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Quorum sensing is a cell-cell communication mechanism that bacteria use to collectively regulate gene
expression and, at a higher level, to coordinate group behavior. In the bioluminescent marine bacterium
Vibrio harveyi, sensory information from three independent quorum-sensing systems converges on the shared
response regulator LuxO. When LuxO is phosphorylated, it activates the expression of a putative repressor
that destabilizes the mRNA encoding the master quorum-sensing transcriptional regulator LuxR. In the
closely related species Vibrio cholerae, this repressor was revealed to be the RNA chaperone Hfq together
with four small regulatory RNAs (SRNAs) called Qrr1-4 (quorum regulatory RNA). Here, we identify five Qrr
sRNAs that control quorum sensing in V. harveyi. Mutational analysis reveals that only four of the five Qrrs
are required for destabilization of the luxR mRNA. Surprisingly, unlike in V. cholerae where the sSRNAs act
redundantly, in V. harveyi, the Qrr sRNAs function additively to control quorum sensing. This latter
mechanism produces a gradient of LuxR that, in turn, enables differential regulation of quorum-sensing target
genes. Other regulators appear to be involved in control of V. harveyi qrr expression, allowing the integration
of additional sensory information into the regulation of quorum-sensing gene expression.
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Quorum sensing is a process of bacterial cell-cell com-
munication that involves the production, secretion, and
detection of extracellular signal molecules called auto-
inducers (Als) (Waters and Bassler 2005). Bacteria use
quorum sensing to coordinate group behaviors by collec-
tively regulating gene expression. At low cell densities,
extracellular Als are below detectable concentrations,
but as bacterial populations grow increasingly dense, ex-
tracellular Als accumulate to the critical concentrations
required to trigger changes in target gene expression. In
effect, quorum sensing allows bacteria to function as
multicellular organisms by enabling them to carry out
behaviors such as biofilm formation, symbiosis, type III
secretion, virulence, and bioluminescence in unison (Fu-
qua et al. 1996; McFall-Ngai and Ruby 2000; Miller and
Bassler 2001; Hammer and Bassler 2003; Henke and
Bassler 2004a; Waters and Bassler 2005).

The marine bacterium Vibrio harveyi uses three dif-
ferent AIs—HAI-1, CAI-1, and AI-2—to control the ex-
pression of genes responsible for bioluminescence and
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numerous other traits (Fig. 1). HAI-1, a species-specific
signal, is a homoserine lactone synthesized by LuxM
(Cao and Meighen 1989; Bassler et al. 1993). CAI-1 is an
undefined genus-specific signal produced by CgsA
(Miller et al. 2002; Henke and Bassler 2004b). AI-2, a
furanosyl borate diester synthesized by the LuxS en-
zyme, is produced and detected by many bacterial spe-
cies and is proposed to serve as a universal signal mol-
ecule that fosters interspecies cell-cell communication
(Bassler et al. 1997; Chen et al. 2002; Miller et al. 2004;
Xavier and Bassler 2005). In V. harveyi, each of the three
Al signals is detected by a distinct membrane-bound au-
tophosphorylating histidine sensor kinase protein. LuxN
detects HAI-1, CqgsS detects CAI-1, and LuxQ responds
to AI-2 via the periplasmic protein LuxP (Fig. 1; Bassler
et al. 1993, 1994a; Freeman et al. 2000; Miller et al. 2002;
Henke and Bassler 2004b). All three sensors deliver phos-
phate to the histidine-containing phosphotransfer pro-
tein, LuxU, which in turn transfers the phosphoryl group
to the conserved o°*-dependent response regulator pro-
tein LuxO (Bassler et al. 1994b; Freeman and Bassler
1999a,b; Lilley and Bassler 2000). Under conditions of
low cell density (i.e., when Als are at negligible concen-
trations), the three sensors act as kinases, and phosphate
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Figure 1. Model of the V. harveyi quorum-sensing system.
Three parallel sensory systems converge to regulate quorum-
sensing gene expression by controlling levels of the master tran-
scriptional regulator, LuxR. See text for details. The three Als
are CAI-1 (circles), HAI-1 (pentagons with side chains), and AI-2
(double pentagons). The Qrr sRNAs (lollipops) indirectly regu-
late LuxR protein levels by destabilizing IuxR mRNA (wavy
lines), a process that is mediated by the RNA chaperone Hfq
(hexagons). The multiple Qrr sSRNAs produce an increasing gra-
dient of LuxR protein as the cells transition from low to high
cell density. Question marks denote putative regulators that
control grr expression. (OM) Outer membrane; (IM) inner mem-
brane; (LCD) low cell density; (HCD) high cell density.

is transferred to LuxO. LuxO-P, in conjunction with ¢>*
indirectly represses expression of the genes encoding lu-
ciferase (lux), so no light is produced under this condi-
tion (Freeman and Bassler 1999a; Lilley and Bassler
2000). At high cell densities (i.e., when Als are at detect-
able concentrations), the interactions of the sensors with
their cognate Als cause the sensors to switch from ki-
nase mode to phosphatase mode, leading to dephos-
phorylation of LuxO (Freeman and Bassler 1999a). This
sequence of events inactivates LuxO, leading to expres-
sion of the Jux operon, and light is produced (Miyamoto
et al. 1994; Freeman and Bassler 1999a). LuxO functions
by indirectly regulating the expression of luxR. LuxR
directly activates the lux operon and directly or indi-
rectly controls all other known quorum-sensing target
genes (Showalter et al. 1990; Swartzman et al. 1992).
The molecular events connecting LuxO to down-
stream target gene expression have been characterized
recently in the human pathogen Vibrio cholerae, which
is related to V. harveyi. At low cell density, LuxO-~P,
together with ¢®%, activates the expression of the genes
encoding four small regulatory RNAs (sSRNAs) called Qrr
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1-4 (quorum regulatory RNA) (Lenz et al. 2004). The
sRNAs destabilize the mRNA of hapR, the equivalent of
IuxR of V. harveyi. In the absence of HapR, no quorum-
sensing-controlled gene expression occurs. At high cell
density, dephosphorylation inactivates LuxO, terminat-
ing production of the sRNAs, relieving repression of
hapR, and enabling the regulation of the downstream
quorum-sensing-controlled target genes (Lenz et al.
2004).

sRNAs have recently been recognized as important
regulatory elements involved in bacterial and eukaryotic
developmental processes (Masse et al. 2003b; Wienholds
and Plasterk 2005). In bacteria, SRNAs post-transcrip-
tionally regulate genes involved in responses to condi-
tions such as limited iron, sugar-phosphate stress, cell
surface stress, and oxidative stress (Romeo 1998; Zhang
et al. 1998; Masse and Gottesman 2002; Vanderpool and
Gottesman 2004; Storz et al. 2005). Many bacterial
sRNAs require Hfq, an RNA chaperone similar in se-
quence and structure to eukaryotic Sm proteins involved
in RNA splicing (Moller et al. 2002; Zhang et al. 2002).
Hfq binds to particular sSRNAs and their mRNA targets
to promote base-pairing and, in some cases, to facilitate
the degradation of the sSRNA-mRNA complex (Schuma-
cher et al. 2002; Moll et al. 2003; Geissmann and Touati
2004; Valentin-Hansen et al. 2004; Kawamoto et al.
2006). In the case of V. cholerae quorum sensing, the Qrr
sRNAs depend on Hfq to destabilize the hapR mRNA.
Importantly, any one of the four Qrr sRNAs in V. cho-
lerae is perfectly sufficient to control hapR, suggesting
that the four Qrr sRNAs are functionally redundant
(Lenz et al. 2004).

