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■ Abstract Quorum sensing is the regulation of gene expression in response
to fluctuations in cell-population density. Quorum sensing bacteria produce and
release chemical signal molecules called autoinducers that increase in concentration
as a function of cell density. The detection of a minimal threshold stimulatory con-
centration of an autoinducer leads to an alteration in gene expression. Gram-positive
and Gram-negative bacteria use quorum sensing communication circuits to regulate a
diverse array of physiological activities. These processes include symbiosis, virulence,
competence, conjugation, antibiotic production, motility, sporulation, and biofilm for-
mation. In general, Gram-negative bacteria use acylated homoserine lactones as au-
toinducers, and Gram-positive bacteria use processed oligo-peptides to communicate.
Recent advances in the field indicate that cell-cell communication via autoinducers
occurs both within and between bacterial species. Furthermore, there is mounting data
suggesting that bacterial autoinducers elicit specific responses from host organisms.
Although the nature of the chemical signals, the signal relay mechanisms, and the target
genes controlled by bacterial quorum sensing systems differ, in every case the ability to
communicate with one another allows bacteria to coordinate the gene expression, and
therefore the behavior, of the entire community. Presumably, this process bestows upon
bacteria some of the qualities of higher organisms. The evolution of quorum sensing sys-
tems in bacteria could, therefore, have been one of the early steps in the development of
multicellularity.
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INTRODUCTION

Quorum sensing was discovered and described over 25 years ago in two luminous
marine bacterial species,Vibrio fischeriandVibrio harveyi(104). In both species
the enzymes responsible for light production are encoded by the luciferase struc-
tural operonluxCDABE(32, 98), and light emission was determined to occur only
at high cell-population density in response to the accumulation of secreted autoin-
ducer signaling molecules (104). Until recently, only a few other cases of bacterial
regulation of gene expression in response to cell-cell signaling were known. For
example, antibiotic production byStreptomycesspp. (21), conjugation inEntero-
coccus faecalis(25), and fruiting body development inMyxococcus xanthus(27)
were also recognized to be controlled by intercellular signaling. These bacterial
communication systems were considered anomalous, and in general, bacteria as a
whole were not believed to use cell-cell communication. Rather, the exchange of
chemical signals between cells/organisms was assumed to be a trait highly char-
acteristic of eukaryotes. The recent explosion of advances in the field of cell-cell
communication in bacteria has now shown that many or most bacteria probably
communicate using secreted chemical molecules to coordinate the behavior of
the group. Furthermore, we now know that a vast assortment of different classes
of chemical signals are employed, that individual species of bacteria use more
than one chemical signal and/or more than one type of signal to communicate,
that complex hierarchical regulatory circuits have evolved to integrate and pro-
cess the sensory information, and that the signals can be used to differentiate
between species in consortia. It seems clear now that the ability to communicate
both within and between species is critical for bacterial survival and interaction in
natural habitats.
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GRAM-NEGATIVE BACTERIA: LUXI/LUXR-TYPE
QUORUM SENSING

In the past decade quorum sensing circuits have been identified in over 25 species
of Gram-negative bacteria (for review see 5, 22, 41, 111). In every case except
those ofV. harveyiandM. xanthusthe quorum sensing circuits identified in Gram-
negative bacteria resemble the canonical quorum sensing circuit of the symbiotic
bacteriumV. fischeri. Specifically, these Gram-negative bacterial quorum sensing
circuits contain, at a minimum, homologues of twoV. fischeriregulatory proteins
called LuxI and LuxR. The LuxI-like proteins are responsible for the biosynthesis
of a specific acylated homoserine lactone signaling molecule (HSL) known as an
autoinducer. The autoinducer concentration increases with increasing cell-popu-
lation density. The LuxR-like proteins bind cognate HSL autoinducers that have
achieved a critical threshold concentration, and the LuxR-autoinducer complexes
also activate target gene transcription (31–33). Using this quorum sensing mecha-
nism, Gram-negative bacteria can efficiently couple gene expression to fluctuations
in cell-population density. Among the 25 species of bacteria that mediate quorum
sensing by means of a LuxI/LuxR-type circuit, theV. fischeri, Pseudomonas aerug-
inosa, Agrobacterium tumefaciens, andErwinia carotovorasystems are the best
understood, and descriptions of each of these systems are provided below. In these
descriptions we have attempted to point out both the similarities and the differences
between the regulatory networks. Presumably, differences in regulation of the var-
ious LuxI/LuxR-like circuits reflect the evolution of the progenitor LuxI/LuxR
circuit to modern networks that are precisely adapted for a particular bacterium
living in a specialized niche.

The Vibrio fischeri LuxI/LuxR Bioluminescence System

The most intensely studied quorum sensing system is that of the bioluminescent
marine bacteriumV. fischeri. This bacterium lives in symbiotic association with a
number of eukaryotic hosts. In each case the host has developed a specialized light
organ that is inhabited by a pure culture of a specific strain ofV. fischeriat very high
cell density. In these symbiotic associations the eukaryotic host suppliesV. fischeri
with a nutrient-rich environment in which to live. The role ofV. fischeriis to provide
the host with light (for review see 135, 136, 163). Each eukaryotic host uses the light
provided by the bacteria for a specific purpose. For example, in the squidEuprymna
scolopes–V. fischeriassociation, the squid has evolved an antipredation strategy
in which it counter-illuminates itself using the light fromV. fischeri. Counter-
illumination enables the squid to avoid casting a shadow beneath it on bright clear
nights when the light from the moon and stars penetrates the seawater (136, 163).
In contrast, the fishMonocentris japonicususes the light produced byV. fischeri
to attract a mate. In this case two luminescent regions exist on the fish that are
apparently seductive to fish of the opposite sex. Other uses for theV. fischerilight,
such as warding off predators and attracting prey, have also been documented
(104).
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Regardless of the purpose for which the eukaryotic host has adapted the light,
the regulation of light production byV. fischeri in the specialized light organs
is identical. Light emission is tightly correlated with the cell-population density
of the bacterial culture in the organ, and this phenomenon is controlled by quo-
rum sensing. In the light organ theV. fischericulture grows to extremely high
cell densities, reaching 1011 cells per ml (107). As theV. fischericulture grows,
it produces and releases an autoinducer hormone into the extracellular environ-
ment, and the hormone is trapped inside the light organ with the bacteria. The
specialized eukaryotic light organ is the only niche in which the autoinducer
molecule is predicted to accumulate to any significant concentration and thus
act as a signal. Accumulation of the autoinducer is assumed to communicate to
the bacteria that they are “inside” the host as opposed to “outside” in the sea-
water. Detection of the autoinducer byV. fischerielicits a signaling cascade that
culminates in the emission of light (31). Thus, the quorum sensing system of
V. fischerihas evolved to specifically enable the bacteria to produce light only
under conditions in which there is a positive selective advantage for the light.

