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Quorum Sensing Regulates the Osmotic Stress Response in Vibrio

harveyi
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Bacteria use a chemical communication process called quorum sensing to monitor cell density and to alter behavior in response
to fluctuations in population numbers. Previous studies with Vibrio harveyi have shown that LuxR, the master quorum-sensing
regulator, activates and represses >600 genes. These include six genes that encode homologs of the Escherichia coli Bet and ProU
systems for synthesis and transport, respectively, of glycine betaine, an osmoprotectant used during osmotic stress. Here we
show that LuxR activates expression of the glycine betaine operon betIBA-proXWYV, which enhances growth recovery under os-
motic stress conditions. Betl, an autorepressor of the V. harveyi betIBA-proXWV operon, activates the expression of genes en-
coding regulatory small RNAs that control quorum-sensing transitions. Connecting quorum-sensing and glycine betaine path-
ways presumably enables V. harveyi to tune its execution of collective behaviors to its tolerance to stress.

he cell-cell communication process called quorum sensing

provides bacteria a mechanism to monitor the density of the
community. Quorum sensing involves the production, detection,
and response to signal molecules called autoinducers (reviewed in
reference 1). At low cell density (LCD) and, thus, at low autoin-
ducer concentrations, bacteria express genes underpinning indi-
vidual behaviors. As bacteria grow and divide to reach high cell
density (HCD), autoinducers accumulate. In response to autoin-
ducer buildup, bacteria synchronously transition into programs
of gene expression driving group behaviors. In the marine bacte-
rium Vibrio harveyi, three autoinducers are produced and de-
tected by three cognate two-component membrane-bound recep-
tors (1). At LCD, the receptors act as kinases, transferring
phosphate to the response regulator LuxO (2, 3). Phosphorylated
LuxO (LuxO~P) activates transcription of genes encoding five
homologous regulatory small RNAs (sRNAs) called the quorum
regulatory RNAs (Qrr sRNAs) (Fig. 1) (2, 4, 5). The Qrr sRNAs
repress translation of the master quorum-sensing transcription
factor LuxR, and they activate translation of the master LCD quo-
rum-sensing transcription factor AphA (5, 6). Thus, at LCD, high
AphA and low LuxR levels produce a gene expression pattern that
yields individual behaviors (7). At HCD, the quorum-sensing re-
ceptors bind accumulated autoinducers, and in the bound state,
the receptors act as phosphatases. Phosphate is drained from
LuxO (8, 9). Dephosphorylated LuxO cannot activate transcrip-
tion of the grr genes (5). Thus, at HCD, AphA is not made, while
LuxR is maximally produced. LuxR, in turn, controls the gene
expression pattern underpinning group behaviors (7). Several
regulatory feedback loops exist to properly maintain the levels of
the Qrr sRNAs and to facilitate transitions between LCD and
HCD: the Qrr sRNAs repress translation of LuxO (10, 11), AphA
represses JuxR and represses grr expression, and LuxR represses
aphA and activates grr expression (Fig. 1) (6,7, 11, 12).

Bacterial osmoregulation systems enable adaptation to extra-
cellular osmolarity changes (reviewed in references 13 and 14).
Under conditions of osmotic stress, for example, Escherichia coli
accumulates osmoprotectant solutes that maintain cytoplasmic
osmolarity homeostasis. The osmoprotectant glycine betaine is a
preferred solute. In E. coli, glycine betaine is transported into the
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cell by two mechanisms: via the ProP transporter and via the ProU
transport system. The latter is encoded by proV (ATP-binding
subunit), proW (integral membrane protein), and proX (periplas-
mic glycine betaine binding protein) (15), and expression of these
genes is regulated by osmotic stresses, such as increased salt (15,
16). If extracellular glycine betaine is unavailable, it can be synthe-
sized from the precursor choline. In the choline-glycine betaine
synthesis pathway, betIBA and betT are divergently transcribed
from partially overlapping promoters (17). Betl is a TetR-type
transcription factor that represses the bet genes (17-19) by bind-
ing to a 21-bp site spanning the —35 regions of the divergently
oriented betT and betIBA promoters. Betl DNA binding affinity
increases in the presence of choline (19). The betT gene encodes
the choline transporter, betA encodes the choline dehydrogenase,
and betB encodes the betaine aldehyde dehydrogenase (20). In-
creases in extracellular osmolarity cause induction of bet gene ex-
pression (17). Thus, both osmotic stress and the presence of cho-
line contribute to regulation of the bet genes in E. coli.