Here we identify and characterize five Qrr sSRNAs in V.
harveyi. Unlike in V. cholerae, the V. harveyi Qrr
sRNAs are not functionally redundant but, rather, act
additively to control quorum sensing. Furthermore, mu-
tational analysis reveals that only four of the five SRNAs
are required to destabilize the luxR mRNA. In V. cho-
lerae, we have proposed that multiple redundant sSRNAs
function as an ultrasensitive switch to control the tran-
sition from low to high cell density. We propose that, in
V. harveyi, the multiple sSRNAs function to translate in-
creasing Al concentrations into a precise gradient of
LuxR protein. LuxR, in turn, induces a gradient of ex-
pression of quorum-sensing target genes. We further pro-
pose that the multiple sSRNAs serve as the focal point
through which additional metabolic cues feed into the
quorume-sensing circuit to regulate global gene expres-
sion.

Results

Identification of five SRNAs in V. harveyi

We used a bioinformatics approach to identify four quo-
rum-sensing-regulated sSRNA genes (grrl-4) in V. cho-
Ierae. We could not perform the analogous analysis in V.
harveyi because its genome has not been fully se-
quenced. However, we did identify one quorum-sensing
sRNA gene in V. harveyi (qrrl) located upstream of and



adjacent to luxO, as this DNA sequence was available
(Lenz et al. 2004). We suspected that, as in V. cholerae,
additional quorum-sensing regulatory sSRNAs would ex-
ist in V. harveyi. To identify them, we performed a ge-
netic screen based on differential fluorescence induction
and fluorescence-activated cell sorting. Our rationale
was that LuxO~P would induce the expression of the
sRNA genes at low cell density (Fig. 1). We exploited this
relationship by introducing a V. harveyi random pro-
moter-gfp library into an Escherichia coli strain carrying
V. harveyi IuxO DA47E (Freeman and Bassler 1999a), a
LuxO allele that mimics the constitutively active form
of LuxO, LuxO~P. The E. coli transformants were sorted
for those producing high levels of GFP, suggesting that
they harbored plasmids with promoters directly acti-
vated by LuxO~P. To verify this assumption, and to
eliminate constitutively active promoters, the gfp-ex-
pressing plasmids were isolated and transformed into an
E. coli strain carrying a IuxO-null allele (luxO D47A)
(Freeman and Bassler 1999a). Again, the cells were
sorted, this time for those exhibiting low gfp expression.
As a final step, these GFP-containing plasmids were iso-
lated and once again introduced into the E. coli strain
carrying luxO D47E. Cells displaying high gfp expression
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were isolated and the plasmids were sequenced. This
screen identified V. harveyi qrr2, qrr3, and qrr4 based on
their similarities to other available Vibrio grr sequences.
We anticipated identifying five grr sSRNA genes in V.
harveyi because our previous bioinformatics analysis
identified five candidate grr genes in Vibrio vulnificus
and Vibrio parahaemolyticus, two Vibrio species that
are more closely related to V. harveyi than to V. cho-
lerae. We identified V. harveyi qrr5 by scanning the par-
tially sequenced V. harveyi genomic DNA sequence
(available at http://www.tigr.org).

The five V. harveyi qrr sRNA genes have high se-
quence identity and the sRNAs have similar predicted
secondary structures (Fig. 2A,B; Hofacker 2003). Qrrl is a
slightly shorter RNA than the other four and thus has
the most distinct predicted secondary structure. The V.
harveyi Qrrs belong to a class of trans-acting antisense
regulators, meaning that the sSRNA genes are encoded in
intergenic regions of the genome, not necessarily near
the genes encoding their targets (Storz et al. 2005). These
sRNAs typically have short regions of complementarity
to the 5’ untranslated region (UTR) of their target
mRNAs, and pairing within this region can affect the
stability of the target messages (Gottesman 2002). We
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Figure 2. The Qrr sRNAs of V. harveyi. (A) Multiple sequence alignment of the five grr genes and their upstream regulatory regions.
Numbering is based on orthology of flanking genes. Nucleotides in black indicate identity. The putative ¢°*-binding sites are marked
as -12 and -24, the predicted starts of transcription are labeled as +1, and the terminators are indicated by the line above the sequences.
Putative LuxO-binding sites are surrounded by boxes. (B) Lowest-energy secondary structural predictions for the V. harveyi Qrr sSRNAs
as generated by the RNAfold program using default RNA parameters (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). Bold type
indicates regions conserved among the V. harveyi Qrr sSRNAs. (C) Alignment of the complement of the luxR 5'UTR with a region of
the V. harveyi Qrr sSRNAs. Regions conserved across all Qrr sSRNAs are highlighted and are likely involved in base-pairing to the IuxR

mRNA. (Start) Translation start site; (RBS) ribosome-binding site.
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aligned the complement of the luxR 5'UTR with the
sequences of all five V. harveyi Qrrs (Fig. 2C). The
nucleotide sequences in the regions presumed to be in-
volved in complementary base-pairing between the IuxR
promoter and the Qrr sRNAs are conserved across all
five sRNAs. In all cases, the [uxR-Qrr complementary
region overlaps the putative ribosome-binding site for
IuxR, and it presumably takes on a configuration that
has been demonstrated to be critical for post-transcrip-
tional regulation in other trans-acting sSRNAs (Masse et
al. 2003a; Morita et al. 2005, 2006). Although the five grr
gene sequences are highly similar, alignment of their
promoter regions shows that very little sequence simi-
larity exists outside of the predicted ¢°* consensus bind-
ing site and the putative LuxO~P-binding site (Fig. 2A,
the ¢°* site is denoted by -12, -24, and the LuxO-~P
sites are marked by boxes). The predicted LuxO-~P-
binding site (Lenz et al. 2004), TTGCAW,TGCAA, var-
ies in extent of conservation and in its position relative
to the start of transcription of each sRNA gene. There-
fore, the expression of each grr sSRNA gene could be dif-
ferentially regulated by LuxO~P and possibly by other
factors.

