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In a process known as quorum sensing, bacteria communicate with one another by producing, releasing,
detecting, and responding to signal molecules called autoinducers. Vibrio harveyi, a marine pathogen, uses two
parallel quorum-sensing circuits, each consisting of an autoinducer-sensor pair, to control the expression of
genes required for bioluminescence and a number of other target genes. Genetic screens designed to discover
autoinducer-regulated targets in V. harveyi have revealed genes encoding components of a putative type III
secretion (TTS) system. Using transcriptional reporter fusions and TTS protein localization studies, we
show that the TTS system is indeed functional in V. harveyi and that expression of the genes encoding the
secretion machinery requires an intact quorum-sensing signal transduction cascade. The newly completed
genome of the closely related marine bacterium Vibrio parahaemolyticus, which is a human pathogen, shows
that it possesses the genes encoding both of the V. harveyi-like quorum-sensing signaling circuits and that
it also has a TTS system similar to that of V. harveyi. We show that quorum sensing regulates TTS in V.
parahaemolyticus. Previous reports connecting quorum sensing to TTS in enterohemorrhagic and enter-
opathogenic Escherichia coli show that quorum sensing activates TTS at high cell density. Surprisingly, we
find that at high cell density (in the presence of autoinducers), quorum sensing represses TTS in V. harveyi
and V. parahaemolyticus.

Many bacteria utilize a cell-cell communication process
termed quorum sensing to monitor cell population density and
to regulate gene expression in response to fluctuations in cell
numbers (39). Quorum-sensing bacteria make, release, and
respond to signaling molecules called autoinducers (43). Spe-
cifically, as a population of autoinducer-producing bacteria
grows in number the extracellular autoinducer concentration
increases proportionally. When a critical threshold autoin-
ducer concentration is reached, the bacteria detect the signal
and respond as a group by coordinately altering gene expres-
sion. Behaviors controlled by quorum sensing are typically
ones that to be successful require the synchronized activity of
many cells. For example, quorum sensing regulates functions
such as conjugation, secretion of virulence factors, antibiotic
production, biofilm formation, and bioluminescence (for re-
views, see references 18 and 39).

The marine bacterium Vibrio harveyi uses quorum sensing to
control the expression of bioluminescence and other target
genes (31, 42). This bacterium is found swimming freely in the
seawater, attached to abiotic surfaces, and as a constituent of
biofilm consortia in marine animals (43). V. harveyi is a signif-
icant marine pathogen and is known to secrete cysteine pro-
teases and a variety of other exotoxins that contribute to vir-
ulence in aquatic animals, including juvenile shrimp, fish, and
lobsters (16, 32, 33, 58, 62, 63).

The V. harveyi quorum-sensing system is composed of two
parallel two-component sensory circuits that converge to
control targets such as luxCDABE, the luciferase operon
(Fig. 1) (2, 3). System 1 of V. harveyi is comprised of the

autoinducer signal HAI-1 (for V. harveyi autoinducer 1) and
its two-component sensor LuxN. HAI-1 is the homoserine
lactone (HSL) N-(3-hydroxybutanoyl)-HSL, and its produc-
tion requires the LuxM synthase (formerly called LuxLM)
(2, 10). System 2 is made up of the signal AI-2, which is the
furanosyl borate diester 3A-methyl-5,6-dihydro-furo [2,3-
D][1,3,2] dioxaborole-2,2,6,6A tetraol, and its cognate two-
component sensor LuxQ (3, 12). AI-2 detection also re-
quires the periplasmic AI-2 binding protein LuxP, which is
proposed to interact with LuxQ (3, 12). AI-2 is produced by
the LuxS synthase (48, 55). Sensory information from sys-
tems 1 and 2 converges at the phosphotransferase LuxU,
and LuxU transmits the signal to the response regulator
LuxO (19, 20). An unidentified repressor (X) and LuxR, a
transcriptional activator, are also required for quorum-sens-
ing regulation of luxCDABE (31, 35, 49).

Genetic analyses have indicated that the V. harveyi quorum-
sensing circuit functions as follows (Fig. 1). At low cell density,
when the concentrations of HAI-1 and AI-2 are low the sen-
sors LuxN and LuxQ act as kinases (19). They transfer phos-
phate to the shared phosphotransferase, LuxU, and LuxU sub-
sequently transmits the phosphate to the downstream response
regulator, LuxO. Phospho-LuxO is active and is proposed to
work in conjunction with �54 to activate the expression of an
as-yet-unidentified repressor of Lux designated X (31). Phos-
pho-LuxO through an unknown mechanism (that presumably
involves X) represses expression of luxR (40). Because LuxR is
required for transcription of luxCDABE, under low-cell-den-
sity conditions no light is produced. At high cell densities,
interaction of the sensors LuxN and LuxPQ with their re-
spective ligands, HAI-1 and AI-2, switches LuxN and LuxQ
from kinase mode to phosphatase mode (21). The flow of
phosphate in the system is reversed, which ultimately results
in dephosphorylation of LuxO (19). In this state LuxO is
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inactive, which terminates the expression of X, the putative
repressor of luxR expression. luxR is transcribed, and LuxR
binds at the luxCDABE promoter and induces its expression
(35, 40, 41). Thus, under high-cell-density conditions, light is
produced.

Lux is not the exclusive target of quorum-sensing regulation
in V. harveyi, as an earlier genetic screen for AI-2-regulated
genes revealed 10 additional targets (42). Analysis of the reg-
ulation of these 10 targets showed that the autoinducers HAI-1
and AI-2 act synergistically and, furthermore, that both signals
are required simultaneously for proper control of the target
genes. This earlier work focused on information flow through
the quorum-sensing circuit and not on the functions of the
target genes. However, the analysis did reveal two genes with
homology to components of type III secretion (TTS) systems,
suggesting that V. harveyi could possess a quorum-sensing-
regulated TTS system.

TTS systems are specialized secretion apparatuses used by
many gram-negative plant and animal pathogens (for reviews,
see references 13, 14, 15, and 50). These pathogens use TTS
systems to inject effector virulence factors directly into the
cytoplasm of eukaryotic host cells with which they are associ-
ated. TTS was first discovered and studied in Yersinia species.
The Yersinia TTS channel is assembled from so-called Ysc
(Yersinia secretion) and Lcr (low calcium response) proteins
(38). This apparatus injects effector proteins known as Yops
(Yersinia outer proteins) across the bacterial inner and outer
membrane, past the eukaryotic cell membrane, and directly

into the eukaryotic cell cytosol (8). Once inside the host cell,
these effector proteins perform a range of functions that con-
tribute to the propagation of the bacteria. TTS systems have
subsequently been identified in numerous gram-negative bac-
terial pathogens, including enteropathogenic Escherichia coli
and Vibrio parahaemolyticus (27, 34).