Often, signaling pathways responsible for detection of envi-
ronmental stimuli are linked to bacterial quorum-sensing sys-
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FIG 1 Model for quorum-sensing regulation of the betIBA-proXWV operon
in V. harveyi. Phosphorylated LuxO (LuxO~P) activates transcription of the
genes encoding the Qrr sSRNAs at LCD. The Qrr sSRNAs repress the translation
of AphA and activate the translation of LuxR. LuxR activates the transcription
of the betIBA-proXWYV operon. Betl activates expression of the genes encoding
the Qrr sRNAs.

tems. For example, several bacterial species respond to environ-
mental stresses, such as changes in temperature, pH, and nutrient
availability, through modulation of quorum-sensing components
(21-23). Alterations in extracellular osmolarity could also be con-
nected to bacterial quorum-sensing status. Vibrios experience
fluctuations in salinity in the marine environment and also in
eukaryotic hosts (24). In several Vibrio species, total bacterial
abundance often correlates with salinity (24, 25). To adapt to
changes in salinity, the genomes of vibrios encode osmoregulation
systems, including homologs of the E. coli Bet and ProU systems
(26).

Here, we show that quorum sensing and osmotic stress regu-
lation are linked in V. harveyi. In V. harveyi, the betIBA-proXWV
operon encodes homologs of the E. coli Bet and ProU systems for
the synthesis and transport of glycine betaine, respectively. LuxR
activates expression of betIBA-proXWV at HCD by binding the
betI promoter at two binding sites. In the absence of LuxR, V.
harveyi grows poorly under low- and high-osmolarity conditions.
Under conditions when the betIBA-proXWV operon is expressed,
Betl influences quorum sensing by activating expression of the
Qrr sRNA genes, which in turn repress /uxR expression. Thus,
quorum sensing activates osmoregulatory genes at HCD, and os-
motic stress cues repress quorum sensing.

MATERIALS AND METHODS

Bacterial strains and media. E. coli strains S17-1\pir, BL21(DE3) (Life
Technologies), DH10B (Life Technologies), and derivatives (see Table S1
in the supplemental material) were grown with aeration at 37°C in Luria-
Bertani (LB) medium with 40 pg ml~ ' kanamycin, 10 ug ml ™' tetracy-
cline, and 10 wg ml™" chloramphenicol, when appropriate. V. harveyi
strain BB120 (BAA-1116) and derivatives (see Table S1 in the supplemen-
tal material) were grown with aeration at 30°C in Luria-marine (LM)
medium with 100 wg ml™" kanamycin, 5 wg ml ™" tetracycline (in liquid),
10 ug ml ™! tetracycline (on plates), and 10 g ml~" chloramphenicol,
when required. Plasmids (see Table S2 in the supplemental material) were
transferred from E. coli to V. harveyi by conjugation (6). Gene expression
from plasmids containing the P,,. promoter was induced with isopropyl-
B-p-thiogalactopyranoside (IPTG; Sigma) at the concentrations indi-
cated below.

In experiments to study osmotic stress, V. harveyi strains were grown
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overnight in AB medium (27), and cells were subsequently diluted into
low-osmolarity medium (LOM) (28) at pH 7 with 200 mM NaCl and 1
mM choline chloride, unless otherwise indicated. For growth analyses and
salt shock experiments, overnight cultures were diluted to an optical den-
sity at 600 nm (ODy,) of 0.05 into 150 pl fresh LOM containing various
concentrations of NaCl with 100 nl mineral oil overlay in 96-well plates.
Cells were grown with shaking at 30°C in a BioTek Synergy HI plate
reader. At ~6.5 h, NaCl was added at a final concentration of 1 M (30 pl
of 5 M NaCl) or 0.2 M (in control cultures; 30 .l of 0.2 M NaCl), and cell
growth (ODy,,) was monitored every 30 min (Fig. 5 and 6 show the results
for the 60-min time points to enable discernment of symbols).

