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The Vibrio harveyi quorum-sensing
system uses shared regulator
components to discriminate between

multiple autoinducers

Christopher M. Waters' and Bonnie L. Bassler'-*?
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Institute, Princeton University, Princeton, New Jersey 08544, USA

The quorum-sensing bacterium Vibrio harveyi produces and responds to three autoinducers (Als), and this
sensory information converges to control the expression of bioluminescence, biofilm formation, type III
secretion (TTS), and protease production. The Als are detected by cognate sensor histidine kinases that all
relay phosphate to the shared response regulator LuxO. LuxO indirectly represses the master regulator of
quorum sensing, LuxR, through the activation of multiple genes encoding small regulatory RNAs (called grr
genes for Quorum Regulatory RNA). Here we use differential fluorescence induction to identify 50
quorum-sensing-controlled promoters. Some promoters only showed significant responses in the simultaneous
presence of all three Als, while others displayed substantial responses to the individual Als. A differential
response to each Al input state was also observed for grr and IuxR expression and LuxR protein production.
Individual cell analyses revealed that, in each case, all the bacteria in the population respond in unison to the
various Al inputs. We propose that the V. harveyi quorum-sensing transition is not switch-like but rather
operates in a graded manner, and that this signaling arrangement, which uses shared regulatory proteins,
nonetheless provides V. harveyi a mechanism to respond uniquely to different AI input states.
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In a process known as quorum sensing, bacteria commu-
nicate using secreted signal molecules called autoinduc-
ers (Als) (Waters and Bassler 2005). Quorum-sensing bac-
teria alter gene expression in response to the accumula-
tion of Als, which reflects an increase in cell population
density. This process is believed to provide bacteria a
means to coordinately control the gene expression of the
group, giving them multicellular characteristics. Often,
bacteria make and respond to multiple Als. Vibrio har-
veyi, a free-living marine bacterium, produces at least
three distinct Als to control bioluminescence, biofilm
formation, Type III Secretion (TTS), and protease produc-
tion (Hammer and Bassler 2003; Mok et al. 2003; Henke
and Bassler 2004a).

The three V. harveyi Als are HAI-1, an acyl homoser-
ine lactone; AI-2, a furanosyl-borate-diester; and CAI-1,
of unknown structure (Cao and Meighen 1989; Bassler et
al. 1994a; Chen et al. 2002; Henke and Bassler 2004Db).
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Other bacterial species release molecules with HAI-1,
AI-2, or CAI-1 activity as judged by a set of V. harveyi
reporter strains engineered to respond exclusively to
only one Al signal. Interestingly, the different groups of
bacteria that produce these three autoinducer activities
have varying degrees of relatedness to V. harveyi. To
date, HAI-1 has only been shown to be produced by V.
harveyi and its most closely known relative, Vibrio para-
haemolyticus, suggesting that HAI-1 is an intraspecies
signal (Bassler et al. 1997). CAI-1 activity is produced
predominantly by vibrios, suggesting it could be an in-
tragenera signal (Henke and Bassler 2004b). Finally, AI-2
production is widely distributed in the bacterial world,
suggesting this is a relatively nonspecific, interspecies
bacterial communication molecule (Xavier and Bassler
2003). Consistent with this idea, structural studies show
that different chemical moieties are used to convey AI-2
information to different bacteria, but the various AI-2s
interconvert and are all derived from a common precur-
sor molecule (Chen et al. 2002; Miller et al. 2004).

V. harveyi responds to the Als via a two-component
phospho-relay cascade that ultimately controls produc-
tion of the master regulator LuxR (Fig. 1). HAI-1, CAI-1,
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Figure 1. Model of the V. harveyi quorum-sensing system.
Three sensory systems converge to control the levels of the
master regulator, LuxR. See text for details. Circles, triangles,
and double pentagons represent CAI-1, HAI-1, and AI-2, respec-
tively. Arrows denote the direction of phosphate flow in the
low-cell-density state.

and AI-2 are detected by the membrane-bound, two-com-
ponent sensors LuxN, CgsS, and LuxQ, respectively
(Bassler et al. 1993, 1994a; Freeman et al. 2000; Henke
and Bassler 2004b). LuxQ requires the periplasmic bind-
ing protein LuxP to respond to AI-2 (Bassler et al. 1994a).
In the absence of the Als, the sensors are kinases that
send phosphate to the histidine phospho-transfer protein
LuxU, which in turn, passes the phosphate to the re-
sponse regulator LuxO (Bassler et al. 1994b; Freeman and
Bassler 1999a,b; Freeman et al. 2000). Phospho-LuxO, to-
gether with ¢°*, activates the expression of the genes
encoding five regulatory small RNAs (sRNAs) called
Qrrl-5 (Quorum Regulatory RNA) (Lilley and Bassler
2000; Lenz et al. 2004). In conjunction with the RNA
chaperone Hiq, the sSRNAs destabilize the mRNA encod-
ing the master quorum-sensing regulator LuxR. The
presence of the Als converts the sensors from kinases to
phosphatases (Fig. 1), resulting in dephosphorylation and
inactivation of LuxO, no grr sSRNA expression, and sta-
bilization of the luxR mRNA, leading to LuxR produc-
tion. LuxR, directly or indirectly, controls the expression
of numerous genes encoding functions involved in pro-
cesses such as bioluminescence, TTS, biofilm produc-
tion, and protease expression (Swartzman et al. 1992;
Hammer and Bassler 2003; Mok et al. 2003; Henke and
Bassler 2004a).

Preliminary analyses of the above quorum-sensing-
controlled genes demonstrated significant regulation in
the simultaneous presence of all the Als, but not under
any other Al input state, suggesting that the V. harveyi
circuit may function as a coincidence detector. This re-
quirement for all three Als was hypothesized to be a
mechanism to filter out noise generated by other similar
molecules in the environment (Mok et al. 2003; Henke
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and Bassler 2004a). However, the previous screens for
quorume-sensing-controlled genes were not saturated and
were performed under conditions that would make it
difficult to identify genes controlled exclusively by one
particular AL Thus, it remained possible that V. harveyi
possesses genes that are controlled by different combi-
nations of Als. If so, V. harveyi could use the three Als to
extract information about the species composition in the
vicinity, and transduce this information into discrete
patterns of gene expression.

Here we have identified 50 Al-regulated promoters
controlling at least 71 genes from V. harveyi and exam-
ined their responses to different combinations of Als. We
find genes that respond to each single Al input as well as
genes that respond only when all the signals are present
simultaneously. We show that the differential responses
are a consequence of the different binding affinities of
the various quorum-sensing-regulated promoters for
LuxR. Differential Al responses were also observed for
qrr expression and LuxR protein production. Analysis of
gene expression in response to Als in individual cells
showed that the quorum-sensing response of V. harveyi
is graded and not switch-like. These results suggest that
V. harveyi discriminates between the different Als and
couples the presence or absence of particular signals into
unique patterns of gene expression.

Results

A screen to identify autoinducer-regulated genes

Previous analyses of autoinducer (Al)-regulated genes in
V. harveyi indicated that the V. harveyi quorum-sensing
circuit differentiates between the simultaneous presence
of all autoinducers (HAI-1 + AI-2 + CAI-1) and all other
possible AI input states (Mok et al. 2003; Henke and
Bassler 2004a). These screens were conducted in V. har-
veyi strains lacking one Al, and differential gene expres-
sion was monitored in the presence and absence of that
Al Because two other Als were always present, the
screens enabled the identification of genes differentially
controlled in the presence of two versus three Als. This
experimental design, while having the potential to iden-
tify genes regulated exclusively by only one Al likely
enriched for genes that are coordinately controlled by all
the Als as they function synergistically.