Over 20 proteins are generally required to form TTS chan-
nels (14). These proteins are highly conserved between patho-
gens that use TTS systems for virulence. In contrast, the effec-
tor proteins (Yops in Yersinia spp.) are not conserved between
species. Unlike the proteins required for the channel, the ef-
fector proteins from different bacteria perform distinct func-
tions. Presumably, the arsenal of effector proteins used by each
bacterial pathogen has been optimized to aid in persistence in
a specific host (reviewed in reference 26). Genes encoding TTS
system components are generally clustered in pathogenicity
islands or on virulence plasmids, although the organization of
the clusters often differs between species (59).

In this report we identify and characterize three TTS gene
clusters in V. harveyi and show that they are similar in se-
quence, organization, and regulation to the recently reported
system of V. parahaemolyticus (34). We show that the V. harveyi
and V. parahaemolyticus TTS systems are functional and capa-
ble of secretion only under conditions that simulate low cell
density and that transcription of both the V. harveyi and V.
parahaemolyticus TTS system genes is repressed by autoinduc-
ers at high cell density. To our knowledge, this is the first
report of TTS systems that are negatively regulated by quorum
sensing.

MATERIALS AND METHODS

Bacterial strains and media. The relevant genotypes of all V. harveyi strains
and plasmids used in this study are listed in Table 1. E. coli JM109 {e14-(McrA�)
recA1 endA1 gyrA96 thi-1 hsdR17(rK

� mK
�) supE44 relA1 �(lac-proAB) [F�

traD36 proAB lacIqZ�M15]} (Stratagene) was used for cloning of HAI-1-regu-
lated target genes, and BL21(DE3) [F� ompT hsdSB (rB

� mB
�) gal dcm (DE3)]

(Novagen) was used for VopD protein expression. E. coli strain JMH1123 is
BL21(DE3) containing the protein expression vector pET-21b (Sigma). E. coli
strains were grown at 37°C with aeration in Luria-Bertani broth (LB). V. harveyi
was grown to high cell density (early stationary phase; optical density at 600 nm
[OD600], � 1) in autoinducer bioassay (AB) medium (24) at 30°C with aeration
for �-galactosidase (�-Gal) assays. AB medium supplemented with 5 mM EGTA
was used for secretion assays. AB HAI-1� medium contained 10% (vol/vol)
cell-free culture fluids from the V. harveyi luxS::Tn5 strain MM30 (i.e., HAI-1�

AI-2�). AB HAI-1� medium contained 10% V. harveyi luxM::Tn5 luxS::Cmr

strain MM77 (i.e., HAI-1�, AI-2�) cell-free culture fluids. Cell-free culture
fluids were prepared as described previously (2). V. harveyi was grown in heart
infusion medium for all other experiments (19). Antibiotics (Sigma) were used at
the following concentrations (in milligrams per liter) unless otherwise specified:
ampicillin (Amp), gentamicin (Gm), kanamycin (Kan), and rifampin, 100; chlor-
amphenicol (Cm) and tetracycline (Tet), 10. Polymyxin B was used at 50 U/liter.
X-Gal (5-bromo-4-chloro-indoyl-�-galactopyranoside) (USB) was used at 40 mg/
liter. The methods used to introduce lux mutations onto the chromosomes of V.
harveyi strains have been described previously (2). Cosmids pJAF822 and
pJAF783 were used for constructions involving luxO D47E and luxN D771A,
respectively (19, 21). Cosmid pBB154 was used for restoration of the wild-type
luxMN region (2).

DNA manipulations. DNA manipulations were performed as previously de-
scribed (47). PCRs were conducted using Ex-Taq (Takera) polymerase according
to the manufacturer’s specifications. PCR products were purified using a PCR
cleanup kit (Qiagen). Calf alkaline phosphatase was purchased from Roche. T4
ligase and all restriction endonucleases were purchased from New England
Biolabs. Plasmid isolations from E. coli were performed using a Quick Spin kit
(Qiagen) according to the manufacturer’s protocol. All oligonucleotides were
obtained from the Princeton University Syn/Seq facility, which also performed all
sequencing reactions. Probes for Southern blot experiments were labeled with

FIG. 1. Quorum sensing in V. harveyi. V. harveyi has two parallel
quorum-sensing systems that regulate bioluminescence (luxCDABE)
and other target genes. System 1 is composed of an autoinducer,
HAI-1 (pentagons), and its cognate sensor LuxN. System 2 includes
the autoinducer AI-2 (diamonds) and the sensor LuxPQ. The HAI-1
and AI-2 synthases are LuxM and LuxS, respectively. Information
from both sensors is transduced to LuxU, and LuxU transmits the
signal to LuxO. LuxO indirectly represses luxCDABE expression
through a putative repressor we call X that appears to act at the level
of luxR expression. LuxR is a transcriptional activator required for
expression of luxCDABE. LuxR also controls TTS gene expression;
however, in this case the action of LuxR is negative. We do not know
whether this activity is direct or indirect. Details of the phosphorelay
mechanism are given in the text. H and D stand for histidine and
aspartate, which are the sites of phosphorylation. HTH denotes helix-
turn-helix.
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[�-32P]dATP (Amersham Biosciences) using an Amersham multiprime DNA
labeling kit.

Genetic screen for genes regulated by HAI-1 in V. harveyi. V. harveyi strain
JAF633 (�luxM-Kanr) was mutagenized with the transposon mini-MulacZ (Cmr)
as described previously (21, 35). Cmr colonies were arrayed on heart infusion Cm
agar plates and subsequently stamped to AB HAI-1� and AB HAI-1� plates
containing the chromogen X-Gal to visualize �-Gal activity. Colonies were com-
pared after 2 days of growth at 30°C. Those transposon insertion mutants exhib-
iting differential �-Gal activity under the plus and minus HAI-1 conditions were
further analyzed. Transcription of reporter fusions was quantitated by perform-
ing �-Gal assays as previously described (42, 51), and the �-Gal activity of strains
grown to early stationary phase (OD600 � 1) in AB HAI-1� liquid medium was
compared with the activity of the strains when grown in AB HAI-1� liquid
medium. These �-Gal units were used to calculate the HAI-1 severalfold induc-
tion or repression for each lacZ fusion strain. Genomic DNA adjacent to the
transposon insertions was amplified by a two-round PCR procedure or by direct
cloning of the transposon fusion junctions. These procedures have been de-
scribed previously (42, 56). The amplified or cloned DNA fragments were se-
quenced to determine their identities.

Identification and sequencing of the V. harveyi TTS system locus. PCR-am-
plified DNA adjacent to the vopN::mini-MulacZ transposon in strain JMH70 was
used to probe a V. harveyi genomic cosmid library (2, 56). Cosmids that hybrid-

ized to the probe were isolated and digested with either EcoRI or HindIII, and
the digests were probed with the same vopN-containing fragment from JMH70.
Hybridizing fragments were subcloned and sequenced. To extend the DNA
sequence, regions at the termini of our sequenced subclones were used to
reprobe the genomic DNA contained in the cosmids following digestion with
EcoRV, SaeI, or XbaI. All hybridizing DNA fragments were subcloned into the
pUC18 cloning vector (New England Biolabs) for sequencing. Overlapping frag-
ments of V. harveyi genomic sequence were assembled and analyzed using Se-
quencher version 4.1 (Gene Codes) and NCBI Blast (http://www.ncbi.nlm.nih
.gov/BLAST/) and the BLASTX program. Protein molecular masses were cal-
culated with Protparam (http://us.expasy.org/tools/protparam.html). The follow-
ing primers were used to amplify V. harveyi vscF: 5�-CGA TGC GAC CAA CAG
TG-3� and 5�-CAC CTT CTG CAG GAT CG-3�.