Molecular methods. Plasmid cloning (see Table S2 in the supplemen-
tal material) was performed using E. coli strains S17-1\pir and DH10B,
and cloning details and sequences are available upon request. iProof DNA
polymerase (Bio-Rad) was used for PCRs. Oligonucleotides (see Table S3
in the supplemental material) were purchased from Integrated DNA
Technologies. T4 polynucleotide kinase, T4 DNA ligase, restriction en-
zymes, and calf intestinal phosphatase (CIP) were purchased from New
England BioLabs (NEB). Plasmid sequences were confirmed by Genewiz,
Inc., or ACGT, Inc. RNA isolation and cDNA synthesis were performed as
described previously (6). For quantitative real-time reverse transcription-
PCR (qRT-PCR) analyses, the levels of expression from the samples were
normalized to the level of expression of the internal standard, hfg, as
described previously (11), and either the AAC; threshold cycle (C;)
method or the standard curve method was used for data analysis.

Gene deletion, complementation, and overexpression of luxR and
betl. The construction of the Abet] mutant strain was performed as de-
scribed previously (6) using a cosmid containing a deletion of the bet]
open reading frame (ORF) (see Tables S1 and S2 in the supplemental
material). The chloramphenicol resistance (Cm") cassette used during
strain construction was removed from all the final betI deletion strains
using FLP-mediated recombination (29). Following removal of the Cm"
cassette, each strain retained a scar of ~100 bp at the FLP recombination
site. For complementation of the AluxR strain, overnight cultures (BB120,
KM669, KM669::pJV036, and KM669::pJV239) were diluted 1:100 and
grown to an ODg, of 0.3, 10 uM IPTG was added, and cells were grown
for an additional 2 h to an ODy, of 1.0. At that point, RNA extraction was
performed. For complementation of the Abet] strain, overnight cultures
(BB721::pJV298, JC2216::pJV298, and JC2216::pJV299) were diluted to
an ODg, of 0.05 and grown to an ODg, of 0.2, and 10 uM IPTG was
added. Cells were grown for an additional 2 h, after which they were
collected for RNA extraction. For overexpression of betl, overnight cul-
tures (BB721:pJV298 and BB721::pJV299) were diluted to an ODy, of
0.05 and grown to an ODy, of 0.2, 1 mM IPTG was added, and after 2 h
of growth, cells were collected for RNA extraction.

Protein purification. The LuxR protein was purified as described pre-
viously (7). His-tagged BetI (His-Betl) was purified by overexpression in
Rosetta(DE3)pLysS cells (Novagen) from plasmid pSQ004 expressing bet]
with an N-terminal 6 X His tag. Cultures (2 liters) were grown with aera-
tion at 30°C, induced with 1 mM IPTG at an ODyg, of 0.4, and grown for
an additional 4 h at 30°C. The cells were mechanically lysed using a cell
cracker in Ni-nitrilotriacetic acid buffer (50 mM NaPO,, pH 7.4, 10 mM
imidazole, 300 mM NaCl, 1 mM phenylmethylsulfonyl fluoride). His-
Betl was purified on a HisTrap HP column (GE Healthcare), eluted with a
linear 10 mM to 1 M imidazole gradient, and purified. His-BetI was dia-
lyzed and stored at —80°C in storage buffer (50 mM NaPO,, pH 7.4, 300
mM NaCl, 10% glycerol).

EMSAs. Electrophoretic mobility shift assays (EMSAs) with puri-
fied LuxR protein were performed as described previously (7, 30) using
the oligonucleotides listed in Table S3 in the supplemental material.
EMSAs with purified His-Betl protein were performed as described
previously (19), except that the Betl binding buffer was modified [10
mM Tris-HCIL, pH 8.9, 50 mM KClI, 0.5 mM dithiothreitol, 0.1% Igepal
CA-630, 8% Ficoll 400, 0.1 p.g 1~ ! bovine serum albumin, and 10 ng
pl ™! poly(dI-dC)].
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FIG 2 LuxR activates expression of bet/BA-proXWYV in V. harveyi. (A) Chromosomal regions encoding the bet and pro genes in E. coli and V. harveyi. V. harveyi
gene numbers are indicated below each gene. The positions of the LuxR binding sites (bp —338 and —41, denoted LuxR BS1 and BS2, respectively) and Betl
binding site (bp —276, denoted BetI BS) are indicated relative to the translation start site of betl. (B) Transcript levels of V. harveyi genes were determined by
qRT-PCR from wild-type V. harveyi (BB120), AluxR V. harveyi (KM669), the AluxR strain containing a control plasmid (pJV036), and the AluxR strain carrying
the plasmid expressing luxR (pluxR; pJV239). Error bars represent standard errors for three biological samples, and the data represent those from three
independent experiments. (C) EMSAs for reaction mixtures containing 0, 10, 100, or 1,000 nM LuxR incubated with a radiolabeled DNA substrate corresponding

to the predicted LuxR binding sites (BS1 or BS2) upstream of betl.