Differential regulation of qrr genes in V. harveyi

To establish that the V. harveyi qrr genes are regulated
by quorum sensing, we used quantitative real-time PCR
to measure their transcript levels in wild-type V. harveyi
and in various V. harveyi quorum-sensing mutants (Fig.
3). We examined two classes of quorum-sensing mu-
tants: those that are “locked” in high-cell-density mode
and those that are “locked” in low-cell-density mode.
Both classes are impervious to the presence of Als and
therefore do not exhibit density-dependent gene expres-
sion. Qrr RNA levels range from 0.2- to 10-fold lower in
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Figure 3. Regulation of Qrr sRNAs in V. harveyi quorum-sens-
ing mutants. RNA was isolated from the following V. harveyi
strains grown to ODgg, ~ 1: BB120 (wild type; black), BB721
(luxO::Tn5; gray), BNL240 (rpoN::Cm; white), BNL258
(hfq::Tn5; dotted), KM83 (luxO D47E; horizontal lined), and
KM413 (AluxM, AluxS, hatched). RNA was measured using
quantitative real-time PCR. Measurements were normalized to
the wild-type values and fold differences are plotted. Each
sample was assayed in quadruplicate.
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the “locked” high-cell-density strains (IuxO, rpoN [en-
coding 0°*] and hfg mutants) than in the wild-type strain
(Fig. 3). In the absence of LuxO and RpoN, minimal ex-
pression of the grr genes occurs because both proteins
are required for activation of their expression (Fig. 1).
The low levels of grr expression in the hfg strain suggest
that, in addition to mediating SRNA-mRNA pairing, Hfq
is also required to stabilize the Qrr sSRNAs. By contrast,
high expression of the grr genes occurs in V. harveyi
strains “locked” in low-cell-density mode (Fig. 3, luxO
DA47E and the luxM, IuxS double Al synthase mutant; the
triple-synthase mutant was not used because it has a
modest growth defect and because CAI-1 has only a
slight impact on quorum-sensing-controlled gene expres-
sion [Henke and Bassler 2004b; Waters and Bassler
2006]). In a IuxO D47E mutant, LuxO is in a constitu-
tively active form; hence, the grr genes are overex-
pressed. Likewise, there are high LuxO~P levels in the
double AI synthase mutant; consistent with this, Qrr
levels are twofold to 16-fold higher in this strain than in
the wild type. As a control, luxR mRNA levels were also
quantified in the same strains (Fig. 3). Our model pre-
dicts that luxR mRNA varies reciprocally with sRNA
levels. Indeed, IuxR expression was twofold higher in the
“locked” high-cell-density mutants luxO, rpoN, and hfq
than in the wild-type strain, and threefold and 20-fold
lower in the JuxO D47E and luxM IuxS mutants, respec-
tively. These IuxR levels are in agreement with previ-
ously measured LuxR protein and bioluminescence lev-
els for each of the V. harveyi strains shown (Lenz et al.
2004; Waters and Bassler 2006). We note that Qrr5 levels
differ marginally in the different quorum-sensing mu-
tants and we return to this point below.

To examine grr expression in cells transitioning from
low to high cell density, wild-type V. harveyi cells were
harvested at regular intervals along the growth curve,
and bioluminescence and grr expression were quantified.
The quorum-sensing-regulated bioluminescence profile
in wild-type V. harveyi exhibits a characteristic pattern:
Following overnight growth of the culture, cells are di-
luted, and subsequently the light output per cell de-
creases precipitously. This is due to dilution of the Als
below the level required to activate Iux expression. As
the culture grows, endogenously produced Als accumu-
late, and when a threshold AI level is reached, light
production commences and increases exponentially
(Fig. 4, open squares). Similar to what we observed for
IuxR and the Qrr sRNAs (Fig. 3), an inverse relationship
exists between the expression of the sSRNA genes and
light production. Specifically, the grr genes are expressed
at low cell density, and their expression decreases
as the cells reach high cell density, while light produc-
tion is minimal at low cell density and increases as the
cells achieve high cell density (Fig. 4). Interestingly,
at low cell density, each of the sSRNA genes is activated
to a different degree. Expression of grr4 shows the
most dramatic increase (>25-fold) followed by grr2, grr3,
and then grrl (18-fold, 14-fold, and eightfold, respec-
tively). grr5 does not exhibit density-dependent gene ex-
pression.
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Figure 4. Differential regulation of the Qrr sRNAs. Biolumi-
nescence and Qrr RNA levels were simultaneously measured in
wild-type V. harveyi BB120. (Open squares) Light production;
(closed squares) Qrrl; (closed diamonds) Qrr2; (closed triangles)
Qrr3; (closed circles) Qrr4; (crosses) Qrr5. Relative light units
are defined as counts per minute per milliliter per ODg,,. RNA
values are normalized to the first time point (i.e., at the initial
dilution). RNA measurements were assayed in quadruplicate.

The V. harveyi Qrr SRNAs function additively to
control quorum sensing

In order to expose the individual roles of the five SRNAs
in V. harveyi quorum sensing, we engineered quadruple-
deletion mutants that lacked all but one grr gene and
measured some representative quorum-sensing behav-
iors. We also constructed a quintuple mutant in which
all five grr genes were disrupted. As a reminder, in V.
cholerae, the four Qrr sRNAs are completely redundant,
and only the simultaneous deletion of all four grr sSRNAs
has any effect on repression of hapR expression and, in
turn, on quorum-sensing-controlled behaviors (Lenz et
al. 2004). To our surprise, the V. harveyi sSRNAs are not
redundant (Fig. 5A). Rather, we found that the presence
of each individual sSRNA causes V. harveyi to express a
distinct level of density-dependent bioluminescence,
suggesting that each sSRNA alone is capable of repressing
IuxR to a particular degree. The extent to which each
sRNA represses bioluminescence parallels its strength of
promoter expression, as shown in Figure 4. Specifically,
in order of descending promoter expression:
Qrr4 > Qrr2 > Qrr3 > Qrrl > Qrr5, an order that exactly
matches their individual strengths of Jux repression. We
interpret this to mean that, because grr4 is the most
highly expressed of the grr genes, Qrr4 is able to repress
IuxR to a greater extent than the other Qrrs. Therefore,
the density-dependent bioluminescence profile of the
grr4* mutant most closely resembles that of wild type
(Fig. 5A, closed circles). Combinations of single, double,
and triple grr mutants were also assayed for light pro-
duction, and the single mutants showed the greatest
amounts of lux repression, with repression decreasing as
additional grrs were inactivated (data not shown). It is
also notable that a strain containing only grr5 behaves
no differently than the quintuple grr-null mutant, fur-
ther indicating that grr5 is not expressed and therefore
does not regulate quorum sensing in V. harveyi under
the conditions of our experiments. Taken together, these
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results indicate that the V. harveyi sSRNAs act additively
to repress JuxR expression and that four of the five sR-
NAs are required for wild-type quorum-sensing behav-
ior.

