used in this study are listed in Table S1 in
the supplemental material. Primer sequences are available upon request. All constructs were verified by
sequencing.

Chromosomal fusions and deletions were created using splicing by overlap extension PCR (SOE-ing
PCR) (56). The lacZQPpspA chromosomal fusion was generated by amplifying 500 bp upstream and
downstream of the start site of lacZ (VC395_2453 [KEGG]) and the promoter region of pspA (VC395_1796)
from +210 upstream and —110 downstream of the start site of pspA. The primers encoded 20 bp of
homology to the 500-bp segments so that overlap could occur. The SOE-ing construct was isolated
through gel excision, ligated into pKAS32, and transformed into SM10Apir. SM10Apir containing the
plasmid was mated with 0395, and integration and resolution of the cointegrate were selected for as
previously described (57). The strain containing a chromosomally 6xHis-tagged pspA was created in a
similar manner, with the 6 XHis coding sequence added to the C terminus coding sequence of pspA prior
to the stop codon. After the construct was validated by sequencing, it was introduced into 0395, and the
recombinant was selected for as described above.

B-Galactosidase assays. Overnight cultures of V. cholerae were subcultured 1:100 in LB broth. The
strains were grown for 3 h at 37°C, followed by the addition of either IPTG or arabinose. Duplicate 100-ul
aliquots of culture were used to determine B-galactosidase activity using the Miller protocol (58).

Immunoblotting. Aliquots of cultures were harvested and normalized based on the optical density
at 600 nm (ODgq,). Cell pellets were either stored overnight at —20°C or placed on ice before resuspen-
sion in 1:1 water and 2X Laemmli sample buffer (4% sodium dodecyl sulfate [SDS], 20% glycerol, 120 mM
Tris-HCl [pH 6.8], 5% 2-mercaptoethanol, 0.02% bromophenol blue). Samples were boiled for 5 min,
centrifuged for 1 min at 15,000 rpm, and separated by SDS-PAGE. To detect secretin multimers, 3% to
10% polyacrylamide gradient gels were used, otherwise, all other gels contained 10%, 12.5%, or 15%
polyacrylamide. Following electrophoresis, proteins were transferred to nitrocellulose by semidry elec-
troblotting. Membranes were blocked in TBST (20 mM Tris-HCl, 0.5 M HCI, 0.1% Tween) buffer containing
5% milk before incubation with horseradish peroxidase (HRP)-labeled mouse monoclonal IgG, anti-His (R
and D systems), OctA-Probe (H-5) HRP (Santa Cruz Biotechnology), or rabbit ToxR antisera (generously
provided by K. Skorupski), followed by incubation with a secondary goat anti-rabbit antibody (Thermo
Scientific). The protein fractionation controls used were: Crp-FLAG (cytoplasm) and ToxR (membrane) for
soluble and insoluble fractionation and ToxR (inner membrane) and OmpT-FLAG (outer membrane) for
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membrane subcellular fractionation. ToxR antisera also cross-reacts with another low-molecular-weight
protein that can be utilized as a loading control (59). Proteins were visualized by chemiluminescence
detection (Clarity Western ECL substrate; Bio-Rad) using film or a Syngene imager.

Subcellular fractionation. Fractionation into soluble and insoluble fractions was performed as
detailed previously with the following modifications (60). 0395pspA-6XHis containing pBAD30-crp-FLAG
and pBAD18-Kan, or pBAD30-crp-FLAG and pBAD18-Kan-gspD-6 X His was grown for 4 or 5.5 h. The ODg,
was measured for normalization, and a whole-cell lysate fraction was removed and resuspended in 600 ul
one-quarter TES (200 mM Tris-HCI [pH 8.0], 0.5 mM EDTA, 0.5 M sucrose). The remaining culture was
pelleted via centrifugation, and resuspended in one-quarter TES buffer containing 2 mM phenylmeth-
ylsulfonyl fluoride (PMSF). The cells were lysed with 4 freeze-thaw cycles and centrifuged, and 700 ul was
removed for centrifugation at 45,000 rpm (125,649 X g) in a TLA-45 Beckman rotor for 45 min. The
supernatant was retained as the cytoplasmic fraction. The remaining membrane pellet was washed and
resuspended in one-quarter TES. All samples were stored overnight at —20°C before proteins were
precipitated by treatment with 23% trichloroacetic acid (TCA) for 30 min on ice. Samples were pelleted
and washed twice with cold acetone. Pellets were air dried, resuspended in SDS sample buffer, and
boiled for 10 min before immunoblotting.