RESULTS

LuxR regulates expression of betIBA-proXWYV. Our previous
microarray studies showed that LuxR controls ~625 genes at
HCD in V. harveyi (7). We examined those encoding LuxR-con-
trolled transcriptional regulators to determine whether they drive
a downstream tier of quorum-sensing gene expression. Among
the putative transcription factors is VIBHAR_06181, a TetR-type
transcriptional regulator, which shares 46% amino acid sequence
identity with E. coli Betl. Microarray analyses indicated that LuxR
activates expression of V. harveyi bet] (VIBHAR_06181) (Fig. 2A)
3-fold at HCD (7). To verify these findings, we analyzed betI levels
at HCD in the presence and absence of [uxR by quantitative real-
time reverse transcription-PCR (qRT-PCR), and indeed, an ~3-
fold decrease in betl expression compared to the level of expres-
sion in the wild type occurred in a AluxR strain (Fig. 2B).
Production of LuxR from a plasmid restored betI expression to the
level of the wild type (Fig. 2B), confirming that LuxR activates
expression of betl. Consistent with a role for LuxR as an activator,
betI transcript levels are high at HCD, and this requires the pres-
ence of LuxR (see Fig. S1A in the supplemental material) (7).
BLAST analyses indicated that the organization of the osmoregu-
latory genes in V. harveyi differs from that in E. coli (Fig. 2A).
Similar to their organization in E. coli, the V. harveyi genes encod-
ing homologs of BetB (VIBHAR_06180) and BetA (VIBHAR_

06179) lie directly downstream of betl. However, unlike in
E. coli, no BetT homolog was colocated. There are six possible
BetT candidates in the V. harveyi genome (VIBHAR_ 02455,
VIBHAR_06429, VIBHAR 01883, VIBHAR 03056, VIBHAR _
06536, and VIBHAR_05503) (26); however, each shares only
modest homology with E. coli BetT (28 to 36% identity). We did
not observe LuxR regulation of any of the possible betT-like genes
(7). Again, unlike in E. coli, three additional genes are located
downstream of betA in V. harveyi, and they encode proteins ho-
mologous to the E. coli ProU transport system: ProX (VIBHAR _
06178), Prow (VIBHAR_06177), and ProV (VIBHAR_06176)
(Fig. 2A). In E. coli, the proVWX genes are not located adjacent to
bet genes. The V. harveyi genome encodes a second set of proXWV
genes (26) (VIBHAR_ 06562, VIBHAR_06563, and VIBHAR_
06564, respectively). None of these genes is regulated by LuxR (7).
Preliminary transcriptome sequencing (RNA-seq) analysis of pri-
mary RNA transcripts indicated that the betIBA and proXWV
genes are cotranscribed and thus form a single operon (betIBA-
proXWV) (K. Papenfort, unpublished data). To determine if the
V. harveyi betBA and proXWV genes are regulated by quorum
sensing similarly to betl, we analyzed their expression levels in the
presence and absence of luxR. LuxR activates expression of all of
these genes 5- to 10-fold (Fig. 2B).

We previously determined the locations of the genomic LuxR
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binding sites by chromatin immunoprecipitation and deep se-
quencing (ChIP-seq) (30). Two LuxR binding sites (BS1 and BS2,
located 338 bp and 41 bp upstream of the betI open reading frame
[ORF], respectively) (Fig. 2A) were identified by our bioinfor-
matic analyses of the LuxR ChIP-seq binding peaks (30). To con-
firm that LuxR binds to both sites in the betI promoter, we per-
formed EMSAs with purified LuxR and found that LuxR bound
both sites. LuxR showed a >50-fold greater affinity for BS1 than
for BS2 (Fig. 2C). These data indicate that LuxR is a transcrip-
tional activator of the betIBA-proXWV operon.