To extend the above analysis, differential fluorescence
induction (Valdivia and Falkow 1996; Rediers et al. 2005)
and fluorescence activated cell sorting (FACS) were used
to screen a library of random V. harveyi genomic DNA
fragments from the wild-type strain BB120 fused to a
promoterless green fluorescent protein (gfp) in the pres-
ence and absence of exogenously supplied Als. Because
the V. harveyi genome is not sequenced, more conve-
nient procedures such as microarrays could not be used.
The screen was carried out in the V. harveyi luxM, luxS
(HAI-17, AI-27) double-mutant strain KM413. A triple Al
mutant, while available, was not used because the third
Al, CAI-1, has only a minor influence on quorum-sens-
ing-controlled gene expression (see below) in typical
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laboratory conditions (Henke and Bassler 2004b), the
CAI-1 molecule has not yet been purified, and the triple
HAI-1, AI-27, CAI-1” mutant has a modest growth de-
fect, while the double HAI-1~, AI-2™ mutant does not.

Cells expressing GFP were isolated using repeated
rounds of FACS in the absence and presence of saturating
levels of both HAI-1 and AI-2 to simulate low and high
cell density, respectively. We reasoned that any gene
that responds to HAI-1 or AI-2 alone would also respond
to both HAI-1 and AI-2 together because the Als act syn-
ergistically. The sorted GFP-producing cells were grown
into colonies, individually arrayed in wells of microtiter
dishes, and again screened for differential GFP produc-
tion in the presence and in the absence of both HAI-1 and
AI-2. Eight thousand colonies were screened, half from
each of the two growth conditions. Sixty-four unique
genomic inserts showed greater than twofold regulation
by Al These inserts corresponded to 50 unique promot-
ers that regulate at least 71 genes (including potential
operons). Of the 50 promoters isolated, 11 were induced
by AI, and 39 were repressed. The genomic inserts were
sequenced, and the closest homolog in the database was
determined by BLAST (Table 1). Fourteen of the se-
quences had no homology with any available DNA se-
quence.

The isolation of three of the five grr sSRNA promoters
(qrr2, qrr3, and grr4) validated this strategy as a means to
identify quorum-sensing-regulated promoters. Two grr
sRNA promoters (qrrl and grr5) were not isolated by this
method. Complementary analyses have demonstrated
that grrl and grr5 are only weakly expressed and do not
drive detectable levels of gfp expression in this plasmid
system (C.K. Tu and B.L. Bassler, unpubl.). Promoters to
some other known quorum-sensing-regulated genes
were also not isolated in this screen, including those for
IuxR and IuxC. We note, however, that the screen has
not been saturated.

Promoters to genes encoding a variety of functions
were obtained (Table 1), suggesting a role for quorum
sensing in the regulation of a wide array of cellular ac-
tivities in V. harveyi. Consistent with our previous re-
sults, genes located in a TTS operon that had been pre-
dicted to exist in V. harveyi based on the V. parahaemo-
Iyticus genome sequence were identified as repressed by
AT (clone 209) (Henke and Bassler 2004a). As in Vibrio
fischeri, Al-repressed flagellar biosynthesis genes (clones
349, 353) were identified (Lupp and Ruby 2005). Other
identified genes encoded regulatory factors including a
o-cross-reacting protein with homologs in organisms
spanning bacteria to humans (clone 222) (Ueshima et al.
1992; Chang and Gilbert 1997; Scott et al. 1997), a puta-
tive response regulator (clone 214), and two proteins pos-
sessing GGDEF motifs (clones 275, 342). These motifs
direct the synthesis of the intracellular second messen-
ger cyclic-di-GMP that regulates colony morphology,
promotes biofilm formation, and inhibits motility (Rom-
ling et al. 2005). AT addition represses biofilm production
in vibrios, and repression of these GGDEF proteins could
be associated with this phenotype (Hammer and Bassler
2003; Zhu and Mekalanos 2003). Several promoters for
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metabolic enzymes were Al-repressed, indicating that
information about the surrounding community is used
by V. harveyi to adjust its overall metabolic program.
Finally, a subset of the promoters mapped to the anti-
sense strand of putative ORFs, suggesting that these may
be potential SRNA regulators. Similarly, a recent screen
for novel regulatory sSRNAs in Escherichia coli identified
putative cis-encoded antisense sRNAs (Kawano et al.
2005).

LuxR controls all Al-regulated genes

The Al response of every gene previously shown to be a
member of the V. harveyi quorum-sensing regulon re-
quires LuxR (Mok et al. 2003; Henke and Bassler 2004a).
To test if the promoters identified here also lie down-
stream from LuxR in the quorum-sensing cascade, we
measured the expression of each promoter—gfp fusion in
a luxR-null mutant and a luxO-null mutant that consti-
tutively produces LuxR. Almost all of the promoters
showed a pattern consistent with regulation by LuxR
(Supplementary Fig. 1). Specifically, Al-repressed pro-
moters exhibited higher expression in the luxR mutant
than in the JuxO mutant, while Al-activated promoters
showed the opposite pattern of expression. These results
imply that, irrespective of whether a gene in the V. har-
veyi quorum-sensing cascade is activated or repressed by
AT, LuxR is required for its regulation. A small number of
Al-repressed promoters showed only minimal expression
differences in these two strains. Notably, these were the
promoters that we isolated with the weakest regulation
by AI (approximately twofold), making reliable determi-
nations of differences in expression difficult.

LuxR directly regulates nine promoters

To determine if any of the Al-controlled promoters is
directly regulated by LuxR, we measured the expression
of each of the promoter-gfp fusions in an E. coli strain
harboring a cosmid that constitutively expresses luxR.
Ten promoters showed at least 2.5-fold control by LuxR;
six were repressed, and four were activated (Fig. 2). LuxR
regulation varied from 2.5 -fold repression to >20-fold
activation. To verify a direct role for LuxR, the 10 pro-
moter DNA sequences that displayed significant regula-
tion by LuxR in E. coli were assayed for LuxR binding in
gel mobility shift assays with purified LuxR protein.
LuxR bound the DNA encoding all of the promoters ex-
cept that from clone 257 (data not shown). We therefore
conclude that these nine promoters are directly regu-
lated by LuxR in V. harveyi.

Sequence alignments of the cloned V. harveyi DNA
regions exhibiting direct regulation by LuxR failed to
identify any consistent motif. Consistent with this re-
sult, previous studies identifying putative LuxR/HapR
(HapR is the Vibrio cholerae LuxR homolog)-binding
sites indicate that these LuxR-type proteins have rather
promiscuous DNA-binding capabilities (Kovacikova and
Skorupski 2002; Lin et al. 2005). LuxR could be directly
involved in the regulation of other promoters identified
in this study, but this regulation could not be observed in
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Table 1. AI regulated promoters
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Designation Fold regulation® Predicted product®
Regulatory

212 -2.2 Qrr4 luxR repressor

214, 258, 343 -2.3 VP1482—putative response regulator

222 2.4 VPAO567—o-cross-reacting protein-27A
242,248, 253 -10.0 Qrr3 IuxR repressor

250, 259 -12.8 Qrr2 IuxR repressor

275 -7.7 VP0699—GGDEF protein

342 -4.6 VP2888—GGDEF protein

Structural

209, 334 -50.0 VP1698—Type III secretion operon

234 -2.0 VP2214—Vac] lipoprotein

260 3.7 VPAO166—putative outer membrane protein
312 2.3 VPA0248—OmpA

335 -2.2 VP0047—peptide ABC transporter

338 -2.0 VP1105—FtsK

349 -4.0 VP2258-FlaA—flagellar operon

353 -2.6 VP2235-FlhA—flagellar operon

Metabolic

207 -2.8 VPAO0818—conserved hypothetical

208 -4.4 VP0748—5-nucleotidase precursor

219 -2.3 VP2180—adenine phosphotransferase

245, 276, 301 -2.2 VVO0153—putative hydroxyacylglutathione hydrolase
255 -3.6 VP0325—malate dehydrogenase

257 3.0 VP2561—enolase

303 -2.0 VP2599—fructose-bisphosphate aldolase

350 -2.5 VP0497—formate acetyl transferase-related
Miscellaneous/sRNAs?