As mentioned above, the luciferase enzymes required for light production in
V. fischeriare encoded byluxCDABE, which exists as part of theluxICDABE
operon (31, 85). Two regulatory proteins called LuxI and LuxR comprise the
quorum sensing apparatus. LuxI is the autoinducer synthase enzyme, and it acts
in the production of an HSL,N-(3-oxohexanoyl)-homoserine lactone (28, 32).
LuxR functions both to bind the autoinducer and to activate transcription of the
luxICDABE operon (31, 55, 137, 149–151). Figure 1 shows the quorum sensing
system ofV. fischeri. Specifically, at low cell densities, theluxICDABEoperon
is transcribed at a low basal level. Therefore, a low level of autoinducer is pro-
duced (vialuxI ), and because the genes encoding luciferase are located directly
downstream of theluxI gene, only a low level of light is produced (31). The HSL
autoinducer is freely diffusible across the cell membrane, so the concentration of
autoinducer in the extracellular environment is the same as the intracellular con-
centration of the autoinducer (73). As theV. fischericulture grows, autoinducer
accumulates to a threshold level (∼1–10µg/ml) that is sufficient for detection and
binding by the cytoplasmic LuxR protein (28). Interaction of LuxR with the auto-
inducer unmasks the LuxR DNA binding domain, allowing LuxR to bind the
luxICDABEpromoter and activate its transcription (55). This action results in an
exponential increase in both autoinducer production and light emission. The LuxR-
HSL complex also acts to negatively regulate expression ofluxR. This negative
feedback loop is a compensatory mechanism that decreasesluxICDABEexpression
in response to the positive feedback circuit (31).

The Pseudomonas aeruginosa LasI/LasR-RhlI/RhlR
Virulence System

In the opportunistic human pathogenP. aeruginosa, a hierarchical LuxI/LuxR cir-
cuit regulates quorum sensing. Two pairs of LuxI/LuxR homologues, LasI/LasR
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Figure 1 TheVibrio fischeriLuxI/LuxR quorum sensing circuit. There are five lu-
ciferase structural genes (luxCDABE) and two regulatory genes (luxR and luxI ) re-
quired for quorum sensing–controlled light emission inV. fischeri. The genes are ar-
ranged in two adjacent but divergently transcribed units.luxR is transcribed to the
left, and theluxICDABEoperon is transcribed to the right. The LuxI protein (square)
is responsible for synthesis of the HSL autoinducerN-(3-oxohexanoyl)-homoserine
lactone (hexagons). As the cell-population density increases, the concentration of the
autoinducer increases both intra- and extracellularly. At a critical autoinducer con-
centration, the LuxR protein (circle) binds the autoinducer. The LuxR-autoinducer
complex binds at theluxICDABEpromoter and activates transcription of this operon.
This action results in an exponential increase in autoinducer synthesis via the increase
in transcription ofluxI and an exponential increase in light production via the increase
in transcription ofluxCDABE. The LuxR-autoinducer complex also binds at theluxR
promoter, but in this case the complex represses the transcription ofluxR. This nega-
tive action compensates for the positive action at theluxICDABEpromoter. The oval
represents a bacterial cell.

(113) and RhlI/RhlR (12), exist inP. aeruginosa. Both LasI and RhlI are autoin-
ducer synthases that catalyze the formation of the HSL autoinducersN-
(3-oxododecanoyl)-homoserine lactone (114) andN-(butryl)-homoserine lactone
(115), respectively. The two regulatory circuits act in tandem to control the ex-
pression of a number ofP. aeruginosavirulence factors.

The P. aeruginosaquorum sensing circuit functions as follows. At high
cell density, LasR binds its cognate HSL autoinducer, and together they bind at
promoter elements immediately preceding the genes encoding a number of
secreted virulence factors that are responsible for host tissue destruction dur-
ing initiation of the infection process. These pathogenicity determinants include
elastase, encoded bylasB; a protease encoded bylasA; ExotoxinA, encoded
by toxA; and alkaline phosphatase, which is encoded by theaprA gene (19,
22, 72, 113). Analogous to theV. fischeri LuxI/LuxR circuit, LasR bound to
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autoinducer also activateslasI expression, which establishes a positive feedback
loop (138).

The LasR-autoinducer complex also activates the expression of the second
quorum sensing system ofP. aeruginosa(108). Specifically, expression ofrhlR is
induced. RhlR binds the autoinducer produced by RhlI; this complex induces the
expression of two genes that are also under the control of the LasI/LasR system,
lasB andaprA. Additionally, the RhlR-autoinducer complex activates a second
class of specific target genes. These genes includerpoS, which encodes the sta-
tionary phase sigma factorσ s; rhlAB, which encodes rhamnosyltransferase and
is involved in the synthesis of the biosurfactant/hemolysin rhamnolipid; genes
involved in pyocyanin antibiotic synthesis; thelecAgene, which encodes a cyto-
toxic lectin; and therhlI gene (12, 22, 41, 58, 82, 110, 111, 116, 121, 165, 166,
169). Again, similar to LasI/LasR and LuxI/LuxR, activation ofrhlI establishes
an autoregulatory loop.