Betl represses expression of the betIBA-proXWYV operon. To
examine the regulatory role of Betl in expression of the betIBA-
proXWV operon, we constructed a deletion of the bet] ORF in
several strain backgrounds and examined BetI function (see Table
S1 in the supplemental material). To isolate the role of Betl, we
used a AluxO strain of V. harveyi that constitutively mimics the
HCD state (7). This strategy allowed us to exclude the possibility
of regulatory effects from quorum-sensing components. Expres-
sion of the five genes (betB, betA, proX, prow, and proV) down-
stream of bet] decreased ~2-fold in the Abet] AluxO strain com-
pared to that in the single AluxO strain (see Fig. SIB in the
supplemental material), suggesting that there is a polar effect ei-
ther from the betI deletion or as a consequence of the scar left
following insertion and removal of the Cm" cassette during strain
construction. Indeed, expression of betI from an inducible pro-
moter complemented the expression of betI but not that of the
downstream genes (see Fig. S1B in the supplemental material).
Furthermore, modest overexpression of betI in the Abet] AluxO
strain enhanced repression of betBA-proXWV expression (see Fig.
S1B in the supplemental material). Consistent with these results,
overexpression of bet] in the AluxO strain containing an intact
betIBA-proXWYV operon repressed all five genes downstream of
betl 2- to 3-fold (Fig. 3A). These data support a role for Betl as a
transcriptional repressor of betIBA-proXWV.

To determine if Betl binds to the betI promoter, we purified
His-tagged Betl (His-Betl) and performed EMSAs. His-Betl
bound to a DNA fragment corresponding to the 359-bp region
upstream of the bet! start codon (Fig. 3B). As a control, we show
that His-BetI did not bind to a DNA fragment corresponding to
the recA ORF (Fig. 3B), indicating that binding to the betI pro-
moter is specific. We could identify a possible Betl binding site
using the E. coli Betl binding site as a reference (19). The putative
site overlaps the —35 region and LuxR BS2 (see Fig. SI1C in the
supplemental material). This result is not surprising, given that
Betl and LuxR are both TetR-type transcription factors (19, 30).
However, what is surprising is that His-BetI did not bind this site
(see Fig. S1C in the supplemental material; see substrate J). His-
Betl also did not bind LuxR BS1 (see substrate A in Fig. S1C in the
supplemental material). To identify the BetI binding site, we ex-
amined DNA fragments spanning the entire bet] promoter region
(see Fig. S1C in the supplemental material). His-Bet] bound to a
45-bp fragment positioned 276 bp upstream of the bet] start
codon (see substrate C in Fig. S1C in the supplemental material).
The affinity of Betl for this site was essentially equivalent to that
for the full promoter region (compare Fig. 3B and C). These find-
ings suggest that Betl represses transcription of the betIBA-
proXWYV operon by binding to the betI promoter but Betl binds to
a sequence different from that to which E. coli BetI binds.

Betl regulates expression of quorum-sensing genes. Bacteria
frequently employ feedback loops to comodulate pathways (10,
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FIG 3 Betl represses the betIBA-proXWV operon. (A) The transcript levels of
the betIBA-proXWV genes were assayed by qRT-PCR in the following V. har-
veyi strains induced with 1 mM IPTG: a AluxO strain carrying a control vector
(BB721::pJV298) and a AluxO strain carrying a vector expressing betI from an
IPTG-inducible promoter (BB721::pJV299). Error bars represent the standard
errors of measurements from three biological replicates, and these data repre-
sent those from at least two independent experiments. (B, C) EMSAs for reac-
tion mixtures containing 0, 250 nM, 500 nM, or 1,000 nM His-BetI incubated
with a radiolabeled DNA substrate corresponding to the betI promoter region
(PbetI; 359-bp promoter fragment, positioned immediately upstream of the
start codon) or the recA ORF (300 bp) (B) or with the 45-bp fragment corre-
sponding to the Betl binding site (Bet] BS [see substrate C in Fig. S1C in the
supplemental material], positioned 276 bp upstream of the start codon) (C).