Expression, purification, and analysis of VopD. vopD was amplified from the
genome of V. harveyi with the following primers: 5�-GCG AAG CTT ACT GGA
CGC GCT GAC CTT TAC-3� and 5�-GCG CTC GAG TAC CGT AGG GAT
AGA GGC-3�. These primers introduce upstream and downstream HindIII and
XhoI sites, respectively, and were used for cloning into the expression vector
pET-21b to generate a C-terminal VopD-6His protein fusion. The cloned prod-
uct was sequenced to verify its correct construction. The VopD-6His recombi-
nant vector (pJMH113) was maintained in E. coli BL21(DE3). This strain,
JMH1113, was grown overnight in LB-Amp (200 mg/liter) at 37°C with aeration.
The culture was diluted 1:100 into fresh LB-Amp (200 mg/liter) supplemented
with 0.2% glucose and grown at 30°C with aeration to an OD600 of 0.8, where-
upon 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside) (Sigma) was added and
the culture was incubated for an additional 7 h. The cells were harvested by
centrifugation, resuspended at 1:100 volume in 10 mM �-mercaptoethanol–20
mM Tris-HCl (pH 7.5)–20 mM NaCl–5 	g of DNAse I/ml, and lysed via a French
press. The sample was subjected to centrifugation (Eppendorf model 5415C) at
maximum speed at 4°C for 1 h to pellet the lysed cells. The supernatants were
discarded, and the insoluble fraction was resuspended in 8 M urea for 10 min at
25°C. The sample was subjected to centrifugation as described above to remove
any remaining insoluble material, and the cleared supernatant was applied to a
His-affinity nickel resin column (Sigma). The VopD-6His fusion protein was
purified according to HIS-Select HC nickel affinity gel denaturing conditions
protocols (Sigma). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was used to confirm the size of the protein fusion. To prepare
polyclonal antibodies against VopD, 400 	g of purified VopD-6His protein was
resuspended in a 1:1 volume of Freund’s complete adjuvant (Sigma) and injected
into a New Zealand White rabbit. At 2-week intervals, rabbits were given booster
injections with 200 	g of VopD-His in a 1:1 volume of Freund’s incomplete
adjuvant (Sigma). Polyclonal sera were adsorbed to JMH1123 E. coli lysates
prior to performing Western blot analyses. Purified LuxS-6His was kindly pro-
vided by F. Hughson. Anti-LuxS polyclonal antibodies were prepared as de-
scribed above. The Princeton University Animal Facility generated all polyclonal
antibodies used in this study.

VopD secretion assays. V. harveyi cultures were grown for 14 h in AB medium
with aeration at 30°C. The cultures were diluted 1:10 in fresh AB medium and
supplemented with 5 mM EGTA. Cultures were incubated at 30°C with shaking
for an additional 6 to 7 h. Cultures were normalized to the same OD600, and
approximately 2 
 108 cells of each strain were pelleted by centrifugation (Ep-
pendorf Model 5415C) at maximum speed, resuspended in 75 	l of SDS-PAGE
sample buffer, and boiled for 10 min (whole-cell lysate). The remainder of each
culture was subjected to centrifugation for 5 min at 4,000 
 g (Sorvall GLC-2B).
The supernatants were removed and filtered through 0.22-	m-pore-diameter
syringe filters (Millipore). A total of 33 	g of bovine serum albumin (BSA) (New
England Biolabs) was added to a volume of cell-free culture fluid containing 5 


108 cells. Proteins were concentrated approximately 20-fold by trichloroacetic
acid (TCA) precipitation. Protein pellets were resuspended in 50 	l of SDS-
PAGE sample buffer and boiled for 10 min (concentrated cell-free culture fluid).
Two identical 12.5% PAGE gels were prepared; one was used for protein
visualization by Coomassie staining, and the other was used for Western blot
analysis. Following Western transfer, the nitrocellulose membranes were divided
in half; the top portion was probed with antibody against VopD, and the lower
portion was probed with anti-LuxS antibody. Specifically, 1:10,000 dilutions of
the VopD and LuxS primary antisera and a 1:5,000 dilution of anti-rabbit im-
munoglobulin G (heavy plus light chains)–horseradish peroxidase conjugate
(Promega) were incubated with the Western blot membranes. Enhanced-chemi-
luminescence ECL Western blotting substrate and protocol were utilized for
VopD and LuxS detection (Amersham). The BSA protein band was visualized by
high-sensitivity Coomassie staining as described previously (60).

TABLE 1. Bacterial strains and plasmids

Strain or
plasmid Relevant feature(s) Source or

reference

Strains
V. harveyi

BB120 Wild type 1
BB721 luxO::Tn5 4
JAF548 luxO D47E linked to Kanr 19
JAF633 �luxM linked to Kanr 21
MM30 luxS::Tn5 55
MM77 luxM::Tn5, luxS::Cmr 42
KM357 luxR::Tn5 This study
KM199 vscP::mini-mulacZ Cmr 42
KM201 vopB::mini-mulacZ Cmr 42
JMH385 vopN::mini-mulacZ Cmr This study
KM470 vscP::mini-mulacZ Cmr, luxO D47E

linked to Kanr
This study

KM476 vopB::mini-mulacZ Cmr, luxO D47E
linked to Kanr

This study

JMH401 vopN::mini-mulacZ Cmr, luxOD47E
linked to Kanr

This study

JMH70 �luxM linked to Kanr, mini-
mulacZ Cmr

This study

JMH97 JMH70 with pLAFR2 This study
JMH127 JMH70 with pJAF822 This study
JMH276 JMH70 with pJAF783 This study

V. parahaemo-
lyticus

LM5312 Wild type; opaque phenotype; BB22OP 36
LM4437 Translucent phenotype; BB22TR

opaR::Tn5
36

Plasmids
pBR322 Ampr 9
pRK2013 Broad host range, tra Kanr 17
pPH1JI Broad host range, tra, mob Gmr 6
pUC18 NEB cloning vector, MCS in frame

with lacZ�
61

pET21-b Protein expression vector, C-terminal
six-His tag

Novagen

pLAFR2 Broad-host-range cosmid; mob, Tetr 22
pJAF822 pLAFR2 with luxO D47E linked

to Kanr
19

pJAF783 pLAFR2 with luxN D771A linked
to Kanr

21

pBB154 pLAFR2 with luxMN region 2
pJMH113 VopD-His6 fusion in pET21-b This study
pJMH25 pLAFR2 with TTS system region This study
pJMH33 pLAFR2 with TTS system region This study
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Nucleotide sequence accession number. The nucleotide sequence of the V.
harveyi TTS system locus and the translated protein sequences have been de-
posited into the GenBank database under the accession number AY524044.