201 -3.0 Downstream from VPA1399—maltose ABC transporter
249 -3.6 Inside gene VP2499—sugar fermentation protein
268 -2.7 Antisense of VP1525—spermidine, putresceine ABC transporter
269 -2.0 Internal segment of VP1556—phage {237 ORF5
308 -2.3 Antisense to VPA1200—nitrate reductase, cytochrome c-type protein
330 -2.1 Inside gene VP0477—peptide ABC transporter
Hypothetical

204, 247 -5.5 VP1243—hypothetical

205, 340 -2.9 VPAO0137—hypothetical

207 -2.8 VPAO0818—conserved hypothetical

267 -2.5 VP1147—conserved hypothetical

272 -4.7 VPA1525—hypothetical

307 -2.8 VPA1318—hypothetical

345 -4.9 VP1240—hypothetical

Unknowns

227, 262, 282, 284 5.0 No homology

244 2.7 No homology

251 -2.9 No homology

252, 254 -5.9 No homology

266 2.6 No homology

270 4.0 No homology

295 2.5 No homology

317 -3.3 No homology

324 2.1 No homology

337 -3.3 No homology

341 -4.7 No homology

352 15.3 No homology

364 -2.3 No homology

368 -2.5 No homology

?Fold regulation in response to the addition of 10 uM AI-2 and 10 uM HAI-1.
PThe predicted product is the most closely related homolog in the database as determined by a BLASTX search. (VP) Vibrio parahae-

molyticus; (VV) Vibrio vulnificus.
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Figure 2. LuxR directly regulates quorum-sensing-controlled
genes. Expression of Al-regulated promoters fused to gfp was
measured in an E. coli strain harboring a vector carrying IuxR
(light bars) or a vector control (black bars). Error bars indicate
the standard deviations.

E. coli, possibly due to a requirement for additional
V. harveyi-specific factors.

Different Al inputs elicit discrete responses
from quorum-sensing-regulated promoters

In V. harveyi, all quorum-sensing information is fun-
neled to LuxO and, through the sRNAs, to LuxR, obscur-
ing any obvious mechanism for differential regulation of
genes in response to the different Als (Lenz et al. 2004).
To test whether V. harveyi quorum-sensing-controlled
genes have distinct responses to the different combina-
tions of AI inputs, we measured the expression of the
promoter—gfp fusions isolated in the DFI screen in
V. harveyi strain KM413 (HAI-1-, AI-27) grown to sta-
tionary phase under four different AI conditions. The
promoter—gfp fusions are arranged along the X-axis of
Figure 3 in the order of lowest fluorescence production in
the absence of Al on the left to highest fluorescence pro-
duction on the right. Plotted on the Y-axis of Figure 3 is
the fluorescence from each promoter fusion in four test
conditions: no addition of Als (black diamonds), AI-2-

Figure 3. Differential Al-regulation of quorum-sens-
ing-controlled genes. Fluorescence production from the
promoter gfp fusions isolated in this study was mea-
sured in the absence of AI (black diamonds), or in the
presence of 10 uM AI-2 (red squares), 10 uM HAI-1 (blue
triangles), or 10 pM each AI-2 and HAI-1 (green circles).
Each Al-regulated promoter is depicted on the X-axis
with the values for fluorescence emission plotted on
the Y-axis. The fluorescence of the promoters to the left
of the line marked with the asterisk (*) were multiplied
by a factor of 5 so that they could be visualized on the
same axis. White, gray, and black arrows show ex-
amples of class 1, 2, and 3 regulation, respectively. The
four values corresponding to each arrow are boxed. The
black arrows below the X-axis indicate the fusions ana-
lyzed in Figure 8.

Fluorescence
(no Ale, Al-2=, HAI-1-, Al-2+HAI-1°)
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400

only (red squares), HAI-1 only (blue triangles), and HAI-1
and AI-2 together (green circles). Repression by Al results
in points below the black triangles, while activation
yields points above them.

The promoters displayed three types of responses to
the Als. First, more than half of the promoters exhibited
coincidence behavior, which we term the class 1 re-
sponse: Only when both HAI-1 and AI-2 were added si-
multaneously did significant activation or repression oc-
cur (examples of one activated and one repressed class 1
promoter are indicated by the white arrows in Fig. 3 with
the corresponding points highlighted by a box). Second,
many promoters showed significant alterations in ex-
pression in response to either HAI-1 or AI-2, and the
response to both Als together was more dramatic than to
either Al alone (class 2 genes) (Fig. 3, gray arrows). Third,
in a few cases, equivalent GFP expression occurred fol-
lowing the addition of either or both Als (class 3) (Fig. 3,
black arrows). Class 3 consisted entirely of repressed
genes that showed a modest response (two- to fivefold
repression). Additionally, this class of promoters often
showed transient Al-regulation that depended on growth
phase.

The detailed Al-response profile for one representative
promoter from each of the three classes is shown in Fig-
ure 4A. The fluorescence values are normalized to the
expression level when no Al was added. The fusion des-
ignated “unknown” (no significant sequence homology
with any known sequence) shows the class 1 response.
Addition of only HAI-1 or only AI-2 has no effect,
whereas addition of HAI-1 and AI-2 together causes a
threefold reduction in GFP production. The fusion to a
gene encoding a GGDEF domain-containing protein is
shown as a representative class 2 promoter. This fusion
is repressed, twofold, threefold, and 14-fold in response
to Al-2, HAI-1, and HAI-1 + AI-2, respectively. The pro-
moter for FtsK represents a class 3 promoter. This fusion
responds similarly to all three inputs (three-, four-, and
fivefold repression in response to the addition of AI-2,
HAI-1, and both HAI-1 and AI-2 together, respectively).
The AI response profiles for all the promoters identified
in this work are shown in Supplementary Figure 2.
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Figure 4. Three classes of Al-regulated promoters. (A) Fluores-
cence production from three promoters, indicated on the X-axis,
in response to no Al (black bars), 10 uM AI-2 (gray bars), 10 uM
HAI-1 (hatched bars), or 10 upM each AI-2 and HAI-1 (white
bars). Fluorescence values are expressed as the percentage mea-
sured in the absence of Als. Error bars indicate the standard
deviations. (B) Time course of fluorescence production from
clone 275 fused to an unstable GFP (LVA) variant under the four
AI conditions listed in A. The ODyg, of each culture is plotted
on the X-axis. (Triangles) No Al; (diamonds) AI-2; (squares) HAI-
1; (circles) AI-2 and HAI-1.