Many genes are regulated by quorum sensing in V.
harveyi, some positively and some negatively. Biolumi-
nescence, which has been our focus up to this point, is
positively regulated by quorum sensing. It is of interest,
then, to consider Qrr control of a representative nega-
tively regulated gene to examine Qrr function in a re-
lated, but distinct, regulatory context. To accomplish
this, we monitored gfp expression from a promoter-gfp
transcriptional fusion made to a quorum-sensing-re-
pressed gene encoding a GGDEF-containing protein
called grgA (quorum-sensing regulated GGDEF) (Waters
and Bassler 2006; in that work, this clone was previously
known as #275). The expression pattern of the grgA-gfp
reporter fusion in the different grr mutants is opposite to
that of lux (Fig. 5B). Specifically, in wild type at low cell
density, grgA-gfp expression increases, and subsequently
expression decreases as the culture reaches high cell den-
sity. Among the grr mutants, qrgA-gfp expression was
highest in the Qrr4* strain, and decreasing expression
was observed in the order Qrr2*, Qrrl*, Qrr3*, Qrr5".
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Figure 5. The V. harveyi Qrr sRNAs function additively to
control quorum sensing. (A) Bioluminescence assays were per-
formed on the following V. harveyi strains: BB120 (wild type;
open squares), BB721 (luxO::Tnb; open diamonds), KT234
(Agrr2, Aqrr3, Aqrrd, qrr5::Cm; closed squares), KT212 (Aqrrl,
Aqrr3, Aqrrd, qrr5::Cm; closed diamonds), KT225 (Agrrl, Aqrr2,
Aqrr4, qrr5::Cm; closed triangles), KT215 (Aqrrl, Aqrr2, Aqrr3,
qrr5::Cmy; closed circles), KT133 (Aqrrl, Aqrr2, Aqrr3, Aqrr4;
crosses), and KT220 (Agrrl, Aqrr2, Aqrr3, Aqrr4, qrr5::Cm; open
circles). (B) Fluorescence production from a gqrgA-gfp transcrip-
tional fusion carried in trans the same V. harveyi strains as
shown in A and in JAF78 (luxO::Cm; open diamonds).
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Again, we presume that because grr4 is the most highly
expressed of the five grr genes, Qrr4 has the most pro-
nounced repressive effect on IuxR. Therefore, a LuxR-
repressed target is most highly expressed in a Qrr4*
strain. We note that expression of gqrgA-gfp is modestly
higher in the Qrrl* strain than in the Qrr3* strain (Fig.
5B, closed squares vs. closed triangles), and from Figures
4 and 5A we would predict the opposite pattern. How-
ever, only extremely low levels of grgA-gfp expression
occur in the Qrrl* and Qrr3* strains. This inconsistency
is likely due to a lack of sensitivity in our measurements
of low output from the reporter. Consistent with results
from Figures 4 and 5A, Figure 5B shows that there is no
detectable expression of grgA-gfp in the Qrr5" strain.
Likewise, our controls show that there is also no grgA-
gfp expression in the quintuple sSRNA mutant or in a
IuxO-null mutant. Again, these results suggest that Qrr5
does not function in quorum-sensing-controlled gene
regulation. Based on these data, we propose that a bal-
ance exists between the combined levels of the Qrr sR-
NAs and the JuxR mRNA and that Als control V. harveyi
quorum-sensing gene expression by altering this balance.
At low cell density, the sSRNAs outnumber and titrate
out the luxR mRNA, while at high cell density this bal-
ance is reversed and the JuxR mRNA wins out.

A balance between SRNAs and luxR mRNA
in V. harveyi

To test the above titration model, we artificially altered
the balance between the Qrr sRNAs and JuxR mRNA in
V. harveyi and monitored the effect on quorum sensing
using bioluminescence as the readout (Fig. 6). First, we
transformed wild-type V. harveyi with a low-copy plas-
mid carrying luxR under its native promoter and mea-
sured bioluminescence over time (Fig. 6A). Over the
growth curve, the strain containing additional copies of
IuxR produced from threefold to 24-fold more light per
cell than did the wild-type strain containing the vector
alone. This result suggests that the increased IuxR
mRNA titrated out the Qrr sSRNAs at low cell density,
leading to increased LuxR production and, consequently,
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increased bioluminescence expression. In the reciprocal
experiment, we increased the levels of one of the Qrr
sRNAs relative to the luxR mRNA. Specifically, we in-
troduced grr4 into wild-type V. harveyi on the same low-
copy plasmid we used in the preceding IuxR experiment.
Increased expression of grr4 reduced light production per
cell by as much as fourfold throughout growth (Fig. 6B).
This result suggests that the balance between the sSRNAs
and JuxR mRNA was shifted in favor of the sSRNAs, lead-
ing to reduced luxR mRNA and, in turn, to reduced bio-
luminescence expression. We performed exactly analo-
gous titration experiments with luxR and grr1-3 and ob-
tained essentially the same results as those shown in
Figure 6 for IuxR and qrr4. We assume that quorum-
sensing targets other than lux would be similarly af-
fected in analogous IuxR or grr multicopy experiments.

Examination of the function of Qrr5

One peculiar finding is that, although similar to the
other Qrr sRNAs, Qrr5 appears not to function in V.
harveyi (Figs. 4, 5). This finding is especially curious
given that V. cholerae does not possess a Qrr5 homolog.
It is possible that Qrr5 may be a nonfunctional evolu-
tionary vestige in those Vibrio species that still possess
it. To explore this possibility, we constructed transcrip-
tional gfp fusions to all five V. harveyi grr promoters and
transformed them into an E. coli strain carrying luxO
D47E. As mentioned, luxO D47E is a constitutively ac-
tive allele of LuxO. Figure 7 shows that all five of the Qrr
promoters are readily activated by luxO D47E in E. coli
(15- to 40-fold). No gfp expression was observed from the
qrr-gfp fusions in the absence of luxO D47E (data not
shown). To account for the finding that grr5 is expressed
in E. coli but not in V. harveyi, we suggest that a repres-
sor function that is not present in E. coli exists in V.
harveyi and keeps qrr5 expression off. This possibility is
addressed further in the Discussion.