RESULTS

Identification of quorum-sensing-regulated genes in V. har-
veyi. The autoinducers HAI-1 and AI-2 are hypothesized to be
used for intracellular and intercellular communication, respec-
tively (1), and our initial investigations have focused on deter-
mining whether the different autoinducer input states (no
autoinducer, HAI-1 only, AI-2 only, and HAI-1 plus AI-2)
regulate identical or distinct subsets of genes. To that end, we
previously performed a genetic screen in V. harveyi to identify
genes that are controlled by the exogenous addition of AI-2 in
an HAI-1-producing strain and discovered 10 genes, including
two putative TTS homologues (42). Interestingly, these genes
only displayed significant induction/repression in the simulta-
neous presence of both HAI-1 and AI-2. This initial finding led
us to hypothesize that the V. harveyi quorum-sensing circuit
may act as a coincidence detector that distinguishes the pres-
ence of both autoinducers from the other three potential input
states. The requirement for both autoinducers for the regula-
tion of these targets was not surprising, because they were
isolated on the basis of differential expression under HAI-1�,
AI-2�conditions compared to HAI-1�, AI-2� conditions.
Here we report the results of the reciprocal screen, that is, a
screen for differential gene expression in an HAI-1�, AI-2� V.
harveyi strain following the addition of HAI-1. We are cur-
rently performing a screen for genes regulated by either or
both autoinducers in an HAI-1�, AI-2� V. harveyi strain.

To identify genes regulated by HAI-1, the �luxM (i.e., HAI-
1�) strain JAF633 was mutated with the transposon mini-
MulacZ (Cmr) (11). Insertion mutants were arrayed on repli-
cate agar grids containing 10% cell-free culture fluids prepared
from the luxS::Tn5 strain (i.e., HAI-1�, AI-2�) strain MM30
or from the luxM::Tn5 luxS::Cmr (i.e., HAI-1�, AI-2�) strain
MM77. Of 10,000 fusions assayed, 36 exhibited differential
lacZ expression in the presence and absence of HAI-1. As
mentioned previously, in the screen by Mok et al. for AI-2-
regulated targets all of the targets identified that depended on
AI-2 also required the simultaneous presence of HAI-1 for
their regulation (42). This was also the case in the screen
conducted in the present study; that is, all of the HAI-1 regu-
lated targets required the simultaneous presence of AI-2 for
their control. While the screens had the potential to reveal
classes of genes regulated only by HAI-1 or only by AI-2, they
were not performed to saturation and such genes were not
identified. Importantly, these screens could not identify genes
that respond to the presence of one autoinducer in the absence
of the other.

As reported previously, inverted repeats at the termini of the
mini-MulacZ transposon prevent PCR amplification of the
transposon-genome fusion junction (11, 37, 42). Using restric-
tion digestion of the chromosome, we successfully cloned and
sequenced eight of the HAI-1-controlled targets. The genes
encode proteins with a variety of predicted functions, including
a TTS system component, an enolase, a �54-dependent re-
sponse regulator, a hybrid sensor histidine kinase-response reg-
ulator, a methyl-accepting chemotaxis protein, and an unchar-
acterized protein containing a type 3 chitin-binding domain.

To us, the most interesting genes found in these screens are
the ones encoding putative TTS proteins because these are
potential virulence determinants. The HAI-1 screen revealed a
gene with homology to yopN and popN of Yersinia species and
Pseudomonas aeruginosa, respectively. We name this gene
vopN. In the AI-2 screen we found genes that we call vscP and
vopB. Presumably, TTS genes came out of both screens, be-
cause, as mentioned previously, all of the genes identified to
date require both HAI-1 and AI-2 for regulation. Here we
present a characterization of the TTS system in V. harveyi.
The remainder of the genes identified in the autoinducer
screens await further analysis.

Quorum-sensing regulation of vopN. Quorum-sensing con-
trol of the transcription of the putative TTS gene vopN is
shown in Fig. 2. In this experiment, we quantitated the change
in expression of the vopN::mini-MulacZ fusion in response to
the presence of HAI-1. The parent strain lacks luxM, so it does
not produce endogenous HAI-1 but does produce AI-2. In the
absence of HAI-1, the fusion is highly expressed (Fig. 2, left-
most black bar). Addition of exogenous HAI-1 causes a 74-fold
reduction in lacZ expression (leftmost white bar). This result
shows that HAI-1 represses the expression of vopN.

We wondered whether the components of Lux quorum-
sensing system 1 are required for transducing the HAI-1 signal
to the vopN target. To investigate this, we introduced dominant
alleles of luxN and luxO into the above-descrived V. harveyi
vopN::mini-MulacZ transcriptional fusion strain and deter-
mined whether these alleles had any effect on lacZ reporter
expression. To test the role of LuxN in HAI-1-mediated re-
pression of the target, we introduced a luxN null mutation
(luxN D771A) in trans that eliminates both the kinase and
phosphatase activity of LuxN. The luxN D771A allele, when
carried in trans in a strain containing wild-type luxN, confers
the luxN null phenotype to the strain, presumably because it
forms nonfunctional heterodimers with wild-type LuxN. Thus,
this allele of LuxN makes the cells unresponsive to HAI-1 (21).
Following introduction of luxN D771A, the level of activity of
the vopN-lacZ fusion remains low (�3 U) in the absence and

FIG. 2. The LuxN-LuxO circuit controls the HAI-1-regulated tar-
gets. �-Gal assays were performed to measure the activity from the
fusion in JMH70 (vopN::mini-MulacZ) with the following in trans al-
leles: vector alone (JMH97), luxN D771A (JMH276), and luxO D47E
(JMH127). Cultures were supplemented with 10% V. harveyi MM77
(HAI-1�, AI-2�) cell-free culture fluids (black bars) or V. harveyi
MM30 (HAI-1�, AI-2�) cell-free culture fluids (white bars). All ex-
periments were performed in triplicate. JMH70 produces wild-type
levels of AI-2.
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presence of HAI-1 (Fig. 2, middle bars). Therefore, LuxN is
required to transduce the HAI-1 signal to the target gene. This
result shows that when LuxN does not transmit information
through the system, the fusion remains in a state mimicking
high cell density. We suggest that the input from AI-2 via
system 2 is responsible for this effect. We provide a fuller
interpretation of these results in the Discussion.