As mentioned above, the LasR-autoinducer complex activatesrhlR expression
to initiate the second signaling cascade. However, the LasR-dependent autoin-
ducer,N-(3-oxododecanoyl)-homoserine lactone, also prevents the binding of the
RhlI-dependent autoinducer,N-(butryl)-homoserine lactone, to its cognate regula-
tor RhlR (121). Presumably, this second level of control of RhlI/RhlR autoinduc-
tion by the LasI/LasR system ensures that the two systems initiate their cascades
sequentially and in the appropriate order.

A novel, additional autoinducer has recently been demonstrated to be involved
in quorum sensing inP. aeruginosa. This signal is noteworthy because it is not
of the homoserine lactone class. Rather, it is 2-heptyl-3-hydroxy-4-quinolone (de-
noted PQS forPseudomonasquinolone signal) (120). PQS partially controls the
expression of the elastase genelasB in conjunction with the Las and Rhl quorum
sensing systems. The expression of PQS requires LasR, and PQS in turn induces
transcription ofrhlI . These data indicate that PQS is an additional link between the
Las and Rhl circuits. The notion is that PQS initiates the Rhl cascade by allowing
the production of the RhlI-directed autoinducer only after establishment of the
LasI/LasR signaling cascade. A model showing theP. aeruginosaquorum sensing
circuit is presented in Figure 2.

Recent studies on quorum sensing inP. aeruginosahave revealed that quo-
rum sensing is crucial for proper biofilm formation. Specifically,P. aeruginosa
lasI mutants do not develop into mature biofilms. Rather, they terminate biofilm
formation at the micro-colony stage (19). These mutants can be complemented
to wild-type biofilm production by the exogenous addition of the LasI-dependent
HSL autoinducerN-(3-oxododecanoyl)-homoserine lactone.P. aeruginosais the
primary pathogen observed in the lungs of people afflicted with cystic fibrosis (CF),
and microscopic analysis of CF sputum samples indicates thatP. aeruginosaexists
predominantly in biofilms in vivo. Finally, both the LasI- and the RhlI-directed
autoinducers have been detected in sputum samples taken from CF patients (111,
143). These data indicate that biofilm formation byP. aeruginosacould be criti-
cal for colonization of the lung, and therefore antimicrobial therapies designed to
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Figure 2 ThePseudomonas aeruginosaLasI/LasR-RhlI/RhlR quorum sensing sys-
tem. P. aeruginosauses two LuxI/LuxR-like autoinducer-sensor pairs for quorum
sensing regulation of a variety of genes. The LasI protein produces the homoserine
lactone signaling moleculeN-(3-oxododecanoyl)-homoserine lactone (triangles), and
the RhlI protein synthesizesN-(butryl)-homoserine lactone (pentagons). The LasR
protein binds the LasI-dependent autoinducer when this signal molecule has accu-
mulated to a critical threshold level. Subsequently, the LasR-autoinducer complex
binds at a variety of virulence factor promoters and stimulates transcription (see text).
Additionally, the LasR-autoinducer complex induces the transcription ofrhlR to ini-
tiate the second quorum sensing circuit. RhlR bound to the RhlI-directed autoinducer
activates the transcription of a subset of the LasR-activated virulence genes as well
as several target genes that are not regulated by LasR. The LasI autoinducer inter-
feres with binding of the RhlI-autoinducer to RhlR. Presumably, this action ensures
that the LasI/LasR circuit is established prior to the establishment of the RhlI/RhlR
circuit. The Pseudomonasquinolone signal (PQS) is an additional regulatory link
between the Las and Rhl quorum sensing circuits (not shown, see text). The oval
represents a bacterial cell. The squares represent the autoinducer synthase proteins
LasI and RhlI, and the circles represent the transcriptional activator proteins LasR and
RhlR.

interfere with quorum sensing, and by analogy with biofilm formation, could be
used in the treatment of CF.

The Agrobacterium tumefaciens TraI/TraR Virulence System

A. tumefaciensis a plant pathogen that induces crown gall tumors on susceptible
hosts. The transfer of the oncogenic Ti plasmid from the bacterium to the host
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cell nucleus is required for the tumor formation process. Genes on the Ti plasmid
direct the biosynthesis and secretion of opines in the plant. Subsequently, opines
are consumed as a food source by the invading bacteria. The Ti plasmid also
encodes genes that cause the production of phytohormones that induce host cell
proliferation resulting in tumors (17, 141).

In A. tumefaciens, quorum sensing controls the conjugal transfer of the Ti plas-
mid between bacteria (124). Both the regulatory components TraI and TraR of the
A. tumefaciensquorum sensing system are located on the transmissible Ti plas-
mid (42, 68, 174). Conjugation betweenA. tumefacienscells requires two sensory
signals, a host opine signal and the HSL autoinducer signalN-(3-oxoctanoyl)-
homoserine lactone, which is the product of the bacterial TraI enzyme (23, 174).
Opines produced at the site of the infection act both as a growth source for the
bacteria and to initiate the quorum sensing cascade. Opines indirectly induce the
expression of TraR via opine-specific regulators. There are two classes of opine-
regulated conjugal Ti plasmids, octapine-type and nopaline-type. In octapine-type
Ti plasmid transfer, the opine octapine acts to induce TraR via the activator OccR
(40), whereas for nopaline-type Ti plasmids, the opines agrocinopine A and B
induce TraR expression through the inactivation of the repressor AccR (11). Note
that OccR and AccR are not LuxR homologues. Thus, quorum sensing inA. tume-
faciensis responsive to both host and bacterial signals, indicating that this system
has been well adapted for exclusive use at the host-pathogen interface.

At a primary level theA. tumefaciensquorum sensing circuit functions analo-
gously to that ofV. fischeri. Specifically, low, basal-level expression oftraI results
in low levels of autoinducer production. Following opine activation of the ex-
pression oftraR, TraR binds the autoinducer, and the complex induces further
expression oftraI to establish the characteristic positive autoinduction loop. Tar-
get genes regulated by the autoinducer-TraR complex include thetra operon, the
trb operon, and a gene calledtraM (38, 42, 68, 124). Thetra operon is required
for mobilization of the Ti plasmid, and thetrb operon encodes the genes necessary
for production of the mating pore. TraM, while induced by the TraR-autoinducer
complex, acts to downregulate quorum sensing by binding to TraR and inhibiting
TraR from binding DNA and activating target gene expression (38, 91). TraM
therefore adds an additional level of regulation to theA. tumefacienscircuit that
does not appear to exist in theV. fischericircuit.