To determine whether Qrr5 can function in V. har-
veyi, we overexpressed it or its antisense under a consti-
tutive promoter. As controls, we performed the same
experiments with Qrr4 and the Qrr4 antisense RNA.
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Figure 6. Titration of JuxR mRNA and Qrr sRNAs. (A) Bioluminescence assays of wild-type V. harveyi BB120 containing pLAFR2
(solid line, open squares), luxR on pLAFR2 (dotted line, closed diamonds). (B) Wild-type V. harveyi BB120 containing pLAFR2 (solid

line, open squares), grr4 on pLAFR2 (dotted line, closed circles).
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Figure 7. Expression of grr genes in E. coli. Fluorescence pro-
duction from promoter-gfp fusions of each of the five grr genes
in E. coli carrying luxO D47E. E. coli strains: KT1007 (vector
control), KT1138 (qrrl-gfp), KT1140 (qrr2-gfp), KT1142 (qrr3-
gfp), KT1144 (qrrd-gfp), KT1146 (qrr5-gfp).

When Qrr4 is overproduced, light production per cell de-
creases ~100-fold, whereas overproduction of the Qrr4
antisense RNA has no effect on light output (Fig. 8).
Similarly, Qrr5, but not the Qrr5 antisense, represses
light production following overproduction (>200-fold).
Furthermore, Qrr5 functions through the known quo-
rum-sensing pathway because, identically to when grr4
is overexpressed, LuxR protein levels decrease in cells
overexpressing grr5, as measured by Western blot (Fig. 8,
bottom panel). Together, these results show that, if pro-
duced, Qrr5 functions analogously to Qrrl—4 in the post-
transcriptional regulation of IuxR and, in turn, in light
production. Thus, it appears that the reason mutation of
qrr5 causes no obvious quorum-sensing phenotype in
vivo is due to its lack of expression and not to any defect
in its function. Consistent with this interpretation, close
inspection of the grr5 promoter region reveals that its
predicted LuxO-binding sites each differ from the con-
sensus binding site by one base (TTGCGATTTGCAA,
TTGCAATATGCAT). All of the other grr genes contain
at least one perfect LuxO-binding site (TTGCAW,T
GCAA). Additionally, the locations of the tandem LuxO-
binding sites for qrr5 are 125 and 145 base pairs (bp)
upstream of the transcription start site. For the other grr
genes, the LuxO-binding sites lie 95-110 bp upstream of
the start sites. Because LuxO likely activates transcrip-
tion through a DNA looping mechanism (Wyman et al.
1997; Lilley and Bassler 2000), it is possible that the
binding site shift, coupled with the alterations in the
binding site sequence, severely impair grr5 expression in
vivo. Nonetheless, LuxO-~P is sufficient to activate grr5
expression in E. coli. This result is discussed further be-
low.

Qrr sSRNAs allow a rapid response to changes
in cell density

The multiple Qrr sRNAs constitute a post-transcrip-
tional regulatory mechanism that acts at the core of the
quorum-sensing circuit in V. harveyi. A sRNA-mediated
regulatory mechanism could facilitate extremely rapid

Small RNA control of quorum sensing

transitions between individual and community behav-
iors. Specifically, unlike proteins, which require tran-
scription and translation, regulatory RN As, because they
are small and only require transcription, can be produced
rapidly, and they can likewise be eliminated rapidly
through degradation (Masse et al. 2003a). To study how
rapidly the Qrrs respond to fluctuations in Al concentra-
tions, we added exogenous Als to a V. harveyi double Al
synthase mutant and subsequently monitored biolumi-
nescence. Additionally, following the initial increase in
bioluminescence expression that occurred in response to
the Als, half of the test culture was washed with fresh
medium to eliminate Als and simulate an immediate
shift from the high- to the low-cell-density state. The
second half of the culture was washed in its own cell-free
spent culture fluid so the AI concentration would not
change. To follow the molecular events that occur in
response to Al changes, we subsequently measured grr
expression, LuxR protein levels, and bioluminescence at
different time points. As expected, expression of biolu-
minescence was triggered by the exogenous addition of
Als. Bioluminescence increased over four orders of mag-
nitude within 3 h following AI addition (Fig. 9A, closed
circles). Removal of the Als resulted in an 80-fold de-
crease in bioluminescence in 2 h (Fig. 9A, closed circles,
after wash). LuxR protein levels showed a pattern similar
to that of bioluminescence: Following Al addition, LuxR
increased eightfold in 3 h, and upon AI removal, LuxR
decreased 20-fold in 2 h (Fig. 9B). Using quantitative real-
time PCR, we also established the relationship between
grr and IuxR expression over the time course. Within 30
min after Al addition, expression of grrl-4 decreased
maximally, although to varying degrees. Specifically, the
different Qrr sRNA levels decreased between twofold
and 20-fold within 30 min (Fig. 9C, open symbols),
whereas JuxR expression increased maximally over five-
fold during the same period (Fig. 9C, closed diamonds).
By contrast, immediately following removal of Als, grr
expression increased to above pre-Al-addition levels
while uxR expression declined to below initial levels.
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Figure 8. Overexpression of grr4 and qrr5 in V. harveyi. Wild-
type V. harveyi BB120 was transformed with a vector (KT145) or
the vector overexpressing grr4 (KT153), grr5 (KT149), grrd an-
tisense (KT155), or grr5 antisense (KT151). (Bottom panel) LuxR
protein was measured by Western blotting.
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Figure 9. Qrr levels fluctuate rapidly in response to changing
Al concentrations. (A) Bioluminescence expression in response
to Als. HAI-1 and AI-2 were added at saturating concentrations
(5.3 uM and 12.5 pM, respectively) to KM413 (luxM, luxS). Bio-
luminescence was measured every 30 min for 3 h, after which
time the culture was divided in half. One half was washed with
fresh medium (closed circles, after wash) and the other half was
washed in cell-free spent medium (open circles, after wash), and
bioluminescence measurements were taken for 2 h thereafter.
(B) LuxR protein levels in response to Als. Cells were harvested
as in A and adjusted for ODy,, and LuxR protein levels were
determined using Western blotting. (C) Quantitative measure-
ment of Qrr sSRNAs and JuxR mRNA in response to Als. RNA
was isolated at the time points in A and B and quantified.
(Closed diamonds) IuxR; (open squares) Qrrl; (open diamonds)
Qrr2; (open triangles) Qrr3; (open circles) Qrr4; (crosses) Qrr5.
RNA levels were normalized to the first time point, and fold
changes are plotted. Samples were assayed in quadruplicate.

These results suggest that the sSRNAs are instrumental
in mediating a rapid response in the form of alterations
in luxR levels and, hence, downstream gene expression.
We note that, as predicted from the results in Figures 4
and 5, expression levels of grr5 did not change following
addition or removal of Als (Fig. 9C, crosses).