Expression dynamics of Al-regulated genes

In the analyses shown in Figures 3 and 4A, promoter
expression was measured at a single time point following
addition of Als (14-16 h). However, gene expression in
response to Als need not be constant throughout growth.
To explore this possibility, we measured the response of
one promoter (clone 275) to the various Al inputs over
time. This particular promoter was chosen because it
displays a large dynamic range of expression (14-fold re-
pression), it responds to both the HAI-1 and AI-2 single
inputs, and it is directly repressed by LuxR (Fig. 2). For
this experiment, the stable GFP variant used for the DFI
screen and above expression studies was replaced by an
unstable variant of GFP (LVA) that has a shorter half-life
(40 min), which is essential for measuring dynamic ex-
pression changes (Andersen et al. 1998). The HAI-1-, Al-
2" mutant V. harveyi strain containing the plasmid car-
rying the unstable gfp fusion to clone 275 was grown
overnight and subsequently diluted into fresh medium
containing no Al or containing saturating levels of AI-2
only, HAI-1 only, or both AI-2 and HAI-1. Figure 4B
shows that maximal, steadily increasing expression of
the fusion occurs in the absence of any added Als (tri-
angles), while addition of both HAI-1 and AI-2 together
causes full repression of expression at all time points

Autoinducer discrimination in Vibrio harveyi

(circles). Minimal repression occurs following AI-2 addi-
tion (Fig. 4B, diamonds), while HAI-1 alone causes an
intermediate level of repression at each time point (Fig.
4B, squares), consistent with previous findings that indi-
cate HAI-1 is a stronger quorum-sensing signal than is
AI-2. Together, the results from Figures 3 and 4 suggest
that the strength of signal input into the cell (HAI-
1 + AI-2 > HAI-1 > AI-2) is likely translated into the lev-
els of LuxR available for control of target gene expres-
sion.

CAI-1 input into the quorum-sensing cascade

The initial DFI screen was performed in strain KM413
(HAI-17, AI-27), which produces the third Al signal, CAI-
1. To ensure that the regulation observed in the above
experiments is not strongly influenced by this signal, we
compared the gfp expression from each promoter ob-
tained in the screen in the triple Al mutant (JMHG634:
HAI-17, AI-27, CAI-17) to that in the double Al mutant
(KM413: HAI-17, AI-27) at high cell density. There were
less than twofold differences in expression between the
two strains in all cases (Fig. 5), verifying that, in our
experimental system, CAI-1 plays only a minor role in V.
harveyi quorum-sensing gene regulation. Three fusions
to the grr sRNAs consistently showed ~1.5-fold higher
expression in the triple Al synthase mutant JMHG634
than in the double AI synthase mutant KM413, as indi-
cated by the circled points in Figure 5. sSRNA gene tran-
scription is the immediate output of LuxO regulation
(Lenz et al. 2004), and unlike other targets that lie further
downstream in the pathway, monitoring grr expression
enables us to observe the most subtle levels of Al regu-
lation (i.e., including regulation by CAI-1). Apparently,
targets positioned below LuxR are not as precisely con-
trolled as are the SRNA genes, and so we cannot detect
expression differences stemming from CAI-1 input or,
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Figure 5. CAI-1 has no influence on quorum-sensing-regulated
targets. Expression of the Al-regulated promoters in the V. har-
veyi triple synthase mutant JMH634 (Y-axis) and the double Al
synthase mutant KM413 (X-axis) is shown. Only one promoter
consistently shows twofold or greater regulation (boxed, de-
scribed in text). The three fusions to grr promoters are indicated
by the circles.
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alternatively, genes that respond specifically to CAI-1
were not identified in this screen. Lastly, one of the fu-
sions to a TTS promoter consistently showed twofold
higher expression in KM413 than in JMH634 (clone 209;
note the boxed point in Fig. 5). Because TTS genes are
repressed by Als (Henke and Bassler 2004a), we would
expect lower expression in KM413 than in JMHG634.
Other fusions to TTS genes did not display this behavior.
While we do not understand this result, we note that this
particular fusion is repressed 50-fold by the addition of
both Als, indicating that the fold difference observed in
this experiment is likely not biologically significant.

The qrr SRNA genes respond to the individual Al inputs

The grr genes are, to our knowledge, the only genes di-
rectly controlled by LuxO (Lenz et al. 2004). We reasoned
that examination of their changes in expression in re-
sponse to Al should give an indirect readout of the phos-
phorylation state of LuxO and therefore indicate if dif-
ferent Al inputs translate into discrete levels of phospho-
LuxO. The three grr promoters (qrr2, qrr3, and grr4) that
have detectable expression in our assays displayed a sig-
nificant response to HAI-1 and to AI-2 when added indi-
vidually as well as when the Als were added together
(Fig. 6A). A fusion to qrr2 (clone 250) is shown as the
representative example in Figure 6, A and B; the other grr
promoters behaved similarly. This result suggests that
the immediate mediators of the V. harveyi quorum-sens-
ing response are not controlled by coincident regulation
but rather show the class 2 type response. Based on these
results, we conclude that significant changes in grr ex-
pression and, in turn, quorum-sensing-controlled gene
expression must occur following V. harveyi encounter-
ing any combination of Al signals.

All of the above experiments rely on measurements of
the average behavior of the population. While these
analyses help us understand how groups of V. harveyi
switch between low- and high-cell-density states, they

>

do not address whether the cells behave homogeneously
or whether a large distribution of behaviors gives rise to
an average population behavior. To address these possi-
bilities, we used flow cytometry to measure grr expres-
sion in individual cells in response to the AI input sig-
nals. Figure 6B shows the result for the grr2-gfp promoter
in KM413 (clone 250) grown to stationary phase. Back-
ground autofluorescence is indicated by the purple trace.
Maximal expression occurs in the absence of Al (Fig. 6B,
green trace), and consistent with Figure 6A, addition of
either AI-2 (Fig. 6B, red trace) or HAI-1 (Fig. 6B, blue
trace) shifts the qrr2-gfp expression to a lower, interme-
diate level. Finally, addition of both HAI-1 and AI-2 to-
gether maximally represses expression (Fig. 6B, orange
trace). Importantly, addition of each AI represses qrr2
expression in the entire population of cells to the same
extent. However, full repression only occurs in the pres-
ence of all the signals. Therefore, the response to Al, at
least in terms of grr expression at high cell density, is not
switch-like (on-off). Rather, V. harveyi cells can express
a range of levels of the grr genes, suggesting that their
responses to the Als are graded.

The different Al inputs translate into distinct levels
of LuxR

Since the grr sSRNAs control JuxR mRNA stability, and
because each Al-input combination produces a distinct
level of grr expression (Fig. 6A,B), it follows that the
different Al inputs should translate into distinct levels of
LuxR production. To test this hypothesis, we measured
bioluminescence expression (as a readout of LuxR activ-
ity) and LuxR protein production in V. harveyi KM413 in
the absence of added AI or supplemented with saturating
levels of AI-2, HAI-1, or both AI-2 and HAI-1. Only back-
ground levels of light were produced in the absence of
added Al, and the addition of both Als together resulted
in a 10,000-fold increase in light emission (Fig. 7). As we
have shown previously (Mok et al. 2003), addition of