29,31-34). Given that quorum sensing controls the Bet system, we
wondered if the Bet system likewise controls quorum sensing. To
test this notion, we assayed Betl regulation of the core quorum-
sensing regulatory components in V. harveyi following overex-
pression of bet] on a plasmid. We used strains that constitutively
mimic the HCD state (the AluxO strain) or the LCD state (the
luxO DA47E strain) (7). First, we measured transcript levels of aphA
(at LCD) and IuxR (at HCD) and found that they were unchanged
following BetI overproduction (see Fig. S2A and B in the supple-
mental material). We next measured Qrr1 to Qrr5 levels at LCD.
Betl activated the expression of grrl, qrr3, grr4, and gqrr5 but not
that of grr2 (Fig. 4). To investigate if Betl regulation of the grr
genes is direct, we assayed His-Betl binding to the promoters of
qrr3 and grrd using EMSAs. No specific binding occurred (see Fig.
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FIG 4 Betl regulates quorum-sensing genes. The transcript levels of Qrrl to
Qrr5in V. harveyi strains induced with 1 mM IPTG were assayed by qRT-PCR.
The strains tested were a JuxO DA47E strain carrying a control vector (white
bars; JAF548::pJV298) and a luxO D47E strain carrying a vector expressing bet]
from an IPTG-inducible promoter (black bars; JAF548::pJV299). Error bars
represent the standard errors of measurement from three biological replicates,
and these data represent those from two independent experiments.

S2C in the supplemental material). These results suggest that BetI
control of the grr genes is indirect. We wondered if their regula-
tion could occur through BetI control of LuxO. We measured
luxO levels at LCD with and without Betl overproduction and
found no change (see Fig. S2D in the supplemental material).
Taken together, these data indicate that Betl is linked to the quo-
rum-sensing system via indirect activation of expression of grr
genes.

BetI controls the osmotic stress response in V. harveyi. We
examined osmotic stress tolerance in V. harveyi to define the role
of Betl. First, we measured the growth of wild-type V. harveyi in
low-osmolarity medium (LOM) containing choline and various
concentrations of NaCl. V. harveyi grew at similar rates in 0.2 M,
0.3 M, and 0.5 M NaCl but exhibited slowed growth in 1 M NaCl
(Fig. 5A). We next tested the effect of salt shock by growing V.
harveyi to mid-exponential phase in medium containing 0.2 M
NaCl, and at that point, we added NaCl to a final concentration of
1 M to rapidly change the osmolarity of the medium. Upon salt
shock, the ODyy, of the cultures decreased modestly prior to re-
covery, and growth resumed after ~2.5 h (Fig. 5B, solid circles).
Control cultures were unaffected by addition of the same volume
of 0.2 M NaCl (Fig. 5B, solid squares). The ~22% decline in the
ODyy, following addition of 1 M NaCl is likely due to the cell
shrinkage that occurs upon hyperosmotic shock (35, 36). We also
performed the salt shock experiment in medium lacking the os-
molyte choline to test for a requirement for exogenous choline.
The absence of choline considerably slowed growth following salt
shock, and shocked cultures did not achieve the same optical den-
sity as cultures containing choline (Fig. 5B, open circles). The
AbetI V. harveyi strain grew similarly to the wild type in 0.2 M and
0.5 M NaCl (see Fig. S3A and B in the supplemental material) but
displayed an even more pronounced growth deficiency in 1 M
NaCl than the wild type (Fig. 5C). Because we cannot restore
expression of the betIBA-proXWYV operon in the Abet! strain with
betI on a plasmid (see Fig. S1B in the supplemental material), we
introduced a fragment of the genome containing the entire
betIBA-proXWV operon and its promoter, and we show that
growth was restored to wild-type levels in medium containing 1 M
NaCl (Fig. 5C).

We assessed the effect of osmotic shock on the transcription of
osmoregulatory and quorum-sensing components. The transcript
levels of the genes in the betIBA-proXWV operon increased
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roughly 3- to 6-fold within 15 min following the 1 M NaCl shock
(Fig. 5D). Transcription of grr also increased after salt shock, and
in agreement with our understanding of how the quorum-sensing
circuit functions (Fig. 1), luxR and luxC (luciferase) expression
decreased (Fig. 5E). These findings support the conclusion that
Betl activation of grr4 occurs upon osmotic stress.