Subcellular fractionation to isolate whole membrane, inner membrane, and outer membrane com-
partments was performed as described previously with the following modifications (61). All steps were
carried out on ice or at 4°C unless otherwise specified. 0395pspA-6 XHis containing pBAD33-ompT-FLAG
and pTTQ18-gspD-6 X His was grown for 5.5 h with induction by 0.5 mM IPTG and 0.2% arabinose for the
last hour. The OD,,, was measured for normalization, and cells were pelleted by centrifugation. The cell
pellet was washed with 25 ml Tris-NaCl buffer (10 mM Tris base [pH 7.5], 100 mM NacCl). The pellet was
resuspended in 6 ml Tris-NaCl buffer containing 10 wg/ml polymyxin B and incubated for 10 min. The cell
suspension was centrifuged, resuspended in 6 ml Tris-NaCl buffer, and stored overnight at —80°C. After
thawing on ice, cells were lysed by sonication. The lysed sample was centrifuged for 10 min, and the
supernatant was subsequently centrifuged at 42,000 rpm (109,650 X g) in a TLA-45 Beckman rotor for 10
min. Samples were washed with 500 wl Tris buffer (10 mM Tris base [pH 7.5]) two times to remove the
cytoplasmic fraction. The samples were rocked for 30 min at room temperature in 360 ul TT buffer
(10 mM Tris base [pH 7.5], 2% Triton X-100); 120 ul was removed for the total membrane fraction, and
SDS sample buffer was added. The remaining sample was centrifuged at 42,000 rpm for 20 min to pellet
the outer membrane fraction; 120 ul of supernatant was removed for the inner membrane fraction, and
SDS sample buffer was added. The outer membrane pellet was resuspended in TT and centrifuged for
42,000 rpm for 10 min. The pellet was then washed with Tris buffer and resuspended in 240 ul Tris buffer
and SDS sample buffer. Samples were boiled for 5 min before immunoblotting.

RNA isolation and qRT-PCR. The strains were grown and normalized to an ODg,, of 1.75 and
pelleted by centrifugation. RNA was extracted using TRIzol (Invitrogen) reagent. Genomic DNA was
digested by incubation with DNase at 37°C for 1 h. RNA was purified by ethanol precipitation and
resuspended in RNase-free water and Tris-EDTA (TE) buffer. Total RNA was measured using a NanoDrop,
and 5 pg was reverse transcribed with Moloney murine leukemia virus reverse transcriptase (Invitrogen).
cDNA production (and lack of genomic DNA contamination) was validated using PCR with Tag DNA
polymerase (NEB).

gRT-PCR was performed with SYBR green (FastStart Essential DNA Green Master version 04; Roche)
using a LightCycler 96 and the following PCR conditions: preincubation for 10 min at 95°C, 3-step
amplification with 95°C for 10's, 51°C for 10's, and 72°C for 10's for 45 cycles, and a final melting phase
of 95°C for 10s, 65°C for 60 s, and 97°C for 1 s. Relative quantification was performed using recA as the
reference gene, and data were analyzed using the threshold cycle (2-24¢T) method (62).

Zebrafish colonization assay. The zebrafish colonization assay was performed according to the
process described previously (63). Briefly, adult wild-type ZDR zebrafish were housed in an automated
recirculating tank system (Aquaneering, CA) using water filtered by reverse osmosis and maintained at
pH 7.0 to 7.5. Tank water was conditioned with Instant Ocean salt (Aquarium Systems, OH) to a
conductivity of 600 to 700 uS. The fish were fasted for at least 12 h prior to each experiment.