Discussion

Bacteria have mechanisms equipping them to respond to
fluctuating environmental conditions, such as changes
in nutrient levels, acidity, osmolarity, and cell density.
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In the final case, quorum sensing enables bacteria to per-
ceive changes in their population numbers and to selec-
tively alter gene expression in response to fluctuations in
cell density. In Vibrio species, multichannel signal-
transduction circuits regulate quorum-sensing-con-
trolled gene expression. In V. cholerae, four sSRNAs act
redundantly to control quorum-sensing gene expression
by destabilizing the mRNA encoding the master quo-
rum-sensing transcriptional regulator, HapR (Lenz et al.
2004). Here, in a closely related but surprisingly differ-
ently operating system, we identify five sSRNAs in V.
harveyi that act additively to control quorum sensing by
altering translation of the master transcriptional regula-
tor, LuxR (Fig. 1). Mutational analysis of these sRNAs
revealed that only four of the five V. harveyi Qrr sSRNAs
are required to destabilize the luxR mRNA, and thus to
control quorum sensing (Fig. 5).

Bacterial regulatory RNAs participate in a broad range
of cellular processes, including carbon storage and utili-
zation, response to oxidative stress, and the transition to
stationary phase (Wassarman 2002; Repoila et al. 2003).
Many trans-acting sRNAs require the RNA chaperone
Hifq, and the pairing of a particular sSRNA with its target
mRNA can inhibit translation either by occluding ribo-
some binding or by stimulating degradation of the tar-
geted mRNA (Moller et al. 2002; Moll et al. 2003; Storz
et al. 2004). We know that Hfq is required for Qrr-regu-
lated quorum sensing (Lenz et al. 2004), and based on the
striking similarity between the V. harveyi Qrr sSRNA se-
quences, and their complementarity to the IuxR pro-
moter, we hypothesize that the Qrr sSRNAs control IuxR
expression via a coupled degradation mechanism (Masse
et al. 2003a). This stoichiometric mode of action means
that regulation by sRNAs is tightly coupled to their syn-
thesis, which in turn is tightly coupled to the activity of
particular transcriptional regulators. When sRNA pro-
duction terminates, the SRNAs are rapidly consumed, so
no other mechanism of turnover is required. We propose
that, in V. harveyi, high levels of LuxO-~P trigger qrr
expression at low cell density. Accumulated Qrr sSRNAs
pair with JuxR mRNA transcripts, and the resulting
sRNA-mRNA complexes are subsequently degraded.
Thus, the production of multiple sSRNAs permits exqui-
site control over the level of luxR mRNA that can, in
turn, be translated into LuxR protein.

The effect of the Qrr sSRNAs is of great consequence—
initiating, ultimately, a major reprogramming of cell
physiology in response to changing cell density. We hy-
pothesize that V. harveyi maintains a tight balance be-
tween levels of sSRNAs and JuxR mRNA, and, in re-
sponse to changing Al levels, V. harveyi alters target
gene expression through the tailored regulation of the
genes encoding the multiple Qrr sSRNAs (Fig. 1). In turn,
the sRNAs collectively enable the cell to maintain a
tight rein on levels of LuxR. Other data suggest that all
50 of the quorum-sensing target genes in the V. harveyi
regulon are directly or indirectly controlled by LuxR
(Waters and Bassler 2006). Thus, Qrr regulation of JuxR
ultimately dictates the strength and temporal patterns of
all the members of the quorum-sensing regulon. We pro-



pose that differential gene expression can occur in re-
sponse to different combinations of Als because these
impinge on LuxR, which is limiting in the cell and has
particular affinities for its various target promoters (Wa-
ters and Bassler 2006).

Real-time analysis of grr expression during the transi-
tion from low to high cell density shows that each of the
five grr genes is expressed to a different degree, but in a
pattern that is reciprocal to that for light production (Fig.
4). This result suggests that each grr promoter likely has
a different affinity for LuxO~P, which we partially attrib-
ute to differences in their LuxO consensus binding sites
(Fig. 2). The expression patterns of the five V. harveyi qrr
promoter-gfp fusions in E. coli carrying luxO D47E differ
from their corresponding expression patterns in V. har-
veyi. Most notably, grr5 does not exhibit density-depen-
dent gene expression in V. harveyi (Fig. 4, x marks), and
does not affect quorum-sensing behaviors following mu-
tation (Fig. 5), and we know this is not due to limiting
levels of LuxO in the cell (K. Tu and B. Bassler, unpubl.).
The grr5 promoter is, however, readily activated in E.
coli expressing luxO DA47E (Fig. 7, rightmost bar). More-
over, as discussed above, when Qrr5 is artificially over-
expressed, it can repress luxR mRNA translation in vivo
(Fig. 8). Although we have not yet identified any regula-
tory role for grr5 in V. harveyi, we interpret this to mean
that, if Qrr5 were expressed in V. harveyi, quorum sens-
ing would be affected. We propose that in V. harveyi,
species-specific regulators exist that are not present in E.
coli, and they function to control grr5 expression. Spe-
cifically, our data suggest the presence of a repressor that
inhibits grr5 expression in V. harveyi under our experi-
mental conditions.

Other regulators could likewise function at grrl—4 to
uniquely tailor their expression. We note that expression
of the five grrs in E. coli carrying luxO D47E does not
follow the same pattern as in V. harveyi (Fig. 7). In V.
harveyi, the strength of grr expression follows in the
order grr4, qrr2, qrr3, qrrl, and grr5 (Fig. 4), whereas in E.
coli the strength of grr expression follows the order grr3,
qrrd, qrrl, qrr5, and grr2 (Fig. 7). Consistent with this,
initial bioinformatics analysis using hidden Markov
models of known transcription factor-binding sites in
prokaryotes reveals that there are putative binding mo-
tifs in several of the upstream regions adjacent to the
Vibrio qrr genes, and these regions differ for the different
qrrs. Presumably, these sites function as binding sites for
additional regulatory factors. If so, such regulators could
furnish additional links from the environment to the
system controlling quorum sensing. We are currently
performing genetic screens in V. harveyi to identify ad-
ditional regulators of each of the five SRNA genes and to
determine under what conditions grr5 is expressed in
Vivo.

V. harveyi, V. parahaemolyticus, and V. vulnificus all
contain grr5 and are closely related organisms, whereas
V. cholerae, which is more distantly related, harbors
only grr1-4. The genes flanking grr5 are not conserved
across the three Vibrio species, but those flanking the
other four grr genes are conserved for the most part.

Small RNA control of quorum sensing

These data suggest that grr5 emerged most recently by
duplication and may be classified as a species-specific
qrr.