The Erwinia carotovora ExpI/ExpR-CarI/CarR
Virulence/Antibiotic System

The pathogenic bacteriumE. carotovoracauses soft-rot in potato and other plant
hosts. The secretion of cellulase and several pectinases that macerate the plant cell
walls mediates pathogenicity inE. carotovora(61). A cognate pair of LuxI/LuxR
homologues, ExpI/ExpR, is assumed to control secretion of the exoenzymes.
Specifically, mutagenesis ofexpI results in a pleiotropic phenotype that affects
several secreted enzymes (72, 125). No concrete role for ExpR in regulation of
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the virulence factors has yet been established (2). Presumably, secretion of exoen-
zymes only at high cell density, under the control of a quorum sensing regulatory
cascade, ensures that the bacteria do not prematurely wound the host and thus alert
the host to their presence prior to achieving a sufficient bacterial cell number to
mount a successful infection.

Similar toP. aeruginosa, a second LuxI/LuxR-like quorum sensing pair exists
in E. carotovora. The CarI/CarR circuit regulates the biosynthesis of carbapenem
antibiotics in response to cell-population density and an HSL autoinducer (4, 167).
In E. carotovoraantibiotic and exoenzyme production occur simultaneously. It is
hypothesized that as the exoenzymes damage the plant cell wall, the antibiotic
functions to fend off competitor bacteria that attempt to invade the plant by tak-
ing advantage of the wound produced by theE. carotovoraenzymes. Both CarI
and ExpI produce the identical HSL autoinducer,N-(3-oxohexanoyl)-homoserine
lactone (2). This result indicates that CarR and ExpR respond to the same signal,
which could effectively couple the timing of their individual regulatory activities.

Functions of the LuxI and LuxR Family of Proteins

In every described case, research indicates that the fundamental functions and bio-
chemical mechanisms of action of the various LuxI-like and LuxR-like proteins
are identical to those of LuxI and LuxR ofV. fischeri. Research onV. fischeriLuxI
and LuxR, as well as several of their homologues, has contributed to our under-
standing of HSL biosynthesis and detection and quorum sensing transcriptional
activation. Below is a summary of information about the LuxI and LuxR protein
families. Table 1 shows a list of bacterial species known to possess LuxI and/or
LuxR proteins, the structure of the autoinducers, and their regulated functions if
known.

LUXI FUNCTION S-adenosylmethionine (SAM) and acyl-acyl carrier protein (acyl-
ACP) are the substrates for the LuxI-type enzymes. Acyl-ACP is an intermediate
in fatty acid biosynthesis that is also acted on by the LuxI enzymes in HSL biosyn-
thesis. The LuxI proteins couple a specific acyl-ACP to SAM via amide bond
formation between the acyl side chain of the acyl-ACP and the amino group of the
homocysteine moiety of SAM. The subsequent lactonization of the ligated inter-
mediate in the reaction, along with the release of methylthioadenosine, results in
the formation of the HSL autoinducer (56, 100, 161). Figure 3 shows a scheme for
LuxI-directed HSL biosynthesis.

This biochemical mechanism for conversion of SAM and specific acyl-ACPs
to HSL autoinducers has now been demonstrated for several LuxI-like proteins
from different quorum sensing bacteria. These enzymes include LuxI fromV. fis-
cheri (56), TraI fromA. tumefaciens(100), and RhlI fromP. aeruginosa(112).
Taken together, these results suggest that the SAM/acyl-ACP biosynthetic path-
way is likely conserved among all LuxI homologues. Homoserine lactone au-
toinducers differ only in their respective acyl side chains. This fact suggests that
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TABLE 1 Organisms possessing LuxI/LuxR homologues: the regulatory proteins, the
HSL autoinducers, and the regulated functionsa

Vibrio fischeri LuxI/LuxR N-(3-oxohexanoyl)- luxICDABE (biolumin-
HSL escence) (28, 31)

Aeromonas AhyI/AhyR N-butanoyl-HSL Serine protease and metal-
hydrophila loprotease production

(154)

Aeromonas AsaI/AsaR N-butanoyl-HSL aspA (exoprotease) (155)
salmonicida

Agrobacterium TraI/TraR N-(3-oxooctanoyl)- tra, trb (Ti plasmid conju-
tumefaciens HSL gal transfer) (124, 174)

Burkholderia CepI/CepR N-octanoyl-HSL Protease and siderophore
cepacia production (87)

Chromobacterium CviI/CviR N-hexanoyl-HSL Violacein pigment, hydro-
violaceum gen cyanide, antibiotics,

exoproteases and chitino-
lytic enzymes (14, 96)

Enterobacter EagI/EagR N-(3-oxohexanoyl)- Unknown (156)
agglomerans HSL

Erwinia (a) ExpI/ExpR N-(3-oxohexanoyl)- (a) Exoenzyme synthesis,
carotovora (b) CarI/CarR HSL (72, 125)

(b) Carbapenem antibiotic
synthesis (4)

Erwinia ExpI/ExpR N-(3-oxohexanoyl)- pecS (regulator of
chrysanthemi HSL pectinase synthesis)

(103, 132)

Erwinia stewartii EsaI/EsaR N-(3-oxohexanoyl)- Capsular polysaccharide
HSL biosynthesis, virulence

(10)

Escherichia coli ?/SdiA ? ftsQAZ (cell division),
chromosome replication
(44, 144, 170)

Pseudomonas PhzI/PhzR N-hexanoyl-HSL phz (phenazine antibiotic
aereofaciens biosynthesis) (123, 171)

Pseudomonas (a) LasI/LasR (a) N-(3-oxodode- (a) lasA, lasB, aprA, toxA
aeruginosa canoyl)-HSL (exoprotease virulence

factors), biofilm forma-
tion (19, 22 and
references therein; 114)

LuxI/LuxR Target Genes and
Organism Homologue(s) Autoinducer Identity Functions
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TABLE 1 (Continued )