Quorum sensing controls the osmotic stress response. We
examined whether quorum sensing influences the V. harveyi re-
sponse to osmotic stress by assaying the salt shock response in V.
harveyi strains containing deletions of luxR and aphA as well as
strains constitutively mimicking the LCD and HCD quorum-
sensing states (JuxO D47E and AluxO strains, respectively [7]). All
strains grew more rapidly in medium containing 0.5 M NaCl than
in medium containing 0.2 M or 1 M NaCl (see Fig. S3 in the
supplemental material). The two strains with the lowest [uxR lev-
els (the luxO DA7E and AluxR strains) showed impaired growth in
medium containing low salt (see Fig. S3A in the supplemental
material). Conversely, the HCD-locked strain (AluxO), which
constitutively produces LuxR, was the strain that grew the most
rapidly in all concentrations of NaCl (see Fig. S3 in the supple-
mental material). To verify that deletion of [uxR caused the re-
duced growth rate in 0.2 M and 1 M NaCl, we compared the
growth profiles of the AluxR strain to those of the AluxR strain
complemented with JuxR expressed under the control of its native
promoter on a low-copy-number plasmid (Fig. 6). Complemen-
tation restored growth to wild-type levels in 0.2 M NaCl (Fig. 6A).
Indeed, the complemented strain grew better than the wild type in
1 M NaCl (Fig. 6B), suggesting that slight overexpression of luxR
improves growth in high salt. Collectively, these results show that
LuxR plays a crucial role in osmotolerance in V. harveyi.

DISCUSSION

Marine salinity can vary widely; however, the average ocean salin-
ity is 3.5% and is constituted primarily of Na™ and CI~ ions (~0.6
M NacCl) (37, 38). Our observation that V. harveyi grows opti-
mally under similar conditions, specifically, at 0.5 M NaCl, is
therefore consistent with this notion. Nonetheless, as a free-living
marine bacterium, V. harveyi presumably must have the capacity
to adapt to fluctuations in osmolarity. We find that, following
rapid changes in salt concentration, V. harveyi cells activate ex-
pression of the betIBA-proXWV operon, likely for osmoprotection
through synthesis and/or transport of the osmoprotectant glycine
betaine. V. harveyi strains with decreased betIBA-proXWYV expres-
sion display decreased growth rates in high salt. We suspect that V.
harveyi is capable of using choline to synthesize glycine betaine
because cultures grown in the absence of choline had a marked
growth defect under high-salt conditions compared to the growth
of cultures with choline in the medium. This result also suggests
that V. harveyi possesses an enzyme that functions analogously to
E. coli BetT. We were unable to identify a V. harveyi BetT homolog
regulated by either LuxR or Betl using microarray analyses (7)
(data not shown). An alternative possibility is that, similar to E.
coli, V. harveyi imports choline via the ProXWYV transport system
when choline is available at high concentrations (e.g., 1.5 mM)
(39, 40).

The V. harveyi BetIBA and ProXWYV systems appear to func-
tion similarly to their counterparts in E. coli. However, a striking
difference between E. coli and V. harveyi is the consolidation of the
betIBA-proXWYV genes into a single locus in V. harveyi. Prelimi-
nary RNA-seq data suggest that there are two transcription start
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FIG 6 Quorum sensing regulates the osmotic stress response in V. harveyi. (A,
B) V. harveyi strains were grown in LOM with 1 mM choline and 0.2 M (A) or
1 M NaCl (B). The strains are tested were wild-type V. harveyi carrying a
control plasmid (BB120::pLAFR2), V. harveyi AluxR carrying a control vector
(KM669::pLAFR2), and V. harveyi AluxR carrying a plasmid encoding uxR
(KM669::pKM699). The data shown are the means and standard errors from
three biological replicates and represent those from at least three independent
experiments.

sites in this locus: one located 46 bp upstream and one located 9 bp
downstream of the betI start codon (Papenfort, unpublished). We
suspect that the upstream transcription start site (at position —46)
(Fig. 2) controls transcription of betIBA-proXWYV, while the
downstream transcription start site (at position +9) (Fig. 2) con-
trols transcription of the betBA and proXWV genes. In support of
this idea, deletion of the betI ORF and, thus, the downstream
transcription start site may have had a polar effect and decreased
expression of betBA-proXWV. Also, the strength of LuxR regula-
tion differs between betI and the five downstream genes, suggest-
ing distinct regulatory mechanisms. We posit that the presence of