For infection, four to five zebrafish were placed in a 400-ml beaker with a perforated lid containing
200 ml of sterile infection water (autoclaved system water). A V. cholerae culture was grown with aeration
in LB broth at 37°C for 16 to 18 h. Then, cells were centrifuged at 10,000 X g for 10 min. The resulting
pellet was washed twice with 1X phosphate-buffered saline (PBS; pH ~7.4) and resuspended in 1X PBS
to an estimated concentration of 10° CFU/ml, determined by measuring the optical density at 600 nm.
One milliliter of bacterial inoculum was added to the beaker containing fish in 400 ml infection water.
The final V. cholerae cell density used was ~5 X 10 CFU/ml for this study and was verified by plating
serial dilutions of the inoculated infection water. The fish were infected for 6 h, washed twice for removal
of surface bacteria, and then kept in fresh sterile water for an additional 18 h. The control group included
fish that were exposed to 1 ml of 1X PBS only in place of bacterial culture. Each beaker containing fish
was placed in a glass-front incubator set at 28°C with a timed light-dark cycle for the duration of the
experiment.

Fish were euthanized in 100 ml of 320 pg/ml tricaine methanesulfonate (Tricaine-S, MS-222; Western
Chemical, WA) for a minimum of 25 min, and the intestine of each fish was aseptically dissected, placed
in homogenization tubes (2.0-ml screw-cap tubes; Sarstedt, Nimbrecht, Germany) with 1.5 g of 1.0-mm
glass beads (BioSpec Products, Inc., Bartlesville, OK) and 1 ml of 1X PBS, and held on ice. Homogenization
tubes were loaded into a Mini-Beadbeater-24 (BioSpec Products, Inc.) and shaken at maximum speed for
two 1-min cycles, with the samples being incubated for 1 min on ice after both cycles. Intestinal
homogenates from each fish were diluted and plated for enumeration on LB agar plates with appropriate
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antibiotics. Plates were incubated overnight at 37°C and CFU were counted. All animal protocols were
approved by the Wayne State University IACUC.

Bacterial count and mucin assay from fish excretory water. Fifty milliliters of fish infection water

was removed before the fish colonization assay as a control, in duplicates. For all assays, 50-ml conical
tubes were centrifuged at 10,000 rpm for 15 min at 4°C, and the supernatant was decanted, being careful
not to disturb the pellet. Each pellet was resuspended in 2 ml of 1X PBS. Unprocessed water samples
were stored at 4°C for up to 1 week before analysis.

Excreted water (after infection) was collected as described above, serially diluted, and plated for

enumeration on LB agar plates with appropriate antibiotics. Plates were incubated overnight at 37°C and
CFU were counted. The mucin content in excreted water was measured as described previously (63, 64).
Briefly, prior to the procedure, 1 ml of a 50% (wt/vol) periodic acid (Sigma-Aldrich) stock solution was
made. A 96-well plate (Corning Costar, Corning, NY) was loaded with 100 ul/well of the blank (1 PBS),
mucin standards, and samples that were loaded in triplicates. A volume of 50 ul/well of fresh 0.1%
periodic acid solution (10 ul of the 50% periodic acid stock added to 5ml of 7% acetic acid, used
immediately after making) was added and mixed by pipetting. The plate was covered in plastic wrap and
incubated at 37°C for 1 to 1.5 h. After incubation, the plate was cooled to room temperature before
adding 100 wl/well Schiff's reagent (Sigma-Aldrich) and mixing with a pipette. The plate was again
covered in plastic wrap and placed on a rocker or shaker for 15 to 40 min or until sufficient color
developed. Absorbance was read at 560 nm using a plate reader (Tecan SpectraFluor Plus; Tecan,
Méannedorf, Switzerland). The effective ODs of test samples were calculated by subtraction of the PBS
control (uninfected fish) water OD from the test (infected) fish excreted water OD.

Infant mouse colonization assay. Four- to five-day-old CD1 mice were inoculated intragastrically

with approximately 106 bacteria as previously described (45). Inoculated mice were incubated at 30°C for
16 h, at which time they were sacrificed and their intestines were removed and homogenized. Serial
dilutions of the intestinal homogenates were plated for enumeration. The competitive index was
calculated as the ratio of the wild type to the mutant in the output divided by the ratio of the wild type
to the mutant in the input.

Statistics. Zebrafish intestinal colonization data were analyzed using randomized block analysis of

variance (ANOVA), where the blocks are designated “experiment.” Data analyses were performed in R
version 3.5.2 (www.R-project.org/). All other statistical analyses, t tests and two-way ANOVAs, were
performed with Prism version 5.03 for Windows (GraphPad Software, La Jolla, CA).
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