In order to begin to understand the advantage of par-
titioning control of quorum sensing over multiple
sRNAs versus one sRNA, we sought to determine the
role of each sRNA in V. harveyi by deleting each indi-
vidually and in combinations. Our previous work in V.
cholerae established that each of the four Qrrs alone is
perfectly sufficient to control quorum sensing. Surpris-
ingly, the V. harveyi sRNAs do not act redundantly.
Here, we find that if any one of four (qrr1-4) regulatory
sRNAs is present, V. harveyi remains capable of quorum
sensing, albeit altered to a particular degree (Fig. 5). Our
observations suggest that each sSRNA has the ability to
repress luxR to a different level, and we suspect that this
depends on the particular grr gene promoter strength.
Specifically, grr4 is more highly expressed than the other
grr genes at low cell density (Fig. 4), and it follows that,
when only grr4 is expressed at low cell density, it has the
most pronounced effect on repression of luxR (Fig. 5).
qrr2 ranks second in Al-influenced alteration, followed
by qrr3, grrl, and finally, grr5. The strength of Qrr con-
trol over a representative quorum-sensing-repressed tar-
get gene follows an identical pattern (Fig. 5B), suggesting
that this regulatory hierarchy can be extended to the
entire V. harveyi quorum-sensing regulon. Thus, V. har-
veyi has presumably evolved multiple sSRNAs by dupli-
cation, and further, grrl is likely the original SRNA gene
because it is adjacent to luxO. The high sequence simi-
larity between the five grr genes suggests that they have
evolved to maintain complementary base-pairing with
the IuxR 5'UTR. However, the lack of sequence similar-
ity in the promoter regions of the V. harveyi qrr genes
suggests that their specific regulation has been adapted
to the differing environmental needs of the organism.
Differential regulation of each sSRNA gene has the ad-
vantage of enabling fine-tuned control of LuxR levels
under a variety of environmental circumstances and in
the diverse niches V. harveyi occupies. Moreover, the
presence of multiple sSRNAs functioning additively on a
single target could confer increased precision in the con-
trol of gene expression by enabling subtle shifts in the
control of LuxR. We also suggest that differences in the
timing of expression of each grr (Figs. 5, 6) may influence
the accuracy of the control of downstream gene expres-
sion in response to fluctuations in Al levels.

The phenomenon of multiple SRNAs regulating a par-
ticular developmental biological process is not restricted
to prokaryotes. MicroRNAs (miRNAs) confer post-tran-
scriptional gene regulation in plants and animals by
binding to complementary sequences in the 3'UTRs of
messenger RNAs and directing either degradation of the
mRNAs or inhibition of their translation (Ambros 2004).
miRNAs constitute one of the most abundant classes of
regulators, controlling many developmental processes
including cell proliferation, differentiation, and morpho-
genesis (Ambros 2004). miRNAs are estimated to com-
prise 1% of predicted genes in higher eukaryotic ge-
nomes, and up to 10%-30% of genes might be regulated
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by miRNAs (Bartel 2004). Analogous to the situation in
Vibrios, in eukaryotes, multiple miRNAs can act on a
single target. For example, multiple miRNAs of the let-7
family have been shown to function in combination to
affect both early and late developmental timing in C.
elegans by repressing a shared target (Abbott et al. 2005).
Many other genes are also predicted to have multiple
miRNAs targeting their expression, some of which may
be targeted by as many as six miRNAs (Cui et al. 2006).
Taken together, these results suggest that regulatory
RNAs have evolved to play important roles in both pro-
karyotes and eukaryotes to fine-tune gene expression for
coordinating critical transitions during development.

Although regulation by multiple sRNAs occurs in
both prokaryotes and eukaryotes, it is clear that differ-
ences in sRNA-mediated control exist even in closely
related species. In the case of the Vibrios, it is difficult to
account for the striking difference between how the Qrr
sRNAs function in V. harveyi and V. cholerae. Both spe-
cies couple the information from multiple Als into a
similar shared two-component regulatory circuit to con-
trol the transcription of multiple genes encoding sSRNAs.
The sRNAs, in turn, control translation of the master
regulators of quorum sensing, LuxR and HapR, respec-
tively. However, using nearly identical regulatory re-
sources, V. cholerae and V. harveyi have evolved dra-
matically different mechanistic solutions for luxR/hapR
regulation. The V. cholerae sRNAs are functionally re-
dundant, suggesting that, when present, the concentra-
tion of each Qrr is at least as high as that of the hapR
mRNA. By contrast, the V. harveyi Qrr sRNAs act addi-
tively, suggesting that cumulatively their concentra-
tions equal that of luxR mRNA. Some of the down-
stream quorum-sensing target genes are identical in both
species, whereas others are unique to each organism. Al-
though all Vibrios are aquatic, they have evolved distinct
lifestyles in the course of colonizing unique environ-
mental niches (Thompson et al. 2004). V. cholerae is a
major human pathogen, yet in aquatic environments it is
found associated with zooplankton and in the chitinous
exoskeletons of crustaceans (Reen et al. 2006). V. harveyi
is a serious pathogen of marine fishes and invertebrates
but not of humans (Austin and Zhang 2006). Given the
different environments and survival needs of these two
organisms, it seems naturally advantageous to generate
unique solutions for optimizing gene regulation. We pro-
pose that related species can accomplish this by tinker-
ing with some master set of basic regulatory components
and their interactions.

Finally, we suggest that the V. harveyi Qrr regulators
function as a fast-acting, reversible switch in response to
Als. sSRNA molecules can be synthesized quickly, and
translation is not required, so production is a one-step
process. Similarly, Qrr concentrations can be rapidly re-
duced through degradation (Fig. 9). Thus, we suggest that
a competition takes place between the sSRNAs and uxR
mRNA in the cell. luxR transcription is relatively steady
(Showalter et al. 1990; Chatterjee et al. 1996); however,
production of sRNAs increases or decreases depending
on Al levels (Lenz et al. 2004). Hence, the Qrr sRNAs act
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like a dial to tune the levels of LuxR to the needs of the
community (Fig. 1). Tipping the balance in favor of the
Qrr sRNAs causes the cells to exhibit a low-cell-density
state and act as individuals, whereas tipping the balance
in favor of luxR switches the cells to high-cell-density
mode, and the community acts in unison. By virtue of
their additivity, their varying affinities for LuxO~P, and
additional regulators that may impinge on their expres-
sion, the five Qrr sRNAs in V. harveyi enable numerous
subtle regulatory shifts and, consequently, furnish pre-
cise, customizable control over quorum-sensing gene ex-
pression.

Materials and methods

Bacterial strains and growth conditions

All V. harveyi strains are derived from BB120 (Bassler et al.
1997) and were grown aerobically at 30°C in Luria-marine (LM)
broth. E. coli S17-1\pir was used to propagate plasmids at 37°C
in LB medium. The following antibiotics were used: ampicillin
(Amp), 100 pg/mL; tetracycline (Tet), 10 pg/mL; kanamycin
(Kan), 100 pg/mL; chloramphenicol (Cm), 10 pg/mL; gentami-
cin (Gent), 100 pg/mL; and polymyxcin B (Pb), 50 U/mL. Bac-
terial growth was monitored by measuring optical density at
600 nm.