Figure 6. Als repress grr expression and activate
LuxR production in a graded manner. (A) Expression
of a qrr2-gfp promoter (clone 250) in the presence of
no AL 10 uM AI-2, 10 pM HAI-1, or 10 uM each AI-2
and HAI-1. Error bars indicate the standard devia-
tions. (B) Single cell analysis of grr2-gfp expression
measured by flow cytometry. (Purple trace) Back-
ground fluorescence; (green trace) no Al (red trace)
AI-2; (blue trace) HAI-1; (orange trace) both AI-2 and €
HAI-1. (C) Expression of a luxR—gfp translational fu-

sion was assayed in V. harveyi CW2005 (HAI-1-, Al-
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27, IuxR) following exposure to no Al, 10 uM AI-2,
10 uM HAI-1, or 10 pM each AI-2 and HAI-1. Error
bars indicate the standard deviations. (D) Flow cy-
tometry results of individual cells carrying the
luxR-gfp translational fusion from C. (Purple trace)
Background fluorescence; (green trace) no Al; (red
trace) AI-2; (blue trace) HAI-1; (orange trace) both
AI-2 and HAI-1.
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Figure 7. Each AI induces a distinct level of bioluminescence
and LuxR production. Strain KM413 (HAI-1-, AI-27) was ex-
posed to no AlI, 10 pM AI-2, 10 uM HAI-1, or 10 uM each AI-2
and HAI-1, and subsequently bioluminescence expression
(Relative Light Units: counts per minute per milliliter at
OD¢ponm) and LuxR protein levels were determined. Protein lev-
els from the Western blot were quantified and are expressed as
a percentage of the LuxR produced in the presence of both HAI-1
and AI-2.

only AI-2 or only HAI-1 cause 50- and 250-fold increases
in light emission over background, respectively. Analo-
gous to qrr expression and bioluminescence, each Al
combination resulted in production of a distinct level of
LuxR protein as determined by Western blotting (Fig. 7).
These LuxR levels follow the expected pattern for what
is known about the relative strength of the Al signals. In
the absence of exogenous AI, KM413 makes 1.6% as
much LuxR protein as is made when both HAI-1 and
AI-2 are present. Addition of AI-2 alone leads to 6.8%,
and HAI-1 alone leads to 26% of the amount of LuxR
present when both Als are present simultaneously.
Thus, increased Al signaling strength is represented in-
ternally in increasing LuxR production. LuxR levels fluc-
tuate over a 100-fold range, whereas a 10,000-fold change
in light production occurs in response to Als, implying
that a large amplification step exists between LuxR and
Iux expression and/or luciferase activity.

We considered two potential molecular mechanisms
that could lead to the observed levels of LuxR under
different signaling conditions. First, if the V. harveyi cir-
cuit has switch-like properties, the intermediate levels
of LuxR observed in the single Al input states could re-
sult from some percentage of the cells in the population
switching from the uninduced to the fully induced state.
Alternatively, if the circuit functions by a graded mecha-
nism, when only one Al is present, the entire population
could shift to production of an intermediate level of
LuxR. This latter possibility follows from what was ob-
served for grr expression (Fig. 6B). To distinguish be-
tween these two possibilities, we constructed a LuxR—
GFP protein fusion. The fusion is driven from the native
IuxR promoter and ribosome-binding site and has the
first 10 codons of IuxR fused directly to the initiation
codon of gfp. In a control experiment, we verified that
LuxR-GFP production is repressed by the grr sSRNAs by
assaying GFP production in E. coli expressing the cloned
grrl gene (data not shown). LuxR autorepresses its own

Autoinducer discrimination in Vibrio harveyi

expression (Chatterjee et al. 1996; Lin et al. 2005). To
eliminate this mode of regulation and thereby exclu-
sively measure repression of IuxR by the Qrr sRNAs,
IuxR was deleted from strain KM413 to create strain
CW2005. The TuxR-gfp translational fusion in CW2005
was exposed to the four Al test conditions, and fluores-
cence was measured by flow cytometry (Fig. 6C [popu-
lations], D [individual cells]). In the absence of added AI
(Fig. 6D, green trace), expression from this construct was
low but higher than in control cells without GFP (Fig.
6D, purple trace). This result shows that even in the
absence of Al-2 and HAI-1, the Qrr sRNAs do not fully
repress luxR expression. Addition of AI-2 (Fig. 6D, red
trace) and HAI-1 (Fig. 6D, blue trace) resulted in increas-
ing amounts of fluorescence, and, as expected, addition
of both AI-2 and HAI-1 resulted in the maximal fluores-
cence observed (Fig. 6D, orange trace). The flow cytomet-
ric single-cell analysis convincingly demonstrates that,
in each case, exposure to Al resulted in the entire popu-
lation shifting to an intermediate level of GFP produc-
tion as opposed to a fraction of the cells remaining un-
induced and another fraction becoming fully induced.
This result is similar to the single-cell analysis of the grr
promoters (Fig. 6A,B), leading us to conclude that, at
least under the conditions of our experiments, the V.
harveyi Al response is graded rather than switch-like.

Promoter affinities determine Al responses

Together, the results show that the extracellular Al in-
puts are translated internally into different amounts of
LuxR protein. This finding suggests a possible molecular
mechanism for the discrete responses of quorum-sens-
ing-regulated genes to the various Al inputs. Specifically,
class 3 genes, which display maximal responses to each
Al individually, must be responsive to lower levels of
LuxR than are class 2 genes, which respond additively to
the individual Als. Similarly, class 2 genes must respond
to lower levels of LuxR than do class 1 genes, which only
respond when both Als are present simultaneously.
Therefore, we predict that class 3 promoters have the
highest affinity for LuxR binding, class 2 genes have in-
termediate affinities, and class 1 genes have the lowest
affinities (Fig. 1). This principle can also apply to pro-
moters not directly regulated by LuxR based on the re-
sponse of their upstream regulator to LuxR. To test this
prediction, we examined LuxR binding at three Al-re-
pressed promoters, one class 1 gene (317) (Fig. 4A) and
two class 2 genes (275 and 342) (Figs. 3, 4A; Supplemen-
tary Fig. 2). No class 3 gene was identified that is directly
repressed by LuxR, so class 3 promoters could not be
tested for LuxR affinity. We could not carry out a similar
analysis for LuxR-activated promoters because every di-
rectly activated promoter we identified showed the class
1 response.

Surface plasmid resonance was used to determine the
affinity of LuxR for promoters from clones 317, 275, and
342. Biotin-labeled DNA fragments containing the pro-
moters were attached to a BIAcore streptavidin chip, and
LuxR protein from 11.9 to 190 nM was passed over the
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DNA. The kinetics of binding of LuxR to each promoter
are shown in the time interval between the solid and
open arrows in Figure 8. The open arrows show when
addition of LuxR protein was terminated. Dissociation of
LuxR from the promoters was monitored thereafter.
Analysis of the dissociation rates reveals that the class 2
promoters 275 and 342 both had lower dissociation con-
stants (7.0 and 9.2 nM, respectively) than the class 1
promoter 317 (38 nM) (Fig. 8). This result preliminarily
confirms that class 2 promoters have higher affinities for
LuxR than do class 1 promoters. We predict that class 3
promoters would have even higher LuxR-binding affini-
ties.
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Figure 8. Class 2 promoters have a higher affinity for LuxR
than do Class 1 promoters. Surface plasmon resonance was used
to examine the interaction of LuxR with two class 2 promoters
(275 and 342, A,B), and one class 1 promoter (317, C). 5'-Biotin
end-labeled DNA probes were amplified and attached to a
BIAcore streptavidin chip. Purified LuxR at concentrations of 0
nM (dark blue), 11.9 nM (yellow), 23.75 nM (maroon), 47.5 nM
(green), 95 nM (light blue), and 190 nM (red) was passed over the
chip beginning at the time indicated by the solid arrow on the
X-axis. At the time indicated by the open arrow, LuxR flow was
terminated, and dissociation of LuxR from the DNA was deter-
mined.
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Discussion