To test whether LuxO is required for regulation of the vopN-
lacZ fusion, we introduced the luxO D47E allele and assayed
�-Gal activity in the absence and presence of exogenous HAI-1
(Fig. 2, rightmost black and white bars, respectively). This
dominant LuxO allele mimics phospho-LuxO, and its presence
“locks” the cells into the low-cell-density (i.e., no autoinducer)
condition (19). When LuxO D47E is present, we observe high-
level LacZ activity in the absence and presence of HAI-1,
indicating that the fusion is not responsive to HAI-1 and,
furthermore, that it is locked in a state mimicking the low-cell-
density condition (compare to vector-alone control). This re-
sult demonstrates that like LuxN, LuxO is an essential com-
ponent of the signaling pathway coupling HAI-1 to expression
of vopN.

Identification and organization of a TTS system in V. har-
veyi. Genes encoding TTS proteins are organized into clusters
in many bacterial species. Therefore, we predicted that genes
specifying additional TTS components in V. harveyi could be
located in close proximity to the yopN-like vopN gene. We used

PCR to amplify and clone �200 bp of V. harveyi genomic DNA
adjacent to the vopN::mini-MulacZ transposon junction in
JMH70, and this PCR product was used to probe a V. harveyi
genomic cosmid library (2, 56). Cosmids from our library that
hybridized to the vopN-containing probe from JMH70 were
isolated and sequenced (see Materials and Methods). This
analysis revealed many more putative TTS genes. The map of
this region is shown in Fig. 3.

We find three TTS system gene clusters in the vicinity of the
yopN-like gene in the V. harveyi genome. These gene clusters
are organized identically to the recently discovered TTS system
locus of V. parahaemolyticus (34). Table 2 lists the putative
TTS system components, which we have designated Vop, Vsc,
or Vcr for Vibrio outer protein, Vibrio secretion, or Vibrio
calcium response to correspond to their closest homologues
based on TTS systems in other bacteria, most notably Yersinia
and Pseudomonas spp. We identified 20 putative V. harveyi
TTS system proteins. Of note are the gene we have called vscP
on the basis of its location between vscO and vscQ and the gene
we have called hyp (for hypothetical TSS protein) located be-
tween vcrG and vcrH. While we predict on the basis of their
locations that these proteins are involved in TTS, apparent
homologues are only found in V. parahaemolyticus and not in
any other sequenced bacterium with a TTS system.

In addition to the three gene clusters corresponding to the
ones we identified in V. harveyi, V. parahaemolyticus possesses

FIG. 3. Organization of the TTS loci in V. harveyi and V. parahaemolyticus. The organizations of the loci encoding components of TTS systems
in V. harveyi (accession number AY524044) and V. parahaemolyticus are shown. Transposon insertions obtained in V. harveyi in TTS system genes
are denoted by black triangles and labeled as follows: KM114 (vopB::mini-MulacZ), JMH70 (vopN::mini-MulacZ), and KM96 (vscP::mini-
MulacZ). Three homologous TTS system gene clusters found in both Vibrio species are indicated with black and gray shading and stripes and are
aligned in the figure. Adjacent genes in V. parahaemolyticus that do not appear to encode TTS system components are shown with white boxes.
Boxes indicating additional V. parahaemolyticus genes that encode proteins with homology to TTS functions that have not been identified in
V. harveyi are marked with black dots. A horizontal arrow indicates the predicted direction of transcription of each operon.
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a conserved cluster of 12 genes that are predicted to be re-
quired to form a functional TTS apparatus (black dots in Fig.
3) (34). This region contains genes homologous to a putative
TTS chaperone and the yscLKJIHGF and yscDCB genes of
Yersinia spp. (44). In V. parahaemolyticus, 11 open reading
frames of mostly unknown functions separate the fourth gene
cluster from the three contiguous clusters described above. We
sequenced roughly 4 kb upstream and 2 kb downstream of the
region shown for V. harveyi in Fig. 3, but we did not identify any
genes encoding probable TTS system components. However,
using PCR primers flanking an internal 48-codon region of
VP1694 (the putative yscF homologue in the fourth V. parah-
aemolyticus gene cluster) we were able to amplify a DNA
fragment from the V. harveyi genome. Sequencing shows that
this fragment is 95% identical to the V. parahaemolyticus
VP1694 sequence (data not shown). This result leads us to
believe that additional TTS components exist in V. harveyi and
are likely conserved with those in V. parahaemolyticus.

Quorum sensing controls the transcription of TTS genes in
V. harveyi. Our discovery that lacZ fusions to genes encoding
putative TTS system components are regulated by autoinduc-
ers indicates that quorum sensing controls TTS. While not
confirmed, sequence analysis reveals that each of the three
fusions we obtained in our transposon mutageneses appears to
reside in a different TTS system operon in V. harveyi (Fig. 3).
Thus, investigation of the quorum-sensing regulation of vopB,
vopN, and vscP gives us a means to examine quorum-sensing
control of the expression of all three TTS system operons. For
this analysis, we measured and compared the �-Gal activity
produced by the three TTS system chromosomal fusions at
high cell density in an otherwise wild-type V. harveyi strain and
in a V. harveyi strain carrying the luxO D47E allele on the
chromosome. As mentioned previously, LuxO D47E mimics
phospho-LuxO, so the presence of this allele locks the cells
into a state characteristic of low cell density (19). Therefore,
this comparison provides us a measure of the expression of the

operons in the presence and absence of autoinducer. We rou-
tinely use locked V. harveyi mutants that mimic the low-cell-
density state to measure lacZ fusions to quorum-sensing con-
trolled targets, because, unlike measurements of Lux which
can be reliably carried out in both low- and high-cell-density
cultures, accurately assaying LacZ activity in low-cell-density
(�5 
 106 cells/ml) cultures is not possible. Figure 4 shows that
transcription of all three TTS genes is higher in the luxO D47E
strain (black bars) than in the wild-type strain (white bars).
Thus, we infer that the three TTS system clusters are tran-
scribed at low cell density in the absence of autoinducers and
repressed at high cell density by the presence of autoinducers.
The minimal and maximal activities of each fusion differ, which
is expected since each fusion reports the expression of a dis-
tinct operon.

The TTS component VopD is produced and secreted at low
cell density. Although our limited sequencing allowed us to

FIG. 4. Quorum-sensing regulation of TTS system genes in V. har-
veyi. The activity levels of the vopN::mini-MulacZ, vscP::mini-MulacZ,
and vopB::mini-MulacZ fusions were measured in V. harveyi containing
luxO D47E on the chromosome to simulate low cell density (black
bars) and in the wild-type V. harveyi background at high cell density
(white bars). Strains were grown 14 h in AB medium. Experiments
were performed in triplicate.