LuxI/LuxR Target Genes and
Organism Homologue(s) Autoinducer Identity Functions

(b) N-butyryl-HSL (b) lasB, rhlAB
(rhamnolipid), rpoS
(stationary phase)
(22 and references
therein; 82, 115)

Ralstonia SolI/SolR N-hexanoyl-HSL, Unknown (34)
solanacearum N-octanoyl-HSL

Rhizobium etli RaiI/RaiR Multiple, unconfirmed Restriction of nodule
number (134)

Rhizobium (a) RhiI/RhiR (a) N-hexanoyl-HSL (a) rhiABC (rhizosphere
leguminosarum genes) and stationary

phase (18, 51, 133)
(b) CinI/CinR (b) N-(3-hydroxy-7- (b) Quorum sensing

cis-tetradecenoyl)- regulatory cascade
HSL (90)

Rhodobacter CerI/CerR 7,8-cis-N- Prevents bacterial
sphaeroides (tetradecanoyl)-HSL aggregation (130)

Salmonella ?/SdiA ? rck (resistance to
typhimurium competence killing),

ORF on Salmonella
virulence plasmid (1)

Serratia SwrI/? N-butanoyl-HSL Swarmer cell differen-
liquefaciens tiation, exoprotease

(30, 47)

Vibrio anguillarum VanI/VanR N-(3-oxodecanoyl)- Unknown (97)
HSL

Yersinia YenI/YenR N-hexanoyl-HSL, Unknown (157)
enterocolitica N-(3-oxohexanoyl)-

HSL

Yersinia (a) YpsI/YpsR (a) N-(3-oxohexanoyl)- Hierarchical quorum
pseudotuberculosis HSL sensing cascade

(b) YtbI/YtbR (b) N-octanoyl-HSL regulating bacterial
aggregation and
motility (3)

aMuch of the information in this  table comes from (22) with  permission.

(b) RhlI/RhlR
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Figure 3 LuxI-directed biosynthesis of acylated homoserine lactone autoinducers.
The LuxI family of proteins usesS-adenosylmethionine (SAM) and specific acyl-acyl
carrier proteins (acyl-ACP) as substrates for HSL autoinducer biosynthesis. The LuxI-
type proteins direct the formation of an amide linkage between SAM and the acyl moiety
of the acyl-ACP (denoted 1). Subsequent lactonization of the ligated intermediate with
the concomitant release of methylthioadenosine occurs (denoted 2). This step results
in the formation of the acylated homoserine lactone (denoted 3). Shown in the figure
is the HSL autoinducerN-(3-oxooctanoyl)-homoserine lactone, which is synthesized
by TraI ofA. tumefaciens. Figure courtesy of S.C. Winans.

the specificity for interaction of a particular LuxI-type protein with the correct
acyl-ACP is encoded in the acyl side chain moiety of the acyl-ACP (39). A
precise interaction between a certain LuxI-like protein and one specific acyl-
ACP could provide a means for each LuxI-like protein to produce only one
autoinducer. There are a few cases known in which a LuxI-like protein synthe-
sizes more than one HSL. However, usually one HSL is the predominant species
produced.

LUXR FUNCTION The LuxR-like proteins are each responsible for binding a cog-
nate HSL autoinducer, binding specific target gene promoters, and activating tran-
scription. Work performed with theV. fischeriLuxR protein shows that it consists
of two domains. The amino-terminal domain is involved in binding to the HSL
autoinducer, and the carboxyl-terminal domain is required for DNA binding and
transcriptional activation (15, 16, 139, 145). The amino-terminal domain inhibits
DNA binding by the carboxyl-terminal domain; this inhibitory function is elim-
inated when LuxR is bound to autoinducer. Residues in the carboxyl-terminal
domain are also required for multimerization of the LuxR protein, and LuxR mul-
timers are the species that binds promoter DNA sequences (149–151).
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Results with TraR fromA. tumefaciensstrongly suggest that the TraR protein
cannot fold in the absence of the autoinducer (176). A recent study shows that
apo-TraR is sensitive to proteolytic degradation, whereas TraR, complexed with
its cognate autoinducer, is resistant to proteolysis. TheA. tumefaciensautoinducer
confers resistance to proteolysis only to nascent TraR, but not to previously synthe-
sized TraR protein. Interaction of TraR with its cognate autoinducer was shown to
promote dimerization, and these TraR dimers bound promoter DNA (177). These
results are exciting because they are the first example of a protein requiring its
ligand for folding. Another very recent TraR study reports a different model for
TraR autoinducer binding/gene activation. TraR is reported to be associated with
the cell membrane. Binding of autoinducer causes TraR to form dimers that are
released from the membrane and are therefore free to bind DNA to activate tran-
scription (131).

As described, LuxR-like proteins also bind promoter DNA sequences. The
carboxyl-terminal domain of each LuxR homologue contains a highly conserved
helix-turn-helix motif that is responsible for DNA binding. In each case, the LuxR-
type proteins bind a similar DNA promoter element termed the “lux box.” The lux
box consists of a 20-basepair palindromic DNA sequence situated at roughly -40
from the start site of transcription of a given target gene (43). Because the DNA
recognition elements in the LuxR-type proteins are conserved, it is hypothesized
that the target specificity inherent in these systems derives from the selectivity of a
particular LuxR-type protein for its cognate autoinducer. Data supporting this as-
sertion comes from the fact that LuxR homologues have been shown to be capable
of activating the expression of noncognate target genes. Specifically, a particular
LuxR-type protein bound to its cognate autoinducer can activate transcription by
binding to a variety of lux boxes and activating the expression of the downstream
heterologous gene (50, 164). Although the LuxIs produce a highly related family of
molecules, in general, the HSL autoinducers are not capable of cross-stimulation
of a noncognate system. Consequently, the LuxRs are extremely sensitive to al-
terations in the acyl side chains of the autoinducers. Evidence for this supposition
comes from several studies demonstrating that only compounds that are closely
related to the true autoinducer are capable of inducing weak/modest activation of
gene expression, whereas compounds with less similarity are not active. Further-
more, in several cases autoinducer analogues inhibit cognate autoinducer binding
to LuxR and, therefore, inhibit target gene activation (50, 137, 175).