V. harveyi integrates multiple Al signals, each of differ-
ent strength and encoding unique information about the
neighboring species content, into one phospho-relay sig-
naling system. To understand how V. harveyi integrates
this sensory information and translates it into gene ex-
pression changes, we identified 50 promoters encoding at
least 71 genes that are controlled by quorum sensing
(Table 1) and studied their responses to different AI com-
binations. Because the screen used here is not saturated,
additional genes are likely to be controlled by quorum
sensing in V. harveyi. The regulon includes genes speci-
fying structural proteins, metabolic processes, and puta-
tive regulators (Table 1). The genes in the quorum-sens-
ing regulon, including the grr and luxR genes, display
discrete responses to different AI inputs (Figs. 4, 6-8).
Based on these observations, we propose that V. harveyi
extracts maximal information from the various combi-
nations of signals and converts that information into
unique patterns of gene expression. Importantly, in re-
sponse to each Al test combination, the entire popula-
tion of cells shifts in unison to a new discrete level of grr
expression and LuxR production (Fig. 6). We interpret
this result to mean that the V. harveyi quorum-sensing
transition is graded and not an on-off switch. For an on-
off switch mechanism, we would expect subsets of cells
to fully switch patterns of gene regulation in response to
the different AI conditions.

The majority of the genes identified in this study,
while controlled by LuxR, are regulated only indirectly,
suggesting that a hierarchy of gene expression exists
downstream from LuxR (Fig. 2). One potential mediator
in this pathway is AphA, which is directly regulated by
the LuxR homolog HapR in V. cholerae (Kovacikova and
Skorupski 2002 and is therefore likely positioned imme-
diately downstream from LuxR in V. harveyi (Mok et al.
2003). A o-cross-reacting protein and two GGDEF pro-
teins identified here also lie directly downstream from
LuxR, and like AphA, could be second-tier regulators in
the V. harveyi quorum-sensing hierarchy.

To account for our findings that all quorum-sensing
information impinges on LuxR, yet quorum-sensing-
controlled genes are differentially regulated by the vari-
ous Al input states, we propose a model in which differ-
ential gene expression arises from limiting amounts of
LuxR and its particular affinities for target promoters
(Fig. 1, bottom arrows). Class 3 genes that respond fully
to either AI-2 or HAI-1 are predicted to have promoters
with high affinities for LuxR, because this is the condi-
tion in which the least LuxR is present (Fig. 7). Class 2
genes show an additive response to autoinducers. We
predict that these genes have an intermediate affinity for
LuxR because the maximum amount of LuxR obtained
by the addition of both AI-2 and HAI-1 is required for a
full response, but a significant response is observed in
the presence of only AI-2 or HAI-1. Finally, class 1 genes
that only respond to the coincident presence of HAI-1
and AI-2 have the lowest affinity for LuxR because they
require the highest concentrations of LuxR for any sig-
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nificant response. As an initial test of the model, we
showed that representative class 2 promoters have
higher affinities for LuxR than does a representative
class 1 promoter. We are presently performing genetic
screens to identify additional promoters that are directly
regulated by LuxR. We are especially interested in iden-
tifying a class 3 promoter that is a direct target of LuxR,
as we predict this type of promoter would have a higher
LuxR-binding affinity than the class 2 and class 1 pro-
moters examined here.

The principles described above can be extended to the
CAI-1 system. We know that CAI-1 is the weakest of the
three signals, so we predict that genes regulated by LuxR
in the exclusive presence of CAI-1 should possess the
highest affinity promoters. In this promoter affinity
model, genes that are indirectly controlled by LuxR can
also show a differential response to the various Al inputs
based on the type of Al control of their upstream regu-
lators. The LuxR-affinity model further predicts that all
genes responsive to AI-2 must also be responsive to
HAI-1 (Fig. 1). Indeed, this prediction is borne out by our
finding that no promoter that is responsive to AI-2 fails
to respond to HAI-1. By analogy, we expect that genes
responsive to CAI-1 must also respond to AI-2 and HAI-
1. Genes that respond exclusively to only one Al could
exist if unidentified feedback loops are operating in the
network. Such genes could not be identified in the pres-
ent screen because the initial FACS isolation was not
performed on cells exposed to only AI-2 or only HAI-1.

Similar observations were reported in Bacillus subtilis
for Spo0A, the regulator that controls entry into the
sporulation state. Genes directly regulated by SpoOA
were classified as either low threshold or high threshold
(Fujita et al. 2005). Low-threshold genes showed a sig-
nificant response to low levels of SpoOA, whereas high-
threshold genes required higher concentrations of SpoOA
for regulation. Electrophoretic mobility shift assays con-
firmed that, in most cases, low-threshold genes had a
higher affinity for SpoOA than high-threshold genes,
similar to the model we propose for LuxR (Fujita et al.
2005). It was later hypothesized that the design of the
Spo0A system is critical for precisely ordering gene ex-
pression to properly control sporulation (Fujita and
Losick 2005).

Sporulation in B. subtilis is ultimately a bi-stable re-
sponse; cells either do or do not sporulate; there are no
intermediate states (Veening et al. 2005). Likewise,
ComK-governed competence in B. subtilis is bi-stable
(Maamar and Dubnau 2005). In this respect, these pro-
cesses differ from quorum sensing in V. harveyi, which
shows intermediate states in the presence of differing
autoinducer signals. The difference between these sys-
tems is likely that SpoOA and ComK each initiates a
positive feedback loop (Maamar and Dubnau 2005; Veen-
ing et al. 2005), which is one known mechanism that
generates bi-stability. In contrast, LuxR in V. harveyi is
autorepressive (Chatterjee et al. 1996; Lin et al. 2005), a
regulation strategy that does not promote bi-stability.
However, it should be noted that all of our analyses were
performed in stationary phase (following 14-16 h of

Autoinducer discrimination in Vibrio harveyi

growth). We are presently performing single-cell analy-
ses of the expression of grr, IuxR, luxC (luciferase), and
other quorum-sensing-regulated genes at multiple time
points during growth to determine whether the low-to-
high-cell-density transition of V. harveyi is always
graded.

Al detection in V. harveyi requires the sensors LuxN,
LuxQ, and CqgsS, which switch from net kinase activity
to net phosphatase activity following binding of AI (Fig.
1). Thus, in the absence of a particular Al, the combined
phosphatase activity of the two occupied receptors is at
least partially offset by the kinase activity of the unoc-
cupied receptor. This signaling arrangement results in a
specific level of phosphate flow through the circuit that
is less than the maximum possible, which presumably
occurs when all three Als are absent. Because the signals
differ in strength, the combination of signals present dic-
tates the discrete level of phosphate flow through the
circuit. In each case, however, net phospho-flow through
the circuit is represented in the concentration of phos-
pho-LuxO.