TABLE 2. V. harveyi TTS proteins

V. harveyi
protein

No. of aaa

residues
Molecular

mass
Locus of highest

aa homology Predicted function % aa
identity

VscU 349 38.7 VP1675 Translocation protein in TTS 89
VscT 260 29.0 VP1674 Translocation protein in TTS 87
VscS 88 9.5 VP1673 Translocation protein in TTS 93
VscR 216 24.2 VP1672 Translocation protein in TTS 96
VscQ 321 36.1 VP1671 Putative translocation protein in TTS 70
VscP 431 47.7 VP1670 Putative translocation protein in TTS 60
VscO 153 18.4 VP1669 Putative TTS protein 76
VscN 440 48.0 VP1668 ATP synthase in TTS 94
VopN 297 33.1 VP1667 Putative outer membrane protein 84
Vcr1 94 11.1 VP1666 Hypothetical protein in TTS 74
Vcr2 123 13.8 VP1665 Putative PopN chaperone TTS 78
VscX 125 14.5 VP1664 Putative TTS protein 74
VscY 112 12.9 VP1663 Putative TTS protein 68
VcrD 705 77.9 VP1662 Low calcium response protein 85
VcrR 137 15.9 VP1661 Putative regulator of TTS 80
VcrG 96 10.9 VP1660 Putative regulator of TTS 65
Hyp 605 66.6 VP1659 Putative TTS protein 55
VcrH 163 18.2 VP1658 Low calcium response protein 96
VopB 399 41.5 VP1657 Putative translocator protein 70
VopD 334 35.6 VP1656 Putative translocator protein 75

a aa, amino acids.
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uncover many proteins required for TTS, we predict on the
basis of analysis of other TTS systems that additional proteins
must be required to assemble a functional channel. Addition-
ally, our sequence analysis did not reveal genes encoding ob-
vious TTS effectors. For these two reasons, we questioned
whether the TTS system in V. harveyi is complete and func-
tional or whether the locus we identified is simply a vestige of
a virulence determinant that is no longer operational. To test
whether the V. harveyi TTS system is intact and capable of
secretion, we needed a method to monitor secretion through
the channel. Importantly, our sequence analysis revealed vopD,
encoding a protein similar to YopD and PopD of Yersinia and
Pseudomonas spp., respectively. YopD and PopD are compo-
nents of their respective TTS translocation channels, and un-
der low-calcium conditions both are secreted into the extracel-
lular environment (7, 23, 30, 45, 46, 57). We hypothesized that
under low-calcium conditions, the V. harveyi protein VopD
would be released into cell-free culture fluids. If so, we rea-
soned that monitoring VopD production and release would
allow us to examine TTS gene expression and protein secretion
in our V. harveyi quorum-sensing mutants. We purified VopD
from recombinant E. coli and generated polyclonal antibodies
to it to monitor its production and localization (intracellular
versus extracellular).

We grew various V. harveyi Lux regulatory mutants in low-
calcium medium to induce secretion of VopD (see Materials
and Methods). Western blotting was used to analyze intracel-
lular VopD (whole-cell extracts) and secreted VopD (concen-
trated cell-free culture fluids). Figure 5 shows that at high cell
density, VopD protein is not present in wild-type whole-cell
extracts or in concentrated cell-free culture fluids. Based on
Lux phenotypes, introduction of the luxO deletion into V. har-
veyi locks it into a state that constitutively mimics high cell
density (4). Similar to the wild-type strain at high cell density,
there is no detectable VopD in whole-cell extracts or in culture
fluids prepared from the luxO null mutant. In contrast, VopD

protein is present in cell extracts and in cell-free culture fluids
prepared from all of the V. harveyi mutant strains that are
locked into a form characteristic of low cell density (luxO
D47E, luxM [HAI-1�], luxS [AI-2�] luxM, luxS [HAI-1�, AI-
2�], and luxR). Taken together, the results in Fig. 5 show that
the VopD protein is synthesized and secreted under low-cell-
density but not high-cell-density conditions. These results are
entirely consistent with those in Fig. 4 showing that the TTS
system genes are only transcribed at low cell density.

To demonstrate that the released VopD is a result of secre-
tion through a functional secretion apparatus and not due to
leakage as a consequence of cell lysis, we monitored the con-
stitutively produced, cytoplasmic protein LuxS in the same
preparations used for the VopD analysis. The left panels of
Fig. 5 show that the antibody directed against V. harveyi LuxS
detects LuxS protein in all the whole-cell extracts except those
made from strains lacking luxS (lanes 5 and 6 from the left).
The right panels show that there is no LuxS in any of the
concentrated cell-free culture fluid preparations, confirming
that the presence of VopD in cell-free culture fluids is not due
to problems with the integrity of the cells. To ensure that the
absence of VopD in the cell-free culture fluids of high-cell-
density wild-type and luxO strains was not due to improper
TCA protein precipitation, we added BSA to the culture fluid
samples prior to TCA precipitation. The right panels of Fig. 5
show these controls and that the differences in VopD observed
in the culture fluids were not a consequence of differences in
the amount of protein precipitated or loaded onto the gels.

A functional TTS apparatus is required for secretion but not
for production of the TTS proteins. To demonstrate that
VopD is secreted through the channel we have identified and
not by some other unidentified mechanism or secretion system,
we assayed secretion in mutant strains harboring insertions in
components of the TTS apparatus. The luxO D47E mutation
was transferred to the chromosomes of the V. harveyi strains
carrying the mini-MulacZ insertions in vscP, vopB, and vopN.

FIG. 5. The TTS protein VopD is produced and secreted under low-cell-density conditions. VopD present in whole-cell extracts (left panels)
and concentrated cell-free culture fluids (right panels) was assayed by Western blotting using polyclonal antibodies directed against VopD. The
strains of V. harveyi used in this analysis were grown in low-calcium, EGTA-containing medium and were as follows: BB120 (wild type), BB721
(luxO), JAF548 (luxO D47E), JAF633 (luxM), MM30 (luxS), MM77 (luxM, luxS), and KM357 (luxR). The nitrocellulose membranes were probed
with anti-LuxS antibody as a control for leakage of cytoplasmic protein into the cell-free culture fluids. Gels containing identical samples of
concentrated cell-free culture fluids were stained with Coomassie blue to visualize the BSA protein precipitation control.
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As described previously (Fig. 4 and 5), the luxO D47E strain
constitutively expresses the three TTS system gene clusters
containing these genes. VopD protein is produced in the luxO
D47E strain that is wild type for the TTS locus and in the
vscP::mini-MulacZ and vopN::mini-MulacZ mutants but not in
the vopB::mini-MulacZ insertion mutant, presumably because
the transposon in vopB is polar on vopD (Fig. 6A [whole-cell
extracts] and Fig. 3). The VopD protein is only secreted in the
strain that is wild type for all three TTS system operons (Fig.
6A [concentrated cell-free culture fluids]). We conclude that a
functional TTS channel is not required for production of
VopD. However, because VopD is not secreted in the vscP and
vopN insertion mutant strains, which are presumably null for
vscP and vscN and polar on downstream genes in their respec-
tive operons, we conclude that the TTS channel we have iden-
tified is required for VopD secretion. While we have only
monitored VopD, we predict that this channel is capable of
secretion of additional proteins because the proteins contained
in extracellular fluids prepared from strains that are wild type
for the TTS system are not identical to fluids made from TTS
mutants (Fig. 6B). Specifically, extracellular fluid of the luxO
D47E strain possessing a functional TTS apparatus contains
seven bands that are not present in fluids from the luxO D47E
vscP::mini-Mu and luxO D47E vopN::mini-Mu mutants. The
luxO D47E vopB::mini-Mu mutant shows residual secretion of
some of these proteins. Importantly, this insertion is near the
end of one of the TTS operons (Fig. 3) and it is only polar on
yopD. Some secretion occurs presumably because, as in other
TTS systems, YopB and YopD are required for protein trans-
location but not for secretion per se (5, 25, 52). Fewer bands
are detected because those corresponding to YopB (41 kDa)
and YopD (36 kDa) are absent.