GRAM-POSITIVE BACTERIA: PEPTIDE
MEDIATED QUORUM SENSING

Gram-positive bacteria also regulate a variety of processes in response to increas-
ing cell-population density. However, in contrast to Gram-negative bacteria, which
use HSL autoinducers, Gram-positive bacteria employ secreted peptides as au-
toinducers for quorum sensing. In general, the peptide is secreted via a dedicated
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Figure 4 A general model for peptide-mediated quorum sensing in Gram-positive
bacteria. In Gram-positive bacteria, a peptide signal precursor locus is translated into
a precursor protein (black and white diamonds) that is cleaved (arrows) to produce
the processed peptide autoinducer signal (black diamonds). Generally, the peptide
signal is transported out of the cell via an ABC transporter (gray protein complex).
When the extracellular concentration of the peptide signal accumulates to the minimal
stimulatory level, a histidine sensor kinase protein of a two-component signaling system
detects it. The sensor kinase autophosphorylates on a conserved histidine residue (H),
and subsequently, the phosphoryl group is transferred to a cognate response regulator
protein. The response regulator is phosphorylated on a conserved aspartate residue (D).
The phosphorylated response regulator activates the transcription of target gene(s). The
oval represents a bacterial cell. The “P” in the circle represents the phosphorylation
cascade. Note that the lengths of the precursor and processed peptides are not meant
to signify any specific number of amino acid residues.

ATP-binding cassette (ABC) transporter. Again, in contrast to the widespread use
of LuxR-type proteins as autoinducer sensors by Gram-negative bacteria, Gram-
positive bacteria use two-component adaptive response proteins for detection of the
autoinducers. The signaling mechanism is a phosphorylation/dephosphorylation
cascade (5, 76, 83; see 64 for a review of two-component signaling). A general
model for quorum sensing in Gram-positive bacteria is shown in Figure 4. In
brief, secreted peptide autoinducers increase in concentration as a function of the
cell-population density. Two-component sensor kinases are the detectors for the
secreted peptide signals. Interaction with the peptide ligand initiates a series of
phosphoryl events that culminate in the phosphorylation of a cognate response
regulator protein. Phosphorylation of the response regulator activates it, allowing
it to bind DNA and alter the transcription of the quorum sensing–controlled target
gene(s).
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Several Gram-positive quorum sensing systems have been extensively stud-
ied. Here we describe the model systems controlling competence inStreptococ-
cus pneumoniae, competence and sporulation inBacillus subtilis, and virulence
in Staphylococcus aureus. As described above for Gram-negative quorum sens-
ing bacteria, in Gram-positive bacteria the fundamental signaling mechanism is
conserved, but differences in regulation/timing of the systems have apparently
arisen to heighten the effectiveness of the signal transduction process for a given
environment.

The Streptococcus pneumoniae ComD/ComE
Competence System

Genetic transformation in bacteria was originally described inS. pneumoniae(21).
This process requires that the recipient bacterium become “competent” in order
to acquire exogenous DNA molecules. The progression of events that results in
S. pneumoniae(andB. subtilis) achieving the “competent state” is complex, and
partial control of this phenomenon is via a well-studied quorum sensing system
(60).

The peptide signal required for development of the competent state in
S. pneumoniaeis called CSP (competence stimulating peptide). CSP is a 17–
amino acid peptide that is produced from a 41–amino acid precursor peptide called
ComC (59, 129). The ComAB ABC transporter apparatus secretes processed CSP
(66, 67). Detection of accumulated CSP at high cell density occurs via the ComD
sensor kinase protein (122). High levels of CSP induce autophosphorylation of
ComD and subsequent transfer of the phosphoryl group to the response regula-
tor ComE. Phospho-ComE activates transcription of thecomXgene. ComX is an
alternativeσ factor that is required for transcription of structural genes that are
involved in the development of competence (86).

TheS. pneumoniaecompetent state is transient and occurs only during expo-
nential growth. In later stages of growthS. pneumoniaeloses the ability to take
up exogenous DNA (21, 65, 158). Therefore, other, as yet unidentified, regulators
must exist that are responsible for transitioningS. pneumoniaeout of the com-
petent state. What is remarkable about competence inS. pneumoniaeis that this
bacterium is able to take up DNA irrespective of its sequence and therefore its
species of origin. This quorum sensing–controlled process could allowS. pneu-
moniaeto assimilate DNA only under conditions that would favor the likelihood
of the presence of heterologous DNA that contain a collection of genes specifying
novel functions that have not evolved inS. pneumoniae.

The Bacillus subtilis ComP/ComA Competence/
Sporulation System

B. subtilisis a soil organism that uses an elaborate peptide quorum sensing sys-
tem to choose between development of the competent state and the sporulation
process. Only 10% of a given population ofB. subtiliscells become competent,
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and in contrast toS. pneumoniae, the competent state is achieved at the tran-
sition between logarithmic and stationary phase growth (for review see 52, 83).
Presumably, increased levels of exogenous DNA are available as the population
enters stationary phase owing to cell lysis. Tuning the onset of the competent
state to a later stage of growth (i.e. higher cell density) probably ensures thatB.
subtilis inherits its own species’ DNA. It is hypothesized that the small subpopu-
lation of cells that are competent for DNA uptake use the DNA they acquire as a
repository of genetic material that can be exploited for repair of damaged/mutated
chromosomes.

Sporulation inB. subtilisoccurs when environmental conditions have deterio-
rated and the bacteria are depleted for nutrients. The bacteria undergo an asym-
metric cell division, resulting in the formation of dormant, environmentally re-
sistant spores (for review see 63). Sporulation occurs only poorly at low cell
density, even if theB. subtiliscells are starved. Regulation of sporulation at high
cell density requires several extracellular/environmental signals, but as described
below, part of this control is certainly via a quorum sensing mechanism. Com-
mitment to vegetative growth, competence, or the sporulation process is irre-
versible, and an incorrect choice by theB. subtiliscell would likely have fatal
consequences.