Here (Fig. 7) and in a previous study (Mok et al. 2003),
light production was analyzed as a canonical readout of
phospho-flow through the circuit under differing Al in-
put conditions. In both studies, four discrete levels of
light were produced in response to the four Al input con-
ditions. Each Al input condition produced roughly a 100-
fold change in light emission. Thus, when all the Als
were present simultaneously, 100-fold more light is pro-
duced than when even the weakest signal is removed. At
that time, it was not clear if these intermediate levels of
light represented biologically significant states or leak-
age of a noisy system. One possibility was that the V.
harveyi circuit functions as a coincidence detector, and
the three different Als buffer the system against mol-
ecules in the environment that are similar to one of the
bone fide signals (Mok et al. 2003). An alternative hy-
pothesis was that V. harveyi could interpret the blend of
chemical signals in its environment as a gauge of genetic
relatedness of bacteria in its vicinity. If so, the expecta-
tion was that V. harveyi differentially regulates gene ex-
pression based on particular combinations of Als present
in any consortium. The results presented here showing
that each Al input leads to a distinct level of grr expres-
sion, a discrete level of LuxR production, and a unique
pattern of downstream target gene expression lend sup-
port to this latter idea. We suggest that the different
combinations of signals are, indeed, biologically relevant
because they translate into different patterns of gene ex-
pression, and furthermore, that these chemical combina-
tions are indicators of the members of the vicinal con-
sortium.

One can envision environments in which V. harveyi
would encounter different combinations of AI signals.
For example, when V. harveyi initially associates with a
mixed species biofilm, AI-2 may be the predominant sig-
nal. A mixed vibrio consortium would likely contain sig-
nificant AI-2 and CAI-1 but an insignificant amount of
HAI-1. V. harveyi inhabits the gastrointestinal tracts of
marine animals. E. coli, a member of the normal flora of
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terrestrial organisms, has an avid AI-2 import and degra-
dation system (Xavier and Bassler 2005b), and AI-2 con-
sumption dramatically alters quorum-sensing gene regu-
lation in V. harveyi in mixed V. harveyi-E. coli cultures
(Xavier and Bassler 2005a). Although E. coli is not pres-
ent in the ocean, other bacteria with AI-2 consumption
systems could coexist with V. harveyi in the gastroin-
testinal tracts of marine animals. In such cases, the lack
of AI-2 combined with the presence of CAI-1 and HAI-1
could be an indicator to V. harveyi that it is in the gas-
trointestinal niche. Additionally, accumulation of the
autoinducers could also direct the timing of gene expres-
sion in mixed- or mono-species environments. Depend-
ing on the order in which each AI reaches the concen-
tration required for detection by V. harveyi, distinct sub-
sets of genes should be activated or repressed in a
temporal sequence based on the affinities of their pro-
moters for LuxR and/or how many layers of regulators
exist between LuxR and a downstream target gene.

We do not expect these complex Al signal integration
capabilities or the ability to initiate a precisely ordered
cascade of gene expression in response to Als to be re-
stricted to V. harveyi. Any bacterium that integrates in-
formation from multiple Als could have similar capabili-
ties. In the case of the vibrios, all of the species se-
quenced to date possess multiple Als, a LuxR homolog,
and many or all of the other V. harveyi-like quorum-
sensing regulatory components (Miyamoto et al. 2003;
Henke and Bassler 2004a; Lenz et al. 2004). Importantly,
every sequenced vibrio species possesses one or more of
the grr sSRNA genes, indicating that the focal point of all
of these cascades is the regulation of translation of the
IuxR homologs. Beyond the vibrios, other studied quo-
rum-sensing bacteria make and respond to multiple Als.
For example, the Pseudomonas aeruginosa quorum-
sensing system uses three distinct Als, which together
are hypothesized to regulate genes in a specific temporal
order (Schuster et al. 2003). While the molecular mecha-
nisms underpinning these other signal relays might not
resemble that of V. harveyi, it is likely that these inte-
grated circuits have nonetheless evolved to provide pre-
cisely ordered patterns of gene expression.

Materials and methods

Bacterial strains and culture conditions

The V. harveyi strains used in this study are derived from BB120
(Bassler et al. 1997) and include KM413 (AluxM, AluxS) (Henke
and Bassler 2004b), JMH634 (AluxM, AluxS, AcgsA) (Henke and
Bassler 2004a), KM816 (AluxS) (this study), and JMH363
(AluxM) (this study). CW2000 is a AluxM, AluxS, AluxCDA de-
rivative constructed in this study by integrating an unmarked
deletion of luxCDA into the chromosome of KM413. Strain
CW2005 was derived from KM413 by inserting the cat gene at
luxR. V. harveyi strains were grown in Luria-Marine (LM) me-
dium at 30°C with aeration except when selection with tetra-
cycline was used. In those cases, growth was in a 1:1 mixture of
LM medium and Autoinducer Bioassay (AB) medium. E. coli
S17-1\pir (de Lorenzo and Timmis 1994) was grown at 37°C
with aeration, and used for general DNA manipulation and the
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experiments performed in Figures 2 and 8. Antibiotics were ob-
tained from Sigma and used at the following concentrations:
100 pg/mL kanamycin in E. coli, 250 pg/mL kanamycin in V.
harveyi, 10 ng/mL tetracycline, 50 ng/mL polymyxin B, and 10
pg/mL chloramphenicol.

DNA manipulations

All DNA manipulation was performed using standard proce-
dures (Sambrook et al. 1989). T4 DNA ligase and restriction
enzymes were obtained from New England Biolabs. E. coli was
transformed in 0.2-cm electroporation cuvettes (USA Scientific)
using a Bio-Rad Micro Pulser. PCR was performed with Phusion
DNA polymerase (New England Biolabs). The vector used for
construction of the promoter—gfp library (pPCMWI1) was con-
structed from pEVS141 (gift of Eric Stabb, University of Georgia,
Athens, GA) (Dunn et al. 2006). The cat gene was removed by
AvrIl and AfIIT digestion, the ends were filled in with Klenow
DNA polymerase (Roche) in the presence of 12.5 mM dNTPs at
room temperature for 30 min, and subsequently, the plasmid
was religated. In the absence of insert DNA, pPCMW1 shows no
detectable gfp expression. The luxR-gfp fusion used in Figure 8
was constructed by amplifying the luxR promoter region from
-302 to +30 relative to the translation start site from V. harveyi
BB120 genomic DNA. This fragment was inserted into the vec-
tor pPCMW1 between the Sphl and Nhel restriction sites, gen-
erating an in-frame fusion of the first 10 codons of luxR to gfp.
A cat-resistance cassette amplified from plasmid pKD3 using
the priming site 1 and 2 sequences (Datsenko and Wanner 2000)
was inserted downstream from gfp at the BamHI site. The re-
gion from -302 to downstream from the cat gene was then
amplified and recombined with the \ red technique into the
cosmid pKM699 containing the wild-type [uxR gene (Datsenko
and Wanner 2000). Plasmids and cosmids were introduced into
V. harveyi by conjugation, and exconjugants were selected us-
ing the antibiotic resistances carried on the plasmids together
with polymyxin B. pCMW275-LVA was constructed by PCR
amplification of the gfp-LVA gene from plasmid pRCV-3 (Basu
et al. 2005) and insertion into the Nhel, BamHI sites of
pCMW275.

Construction of promoter trap libraries

Two gfp promoter trap libraries were constructed following pub-
lished methods (Bartilson et al. 2001). Briefly, genomic DNA
from V. harveyi BB120 was digested with DNase I (Sigma) in the
presence of 10 mM MnCl,. Overhanging ends were filled in
using Klenow DNA polymerase (Roche). Fragments from 100 to
1000 base pairs (bp) were isolated by agarose gel purification
using the QiaEx IT Gel Extraction Kit (Qiagen), and ligated into
Stul-digested pCMW 1. This strategy maintains the endogenous
gfp ribosome-binding site. Ligation mixtures were transformed
into E. coli S17-1\pir. Transformants were harvested from Petri
plates, and conjugated into V. harveyi CW2000. Each library
had approximately fivefold coverage of the V. harveyi genome.
Fusions designated pCMW201-pCMW245 were isolated from
one library, while pPCMW247-pCMW369 came from the second
library.