Quorum sensing controls the expression of the TTS system
of V. parahaemolyticus. It is intriguing that we have found a

functional TTS system in V. harveyi, because while several
strains of V. harveyi are potent marine pathogens our labora-
tory wild-type strain appears to be avirulent in preliminary
shrimp virulence assays (K. Burnett, unpublished data). The
recently completed genome of V. parahaemolyticus predicts a
TTS system very similar to the one we have identified in V.
harveyi (34). V. parahaemolyticus is a marine bacterium, strains
of which are pathogenic to humans, and TTS is proposed to be
involved in virulence (T. Iida, personal communication). Inter-
estingly, V. parahaemolyticus possesses all of the Lux regulators
present in V. harveyi (i.e., LuxM [VP1967], LuxN [VP1968],
LuxS [VP1967], LuxPQ [VPA1221 and VPA1220, respec-
tively], LuxU [VP2098], LuxO [VP2099], and LuxR [called
OpaR {VP2516} in V. parahaemolyticus]) but lacks the lucif-
erase operon (34). Because of the apparent similarities be-
tween the quorum-sensing and TTS systems of V. parahaemo-
lyticus and V. harveyi, we tested whether quorum sensing could
also control TTS in V. parahaemolyticus.

The VopDs and LuxSs of V. harveyi and V. parahaemolyticus
share 75 and 94% amino acid identity levels, respectively. We
reasoned, therefore, that we could use our antibodies to V.
harveyi VopD and LuxS to detect V. parahaemolyticus VopD
and LuxS. High-cell-density whole-cell extracts and concen-
trated cell-free culture fluids were prepared from wild-type V.
parahaemolyticus and from a V. parahaemolyticus opaR trans-
poson insertion mutant. As mentioned previously, OpaR is
homologous to LuxR, and OpaR and LuxR are functionally
interchangeable because both are capable of proper luxCDABE
regulation (36). On the basis of these results, we presume that
OpaR functions at the bottom of the quorum-sensing regula-
tory cascade in V. parahaemolyticus. Consistent with this hy-
pothesis, in V. parahaemolyticus, as in V. harveyi, VopD is not
made or secreted by the wild-type strain at high cell density
(Fig. 7). However, Fig. 7 also shows that like the V. harveyi

FIG. 6. Transposon insertions in genes encoding the TTS system abolish secretion but not production of VopD in V. harveyi. (A) Whole-cell
extracts (left panels) and concentrated cell-free culture fluids (right panels) of V. harveyi TTS fusions in the luxO D47E strain background were
analyzed by Western blotting to visualize VopD and LuxS protein. The strain designated the wild-type TTS system is JAF548 (luxO D47E). The
mini-MulacZ (Mini-Mu) insertion strains in vscP, vopB, and vopN in the luxO D47E background are KM470, KM476, and JMH401, respectively.
The Coomassie-stained portion of the gel containing BSA is shown as a control for protein loading and precipitation. (B) Coomassie-stained gel
containing cell-free culture fluids used for the Western blot shown in panel A.
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locked low-cell-density luxR mutant, the V. parahaemolyticus
opaR mutant produces and secretes VopD. As in Fig. 5 and 6,
the LuxS and BSA controls are shown in Fig. 7 to confirm that
the V. parahaemolyticus VopD protein present in cell-free cul-
ture fluids is a result of secretion and not cell lysis or a problem
with TCA precipitation. These results strongly suggest that the
V. harveyi-like quorum-sensing circuit present in V. parahae-
molyticus regulates TTS. While V. harveyi and V. parahaemo-
lyticus are closely related evolutionarily, V. harveyi infects ma-
rine organisms whereas V. parahaemolyticus is capable of
colonization of the human gastrointestinal tract. These differ-
ences make it critical to establish whether there is a require-
ment for TTS and quorum sensing in the virulence of both
V. parahaemolyticus and V. harveyi.

DISCUSSION

This investigation focuses on the identification, organiza-
tion, and quorum-sensing regulation of a TTS system in V. har-
veyi. In V. harveyi, quorum sensing regulates the expression of
at least three gene clusters encoding a TTS system (Fig. 3 and
4), and we know this secretion channel is operational because
it secretes at least the VopD protein (Fig. 5 and 6). Several
independent methods were used to show that secretion occurs
at low cell density and not at high cell density (Fig. 2 and 4 to
6). Additionally, a closely related marine bacterium, V. para-
haemolyticus, a human pathogen, appears similar with respect
to regulation of its TTS system (Fig. 7). The V. harveyi TTS is
regulated via the known Lux circuitry (specifically HAI-1,
LuxN, LuxO, and LuxR), and it is repressed by the presence of
autoinducers (Fig. 2 and 5).

The above-described results, together with the knowledge
that two quorum-sensing circuits function in parallel to control
target gene expression in V. harveyi (42), allow us to interpret
the results of the regulation experiment shown in Fig. 2. We
suggest that the vopN fusion in JMH70 is expressed at low cell
density in the absence of autoinducers and is repressed at high
cell density by autoinducers (leftmost bars). Because HAI-1
and AI-2 act synergistically, both autoinducers are required
simultaneously to mimic high-cell-density conditions (42). In
this control experiment, the strain produces AI-2, which in-
duces the phosphatase activity of LuxQ. However, LuxN is
locked as a kinase in the absence of HAI-1; this competing
activity results in a net phosphorylation of LuxO. This activity
is sufficient to simulate low-cell-density conditions, and so the
target fusion is highly expressed. Addition of HAI-1 converts
LuxN to a phosphatase. When both LuxN and LuxQ are phos-
phatases, they promote the complete dephosphorylation of
LuxO and the transition from low- to high-cell-density mode
(19). Under this condition vopN is repressed. When the LuxN
D771A null allele is present (middle bars), there is neither
kinase nor phosphatase input from LuxN (21). However, the
AI-2-dependent phosphatase activity of LuxQ leads to dephos-
phorylation of LuxO, which locks the cells into a state mim-
icking high cell density. Under these conditions the vopN
target is repressed. Finally, the LuxO D47E allele constitu-
tively mimics phospho-LuxO (right-hand bars) and locks the
cell into low-cell-density mode regardless of the activity of
the sensors (19). Under this condition vopN is highly ex-
pressed.