Two peptides mediate quorum sensing control of competence and sporulation
in B. subtilis. The peptides are called ComX and CSF (competence and sporulation
factor). Both peptides are secreted and accumulate as the cell density increases. The
ComX peptide is 10 amino acids long, and it contains a hydrophobic modification
on a tryptophan residue that is required for signaling activity. The processed ComX
peptide is derived from a 55–amino acid precursor peptide that is encoded by the
comXgene (93, 146, 147). Although the machinery that is required for secretion
of ComX has not been identified, a protein called ComQ is required for produc-
tion of the peptide (93). The specific role of ComQ remains unknown. Detection
of accumulated ComX signal is via the two-component ComP/ComA sensor ki-
nase/response regulator pair (93, 147). Phospho-ComA activates the expression
of the comSgene, and ComS inhibits the proteolytic degradation of the ComK
protein (159). ComK is a transcriptional activator that controls the expression of
structural genes required to develop competence (160, 162). ComK is subject to
several modes of regulation, one of which is a transcriptional autoregulatory loop
(54, 160). This positive feedback mechanism likely promotes the commitment of
the cells to the competence pathway.

The second quorum sensing peptide inB. subtilis, CSF, is a pentapeptide. The
five amino acids at the C-terminus of the precursor peptide PhrC are cleaved
to form the CSF signal molecule (146). CSF accumulates extracellularly as a
function of increasing cell density. However, the signaling role of CSF is intra-
cellular. Extracellular CSF is imported intoB. subtilisby an ABC-type oligopep-
tide transporter called Opp (84, 146, 147). When the intracellular concentration of
CSF is low, CSF binds to and inhibits a ComA-specific phosphatase called RapC
(118, 146). As mentioned, phospho-ComA is the response regulator controlling the
expression of genes required for competence. Inhibition of RapC by CSF causes a
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net increase in the level of phospho-ComA. Therefore, low levels of internal CSF
promote competence development.

Whereas low internal concentrations of CSF promote competence, high internal
levels of CSF inhibit competence and induce sporulation. At high concentration
CSF inhibits the expression ofcomS, which results in increased proteolysis of
ComK, the protein required for the decision to commit to competence (146). Fur-
thermore, at high internal concentration, CSF promotes sporulation. The mecha-
nism by which CSF stimulates sporulation is analogous to the mechanism for CSF
stimulation of competence. In this case CSF inhibits a phosphatase called RapB.
RapB dephosphorylates a response regulator (Spo0A) that is involved in pro-
moting sporulation. Therefore, inhibition of the RapB phosphatase activity in-
creases the levels of phospho-Spo0A, favoring a switch in commitment from
competence to the sporulation pathway (52, 62, 118, 119). Presumably, adjust-
ment of the concentration of CSF above or below some critical level tips
the balance in favor of one lifestyle over another, allowingB. subtilis to cor-
rectly choose to commit to one of two very different terminal fates. Figure 5
shows the interconnected competence/sporulation quorum sensing pathway of
B. subtilis.

The Staphylococcus aureus AgrC/AgrA Virulence System

The invasive pathogenS. aureuscauses a variety of human illnesses, including
skin infections, toxic shock syndrome, endocarditis, and food poisoning. This
multitalented bacterium can promote disease in almost any tissue in the human
body. Primarily compromised individuals are susceptible toS. aureusinfection.
A variety of pathogenicity determinants are required for successful invasion by
S. aureus, many of which are regulated by peptide quorum sensing. (For a review
of S. aureuspathogenesis see 105.)

An RNA molecule called RNAIII regulates density-dependent pathogenicity in
S. aureus(69, 102). TheagrBDCAoperon encodes the components of a peptide
quorum sensing system that is partially responsible for regulating the levels of
RNAIII (101, 106, 117). TheagrBDCAlocus is adjacent to and transcribed diver-
gently from thehld gene. Thehld gene encodes a hemolysin, andhld also encodes
the RNAIII transcript (69, 102). TheagrD gene specifies the 46–amino acid pre-
cursor peptide AgrD that is processed to a final octapeptide by an AgrB-dependent
mechanism (70, 71). The processed autoinducing peptide (AIP) contains a thio-
lactone ring that is absolutely required for full signaling activity (95). AgrC is the
sensor kinase and AgrA is the cognate response regulator of the two-component
system (89, 117). Phospho-AgrA, via an unknown mechanism, increases the con-
centration of RNAIII. RNAIII functions as an effector to activate the expression
of an array of secreted virulence factors.

Tremendous strain-to-strain variation exists in the AIPs ofS. aureus. The vari-
ability in the AIPs determines their specificity for interaction with a particular
AgrC sensor kinase.S. aureusstrains can be categorized into four different groups
based on the specificity of their AIPs. A remarkable feature of theS. aureus
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Figure 5 Quorum sensing control of competence and sporulation inBacillus subtilis.
B. subtilis employs two processed peptide autoinducers, ComX (gray circles) and
CSF (white diamonds), to regulate the competence and sporulation processes. Refer
to Figure 4 for the general features of the processing and export of these peptides.
Accumulation of the processed ComX peptide enables it to interact with the ComP
sensor kinase. ComP autophosphorylates on a histidine residue (H), and subsequently
phosphate is transferred to an aspartate residue (D) on the ComA response regulator.
Phospho-ComA activates the transcription ofcomS. The ComS protein increases the
level of ComK protein (+) by inhibiting ComK proteolysis. ComK is a transcription
factor that activates the expression of genes required for development of the competent
state. The second peptide autoinducer, competence and sporulation factor (CSF), while
accumulating extracellularly in a density-dependent manner, has an intracellular role.
CSF is transported into the cell via the Opp transporter (gray protein complex). At low
internal concentrations CSF inhibits the ComA-specific phosphatase RapC. Inhibition
of RapC increases the level of phospho-ComA, which leads to competence (dashed
lines). At high internal CSF concentrations, CSF inhibits competence and promotes
spore development (black lines). Specifically, CSF inhibits ComS. CSF inhibition
of ComS activity reduces transcription of competence genes, promoting sporulation
instead. Additionally, CSF inhibits the RapB phosphatase. The role of RapB is to
dephosphorylate the response regulator Spo0A. Phospho-Spo0A induces sporulation.
Therefore, CSF inhibition of the RapB phosphatase increases the phospho-Spo0A
levels, and this leads to sporulation.