choline. At 6.5 h, either 1 M NaCl or 0.2 M NaCl (final concentrations) was
added to the cultures (designated with the arrow specifying salt shock). In
panels A and B, data show the mean and standard error from three biological
replicates and represent those from three independent experiments. (C) V.
harveyi strains were grown in LOM with 1 mM choline and 1 M NaCl. The
strains tested were wild-type V. harveyi carrying a control plasmid (BB120::
pLAFR2), V. harveyi AbetI carrying a control vector (JC2212::pLAFR2), and V.
harveyi Abet! carrying a plasmid encoding betIBA-proXWV (JC2212::pJV302).
The data shown are the means and standard errors from three biological rep-
licates and represent those from three independent experiments. (D, E) The
transcript levels of bet/BA-proXWV (D) and Qrr4, luxR, and luxC (E) were
assayed by qRT-PCR 15 min following salt shock. Test cultures of BB120
received salt shock with 1 M NaCl, and control cultures received an equal
volume of 0.2 M NaCl (final concentrations). The data shown are the means
and standard errors from three biological replicates and represent those from
three independent experiments.
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two transcription start sites enables increases in betBA and
proXWV expression to occur independently from increases in ex-
pression of the betI repressor. Future experiments will examine
the role of the downstream transcriptional start site on expression
of betBA-proXWV.

V. harveyi Betl represses betIBA-proXWV. Mechanistically,
however, V. harveyi Betl functions differently than the E. coli Betl.
Addition of choline to DNA binding reactions did not stimulate
increases in His-BetI-DNA complex formation, as observed with
E. coli Betl (data not shown) (19). Furthermore, V. harveyi His-
Betl did not bind to the predicted binding sequence in the bet]
promoter in our in vitro assays. Rather, Betl bound to a region 276
bp upstream of the translation start site.

Our results show that quorum sensing is linked to the V. har-
veyi osmotic stress response. First, the master quorum-sensing
regulator, LuxR, activates expression of the betIBA-proXWV
operon 3- to 10-fold at HCD. LuxR binds to two sites in the bet]
promoter, as is common for genes activated by LuxR (30). Our
finding that LuxR binds to BS2 with a higher affinity than to BS1 is
consistent with the finding of a large LuxR binding peak centered
around BS2, described in the ChIP-seq data obtained in a previous
study (30). Conversely, no significant binding peak near BS1 was
detected by the ChIP-seq analysis. Only bioinformatic scanning of
the betI promoter revealed a site similar to the LuxR consensus
binding sequence (BS1) (30). We do not yet know if both binding
sites are required for betI activation. Because LuxR BS2 overlaps
the —35 region of the promoter for the downstream transcription
start site, it is possible that LuxR represses expression from this
transcription start site while activating expression from the up-
stream start site via binding at BS1. We found that LuxR is critical
for V. harveyi growth under both low- and high-NaCl conditions,
suggesting a requirement for LuxR activation of the betIBA-
proXWV genes for proper adaptation to osmotic stress. We hy-
pothesized that the growth defect in the AluxR strain could be
complemented by overexpression of betIBA-proXWV. We per-
formed this experiment, but no change in growth occurred (data
not shown). Two possibilities are that (i) the levels of betIBA-
proXWYV from the plasmid (4 to 7 copies per cell [41-43]) remain
below the levels achieved by LuxR activation in the wild type (5- to
10-fold) (Fig. 2B) and/or (ii) LuxR activates expression of another
factor (e.g., a BetT homolog) that is necessary for growth under
conditions of osmotic stress.

Our experiments also demonstrate that Betl indirectly acti-
vates expression of the Qrr sSRNA genes, with the exception of grr2.
This result was unexpected, given that the Qrr sRNAs play nearly
identical regulatory roles. Nonetheless, although the Qrr gene se-
quences are highly conserved, their promoters are distinct and a
different transcription factor possibly controls grr2 (5). Regula-
tion of the Qrr genes does not occur through BetI control of LuxO,
suggesting that some unknown factor that links BetI to the Qrr
genes must exist. The Qrr sSRNAs, in turn, repress LuxR. Betl feed-
back on LuxR via Qrr regulation may serve to keep LuxR levels in
check and, in so doing, prevent LuxR from overactivating the
betIBA-proXWYV operon. One possible advantage for LuxR activa-
tion of the osmotic stress pathway is that environments that sup-
port the growth of V. harveyi to high population densities also
routinely contain high salt and therefore require the upregulation
of osmotic stress genes.
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