DNA manipulations

All DNA manipulations were performed using standard proce-
dures (Sambrook et al. 1989). Herculase Enhanced DNA poly-
merase (Stratagene) was used for PCR cloning reactions, and
Taq polymerase (Roche) was used for all other PCR reactions.
dNTPs, restriction endonucleases, and T4 DNA ligase were ob-
tained from New England BioLabs. DNA purification kits were
provided by Qiagen. Primer sequences are available on request.
V. harveyi deletions were constructed using previously de-
scribed methods (Datsenko and Wanner 2000) and construc-
tions were introduced onto the V. harveyi chromosome by al-
lelic replacement (Bassler et al. 1993). grr-gfp promoter fusions
were cloned into pSLS3, a derivative of pCMW1 (Waters and
Bassler 2006), using the Bell and Sall sites. grr-gfp plasmids were
transformed into JAF1822 carrying IuxO D47E on pLAFR2 cos-
mid. Each promoter contains 275 bp upstream of the predicted
+1 sites of the grr genes. Plasmids were transformed into E. coli
in 0.2-cm electroporation cuvettes (USA Scientific) using a Bio-
Rad Micro Pulser. Plasmids and cosmids were introduced into
V. harveyi by conjugation, and exconjugants were selected us-
ing the appropriate antibiotics and polymyxin B. grr4 and qrr5
overexpression constructs were generated by cloning the sSRNA
genes into the EcoRI site in pKK177-3R1. Overexpression plas-
mids were electroporated directly into V. harveyi.

Genetic screen to identify SRNA genes in V. harveyi

A random V. harveyi promoter-gfp library (Waters and Bassler
2006) was transformed into E. coli strain KM 1039 carrying luxO
DA47E on the pLAFR2 cosmid. Transformants were grown 14-16
h and sorted for gfp production on a Becton Dickinson FACS
Vantage cell sorter. gfp-positive cells were grown overnight and
resorted to enrich the population to near 100% gfp positive.
Plasmids were isolated from the gfp-positive cells and trans-
formed into E. coli strain JAF1522 carrying IuxO D47A on



pLAFR2. Transformants were grown 14-16 h and sorted for lack
of gfp expression. Multiple rounds of sorting were performed to
enrich for gfp-negative cells. Approximately 10,000 events were
sorted and plated. Individual colonies were isolated and ana-
lyzed in 96-well plates, and GFP production was measured on a
1420 Victor®> multilabel counter (Wallac). Plasmids were iso-
lated from individual clones expressing low levels of gfp in
JAF1522 and transformed into KM1039. gfp expression profiles
were screened side by side for candidates that showed differen-
tial expression in KM1039 and JAF1822. Gene identities were
determined using BLAST-n analysis. DNA fragments contain-
ing promoter sequences of the grr genes were used to probe a V.
harveyi cosmid bank for flanking DNA regions to use in muta-
genesis experiments.

Bioluminescence assays

V. harveyi bioluminescence expression was measured in an as-
say that has been described previously (Bassler et al. 1993).
Briefly, V. harveyi cultures were grown for 14 h in LM medium
at 30°C with aeration and supplemented with antibiotics if nec-
essary to maintain plasmids. The cultures were diluted 1:5000,
and light production and ODg,, were measured every 45 min
thereafter. Relative light units are defined as counts per minute
per milliliter per ODgypnm. Bioluminescence assays were per-
formed a minimum of three times. The data in the figures are
representative of the trials and did not differ significantly. For
qrr4 and qrr5 overexpression experiments, cultures were grown
in triplicate for 14 h, diluted 1:100, and grown for an additional
3 h, after which bioluminescence measurements were taken.

Western blot analysis

Western blot analysis was performed as previously described
(Henke and Bassler 2004a). Membranes were exposed to a LuxR
polyclonal antibody (Lenz et al. 2004). LuxR protein was quan-
tified using an Alpha Innotech Fluor Chem SP chemilumines-
cence image analysis system, ensuring that protein levels were
not saturated.

Quantitative real-time PCR analysis

RNA was isolated from V. harveyi using the Ribo-Pure-Bacteria
kit (Ambion). RNA was quantified on a NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies). Samples were
treated with DNase I (Roche) in reactions containing 10x PCR
buffer (ABI) and 25 mM MgCl, (ABI). cDNA was generated in a
100-pL reaction containing 1 pg of RNA, 5x First Strand Buffer
(Invitrogen), 100 mM DTT (Invitrogen), 10 mM dNTPs (ABI),
random hexamers (Roche), and SuperScript I reverse transcrip-
tase (Invitrogen). Reactions were completed in a thermocycler
for 10 min at 25°C, for 50 min at 42°C, and for 10 min at 72°C.
To control for genomic DNA contamination, identical reactions
were performed in the absence of RT enzyme. Real-time PCR
reactions were performed on an ABI Prism 7900HT Sequence
Detection System. Reactions were carried out in 384-well opti-
cal reaction plates (ABI) in quadruplicate with 2x Sybr Green
mix (ABI). Ten microliters were loaded into each well using a
Beckman Coulter Biomek FX machine. Real-time PCR primers
were designed using Primer Express 2.0 (ABI Software) and are
available on request. hfg or rpsL genes were used as endogenous
loading controls for the reactions, and RNA levels were quan-
tified using absolute quantification (standard curve analysis).

ofp expression analysis

All gfp expression analyses were performed on a Becton Dick-
inson FACSAria cell sorter and data were analyzed using FACS
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Diva software. The gfp allele used as a transcriptional reporter
was an unstable variant described previously (Andersen et al.
1998). For monitoring qrgA-gfp expression in V. harveyi, cul-
tures were grown 14 h and diluted 1:250,000, and time points
were taken every hour over the growth curve. For grr-gfp ex-
pression in E. coli, cultures were grown in triplicate for 14 h,
diluted 1:100, and allowed to grow for an additional 3 h, after
which measurements were taken.

Al assay

V. harveyi strain KM413 (luxM, luxS) was grown for 14 h, di-
luted 1:100, and allowed to continue to grow to OD ~0.1. At
that time, HAI-1 (5.3 uM) and AI-2 (12.5 uM) were added. Bio-
luminescence measurements were taken every 30 min. Cells
were collected and used to measure LuxR protein and RNA
levels. After 3 h, the culture was divided in half; one half was
washed twice in fresh prewarmed medium, and the other half
was washed twice with warmed cell-free spent culture fluid.
Bioluminescence, LuxR, and RNA were monitored in both cul-
tures for an additional 2 h at 30-min intervals.
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