Differential fluorescence induction

CW2000 carrying the gfp promoter libraries was grown 14-16 h
prior to cell sorting in the absence of added AI (to simulate the
low-cell-density state) or in the presence of 10 uM each purified
AI-2 and HAI-1 (to simulate high cell density). These concen-
trations of Als were chosen because they induce maximal light
production. Before the initial sort, the percentage of GFP-posi-
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tive cells varied from 1% to 2%. Generally, three rounds of
FACS were performed on a Becton Dickinson FACS Vantage
cell sorter to yield a population close to 100% GFP-positive
cells. The bacteria were grown 14-16 h between each sort. Fol-
lowing the third sort, the bacteria were plated, and individual
colonies were arrayed into Costar 3595 96-well culture plates in
200 pL of LM medium with kanamycin. After growth for 14-16
h, each plate was rearrayed into two new plates, one with 10%
cell-free culture fluids lacking Als and the other with 10% cell-
free culture fluids prepared from BB120 grown in LM medium
for 14-16 h from a frozen stock. GFP production from the 96-
well plates was measured on a 1420 Victor? multilabel counter
(Wallac). Approximately 4000 clones from each condition were
individually screened. Clones exhibiting differential gene ex-
pression were streaked on fresh medium, and reanalyzed by
flow cytometry on a FACScan (Becton Dickinson) flow cytom-
eter a minimum of three times. Vectors carrying candidate Al-
regulated promoters were isolated from CW2000 using a QIA-
prep spin Miniprep kit and transformed into E. coli S17-1\pir for
propagation and sequencing. Gene identities were determined
using the BLASTX program from the Vector NTI suite 9.0 soft-
ware package (InforMax Invitrogen Software Package). All can-
didate clones were backcrossed into V. harveyi KM413 to con-
firm the regulation phenotype and for further analyses.

Response to autoinducer and direct LuxR regulation

Al-regulated clones were grown for 14-16 h in 1 mL of LM
medium containing kanamycin. Triplicate subcultures were
prepared in 1 mL of fresh medium containing no AI, 10 uM
synthetically prepared AI-2 (Schauder et al. 2001), 10 uM syn-
thetically prepared HAI-1 (Cao and Meighen 1989), or 10 ptM
each AI-2 and HAI-1. Following 14-16 h of growth, GFP levels
were determined by flow cytometry. For the experiment shown
in Figure 5, the Al-regulated promoters were grown in 96-well
plates for 14-16 h, and fluorescence was measured with the
1420 Victor? multilabel counter (Wallac). Representative ex-
amples from several identical experiments are shown in Figure
5.1In the time course in Figure 4B, a 1:1000-fold back dilution of
an overnight culture of KM413 with the plasmid pCMW275-
LVA was made in LM medium with kanamycin + 10 pM Als.
GFP production, measured by flow cytometry, and the absor-
bance at OD,, were determined every hour. For tests of LuxR
regulation, Al-regulated promoters were conjugated into E. coli
S17-1\pir containing either pLAFR-2 (Friedman et al. 1982) or
pKM699, which is pLAFR-2 carrying a 2.3-kB HindIII fragment
containing the luxR gene. Initial analyses were performed in
96-well plates using the 1420 Victor* (Wallac). Clones that
showed differential regulation were further characterized by
flow cytometry. LuxR was purified using the IMPACT-CN sys-
tem (New England Biolabs) as previously described for HapR
(Lin et al. 2005). The promoters in clones showing >2.5-fold
regulation by LuxR were PCR-amplified with primers directed
to the regions adjacent to the Stul site of pPCMWI1 in the pres-
ence of 5 uCi of [a-3*P]JdATP. Two microliters of these PCR
reactions (~20 ng) was incubated with 50 ng of purified LuxR in
the presence of 1 pg of the nonspecific competitor, poly(dI-dC)
in a 20-pL volume at 30°C for 15 min. Binding specificity was
determined by amplifying a region of the V. harveyi aphA pro-
moter that has previously been shown in V. cholerae to contain
a HapR-binding site (from -200 to +115 relative to the transcrip-
tion start site), and a region that does not contain a HapR-bind-
ing site (from -458 to -100). Only the fragment with the binding
site was shifted by LuxR. The program YMF 3.0 (Sinha and
Tompa 2002) was used in an attempt to identify statistically

Autoinducer discrimination in Vibrio harveyi

overrepresented motifs in the promoters directly regulated by
LuxR.

Determination of LuxR levels under different Al input
conditions and LuxR-GFP fusion analysis

V. harveyi KM413 was grown for 14-16 h at 30°C with aeration
in the absence and presence of Als. Light production was mea-
sured using a Wallac 1490 Liquid Scintillation Counter and is
defined as counts per minute per milliliter at ODyyg,,. One
milliliter of these cultures was harvested, washed with 1 mL of
Dulbecco’s PBS (GIBCO), and resuspended in 100 pL of water to
lyse V. harveyi. Lysates (5 pL) were analyzed by SDS-PAGE and
Western blot as previously described (Henke and Bassler 2004a).
Polyclonal antisera to LuxR were adsorbed and used as de-
scribed (Lenz et al. 2004). LuxR protein was quantified on an
Alpha Innotech Fluor Chem SP chemiluminescence image
analysis system, ensuring that the images were not saturated.
Qrrl regulation of the luxR-gfp fusion was performed with the
qrrl overexpression construct pDL1605 (Lenz et al. 2004) and
the vector control pKK177-3R1 (gift of S. Gottesman, National
Institutes of Health, Bethesda, MD). Analysis of the luxR-gfp
fusion in CW2005 was performed after 14-16 h of growth.

Surface plasmon resonance

Approximately 500-bp DNA fragments containing the promot-
ers 275, 317, and 342 were amplified with the following 5'-
biotin-tagged primers: 275, 5-CGTTTAACAAGTTCCAA
ACT-3' and 5-TGACAACTCAGCTGATGAAG-3'; 317, 5'-
AGATTCTTTAAATTCGTCTGCG-3' and 5-TGACAAAGT
TCAACAACGAA-3’; and 342, 5'-AAATACGGCATGAACTA
ATACG-3' and 5'-GCGATACTGTATTTGACGAC-3'. The
region of the aphA promoter from -458 to -100, which lacks the
LuxR-binding site, was also amplified with biotin-tagged prim-
ers and used as a control for nonspecific binding. The DNA was
passed over a BIAcore strepavidin chip (Sensor chip SA)in 0.5 M
NaCl and 10 mM Tris (pH 8.0) at a rate of 10 pL/min for 10 min
in a BIAcore 3000 instrument (Biacore Lifesciences). Each probe
showed a 2000-2500 increase in RUs. Purified LuxR was dia-
lyzed against 150 mM NaCl, 10 mM HEPES (pH 7.4}, and sub-
sequently washed over the DNA bound to the chips at a flow
rate of 10 pL/min for 2 min. Dissociation was measured for 5
min. LuxR binding/dissociation was analyzed at concentrations
from 11.9 to 190 nM. The chip was regenerated with 1 M NaCl
between the different LuxR concentrations. The background
changes in RUs resulting from subtle alterations of the buffer
upon protein addition and nonspecific interaction of LuxR with
the chip were subtracted from each curve. The binding curves
were analyzed with the BIAevaluation software (version 4.1) and
fit to a 1:1 (Langmuir) binding model.
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