If regulatory functions other than LuxN and LuxO were
responsible for controlling transcription of the vopN::mini-
MulacZ fusion in JMH70, we would expect that the dominant
in trans luxN D771A and luxO D47E alleles would have no
impact on its expression. However, our experiments show that
both LuxN and LuxO do regulate the lacZ fusion in JMH70.
As mentioned previously, all 36 of the target genes we identi-
fied in this screen require LuxN and LuxO for HAI-1-mediated
regulation. Because we know that LuxU is obligatory for the
interaction between LuxN and LuxO, we infer that LuxU is
also necessary for HAI-1-regulation of lacZ expression in
JMH70 and the other fusion strains, although we did not ex-
plicitly test this assumption (20).

Our sequence analysis revealed 20 genes encoding putative
TTS proteins. While we have yet to identify all of the compo-
nents required for the assembly of the TTS channel, we assume
these proteins are present in V. harveyi because the channel is
capable of secretion. Clues to their location and identities
come from the newly finished genome sequence of V. para-
haemolyticus. As in V. harveyi, three adjacent operons on the
V. parahaemolyticus large chromosome encode many of the
proteins required for assembly of the secretion channel. In
V. parahaemolyticus, another two gene clusters encoding an
additional 12 TTS system proteins are separated by roughly 9.5
kb from the three contiguous TTS system operons (Fig. 3) (34).
We suspect that an analogous region exists in V. harveyi, be-
cause oligonucleotide primers made for one member of this
gene cluster in V. parahaemolyticus (the yscF homologue) were
successfully used to amplify a genomic fragment from V. har-
veyi. The cosmids we isolated and used for analyzing the V. har-
veyi TTS system locus do not span the intervening sequence
shown in Fig. 3. However, the vscF fragment itself can be used
to probe our genomic library for cosmids that contain this
predicted TTS system genomic region.

The TTS system region of V. parahaemolyticus depicted in
Fig. 3 resides on the larger of the two V. parahaemolyticus
chromosomes. In addition to this region, the small chromo-
some of V. parahaemolyticus contains a pathogenicity island
that encodes several putative effector proteins, such as a YopP
homologue (VPA1346) (34). DNA probes revealed that all
virulent clinical strains of V. parahaemolyticus but not environ-

FIG. 7. Quorum sensing controls TTS in V. parahaemolyticus.
Whole-cell extracts (left panels) and concentrated cell-free culture
fluids (right panels) prepared from the V. parahaemolyticus wild type
(strain LM5312) and the opaR null mutant (LM4437) were analyzed by
Western blotting and probed with antibodies to V. harveyi VopD and
LuxS. As described for Fig. 5 and 6A, the BSA control is shown.
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mental strains possess the TTS system effectors on the small
chromosome. The TTS system genes on the large chromosome
of V. parahaemolyticus were present in every environmental
and virulent clinical strain tested (34). We currently do not
know whether V. harveyi possesses genes encoding effector
proteins on its small chromosome. Because our wild-type lab-
oratory strain of V. harveyi has a functional TTS system yet is
avirulent in a shrimp model infection, it is possible that the
strain lacks effectors. Analysis of this region of the genome
of V. harveyi, when the sequence becomes available, could
prove informative if, as in V. parahaemolyticus, possession of
effectors correlates with ability to colonize a host and/or
pathogenicity.

As a preliminary test for the presence of effectors in V. har-
veyi, we used Coomassie-stained SDS gels to analyze cell-free
culture fluids prepared from various V. harveyi strains grown
under low-calcium conditions (i.e., conditions promoting TTS). In
comparison to wild-type cells grown to high cell density and cells
with transposon insertions in vscP and vopN, cells of strains
locked in low-cell-density mode that are wild type for the TTS
system secrete at least seven additional proteins (Fig. 6B). We
suspect that these proteins are TTS effectors and/or proteins like
VopD and VopB, which are released by the channel under low-
calcium conditions. We do not exclude the possibility that there
are more than seven effectors-TTS components released because
of the insensitivity of the Coomassie staining procedure.

Quorum sensing has previously been implicated in the con-
trol of TTS. Sperandio et al. (53, 54) reported that induction of
expression of the TTS systems of both enterohemorrhagic and
enteropathogenic E. coli requires luxS or intestinal hormones
such as epinephrine for full activation. In both V. harveyi and V.
parahaemolyticus, quorum sensing regulates TTS in a manner
that is opposite to that of E. coli. The unexpected result that
these marine bacteria secrete putative effectors at low cell
density when they are presumably not in a community and
terminate secretion when they are at high cell density could be
important for understanding pathogenicity in clinically rele-
vant marine bacteria such as V. parahaemolyticus. Importantly,
while it has been established that TTS is necessary for viru-
lence in many gram-negative bacterial species (13) and that
TTS mutants of V. parahaemolyticus display reduced virulence
(T. Iida, personal communication), TTS has not yet been
shown to be required for pathogenicity in V. harveyi. To our
knowledge, the data in the present manuscript provide the first
evidence showing that quorum sensing negatively regulates
TTS. Presumably, the differences in how E. coli and Vibrio spp.
use quorum sensing to regulate TTS reflects optimization of a
common phenomenon (cell-cell communication) for use in
distinct niches.

Interestingly, we find that all the TTS phenotypes of V.
harveyi are reciprocal to their bioluminescence phenotypes
(Fig. 1). It has previously been observed that the V. harveyi
quorum sensory system is capable of dual positive and negative
regulation (31, 42). Reciprocal regulation of gene expression
by the same sensory cascade is highly economical, and it likely
benefits V. harveyi by facilitating the simultaneous activation
and repression of distinct sets of genes. We do not yet under-
stand why it is beneficial for V. harveyi to express particular
traits such as bioluminescence at high cell density and other
traits such as a TTS system at low cell density.

In V. harveyi, all the quorum-sensing-regulated targets we
have studied are jointly regulated by HAI-1 and AI-2 and
control is mediated by the known Lux circuit: LuxN or LuxPQ,
together with LuxU, LuxO, and, importantly, LuxR (J. M.
Henke and K. C. Mok, unpublished data). It is intriguing that
LuxR is involved in control of all of the targets we have iden-
tified, because LuxR is known to be a transcriptional activator
of luxCDABE and we observe both positive and negative reg-
ulation of the different targets. Perhaps LuxR acts as both an
activator and a repressor, similar to what has been shown for
its counterpart, HapR, in V. cholerae (28, 29). Alternatively,
LuxR-mediated repression could be indirect and could pro-
ceed via the activation of a downstream repressor. Experi-
ments are under way to determine whether, at high cell density,
LuxR directly binds to the promoters of repressed genes, such
as the TTS loci identified here.

The screens we have performed thus far to identify compo-
nents of the quorum-sensing regulon have not been saturated,
and additional classes of target genes, such as genes regulated
exclusively by HAI-1 or AI-2, may exist. However, our inves-
tigations have begun to provide insight into the types of phys-
iological processes that are under the control of cell-to-cell
communication. Our identification of putative virulence fac-
tors such as TTS proteins that are controlled by quorum sens-
ing, and, importantly, the unexpected nature of this control,
could have significant consequences in the application of an-
timicrobial therapies aimed at interfering with cell-cell com-
munication.
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