quorum sensing system is that each AIP, while initiating theagr virulence cascade
in its own group, specifically inhibits theagr response in the otherS. aureus
groups (70, 95, 109). It is hypothesized that this interference with virulence allows
the invadingS. aureusstrain that is first to establish its quorum sensing circuit to
out-compete secondary invading strains.
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QUORUM SENSING IN VIBRIO HARVEYI : A HYBRID
HOMOSERINE LACTONE/TWO-COMPONENT
SIGNALING CIRCUIT

The V. harveyiquorum sensing circuit possesses features reminiscent of both
Gram-negative and Gram-positive quorum sensing systems. Similar to other Gram-
negative bacteria,V. harveyiproduces and responds to an acylated homoserine
lactone. In contrast to Gram-negative bacteria, but analogous to Gram-positive bac-
teria, quorum sensing signal transduction inV. harveyioccurs via a two-component
circuit (5). Additionally,V. harveyipossesses a novel signaling molecule, denoted
AI-2 (7, 8). This molecule and the gene required for its production have recently
been shown to be present in a variety of Gram-negative and Gram-positive bacteria
(152, 153). AI-2 could be the link that ties together the evolution of the two major
classes of quorum sensing circuits.

The V. harveyi Multi-Channel Lux Circuit

Analogous toV. fischeri, V. harveyi, a related free-living marine bacterium, uses
quorum sensing to regulate bioluminescence. InV. harveyitwo quorum sensing
systems function in parallel to control the density-dependent expression of the
luciferase structural operonluxCDABE. Each system is composed of a sensor
(Sensor 1 or Sensor 2) and its cognate autoinducer (AI-1 or AI-2) (7, 8). AI-1 is
N-(3-hydroxybutanoyl)-homoserine lactone (13). However, unlike inV. fischeri,
synthesis of this HSL autoinducer is not dependent on a LuxI-like protein. The
LuxLM protein is required for production of AI-1 and it shares no homology to
the LuxI family, although the biosynthetic pathway is probably identical (7). The
structure of the secondV. harveyiautoinducer (AI-2) is not known. AI-1 and AI-2
are detected by their cognate sensors LuxN (Sensor 1) and LuxQ (Sensor 2).
LuxN and LuxQ are two-component proteins of the hybrid-sensor class. LuxN
and LuxQ each contain a sensor kinase domain and a response regulator domain
(7, 8). Another protein, LuxP, is required in conjunction with LuxQ to transduce
the AI-2 signal. LuxP is similar to the ribose binding protein ofEscherichia coli
andSalmonella typhimurium(8). LuxN and LuxQ channel phosphate to a shared
signal integrator protein called LuxU (36). LuxU is a phosphotransferase protein,
which transfers the signal to a response regulator protein called LuxO (9, 35, 36).

Genetic analysis inV. harveyisuggests that at low cell density, in the absence of
the autoinducers, the sensors autophosphorylate, and following a series of intra- and
intermolecular phospho-transfer events, LuxO is phosphorylated. Phospho-LuxO
causes repression ofluxCDABEexpression, but this effect is indirect (35–37).
Recent evidence suggests that LuxO is aσ 54-dependent activator of an unidentified
repressor ofluxCDABEexpression (88). At high cell density, in the presence of
their autoinducing ligands, the sensors LuxN and LuxQ transition from kinases
that drive phosphate toward LuxO to phosphatases that drain phosphate out of the
circuit. Unphosphorylated LuxO does not activate the expression of the repressor,
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Figure 6 The hybrid HSL-two-component quorum sensing circuit ofVibrio harveyi.
V. harveyiuses two autoinducers to regulate density-dependent light production. AI-1
is N-(3-hydroxybutanoyl)-homoserine lactone (diamonds), and AI-2 (cylinders) is of
unknown structure. The proteins required for synthesis of AI-1 and AI-2 are LuxLM
and LuxS, respectively. A cognate two-component sensor kinase protein detects each
autoinducer. Specifically, LuxN is responsible for detection of AI-1 and LuxQ is re-
sponsible for AI-2. Additionally, a periplasmic binding protein called LuxP is required
for AI-2 detection (not pictured). Both LuxN and LuxQ are hybrid sensor kinases that
contain a sensor kinase domain and an attached response regulator domain. Signaling
from both sensors is channeled to a shared integrator protein called LuxU. LuxU is a
phosphotransferase protein that relays the sensory information to the response regula-
tor LuxO. LuxO acts negatively to control the luciferase structural operonluxCDABE.
A transcriptional activator called LuxR, which is not similar to theV. fischeriLuxR
family, is also required for expression ofluxCDABE. The circuit is proposed to func-
tion as follows: At low cell density LuxN and LuxQ autophosphorylate and convey
phosphate through LuxU to LuxO. Phospho-LuxO indirectly repressesluxCDABEex-
pression. Therefore, no light is produced under these conditions. At high cell density,
when LuxN and LuxQ interact with their autoinducer ligands they change from kinases
to phosphatases that drain phosphate away from LuxO via LuxU. Unphosphorylated
LuxO is inactive. LuxR binds theluxCDABEpromoter and activates transcription.
Therefore, under these conditions the bacteria produce light.

soluxCDABEis transcribed and the bacteria make light (35–37). A transcriptional
activator called LuxR (not similar toV. fischeriLuxR) is absolutely required for
the expression ofluxCDABE(94, 142). A model for quorum sensing inV. harveyi
is shown in Figure 6.

It is surprising that no components similar to the canonical LuxI/LuxR com-
ponents ofV. fischerihave ever been identified inV. harveyi. This is especially
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noteworthy given how closely the twoVibrio species are related, and also given
that the same target operons are regulated by quorum sensing in both cases. How-
ever, the opposite is not the case. A gene similar toluxM of V. harveyihas been
found inV. fischeri. This gene is calledainS(45), and its product, AinS, directs the
synthesis of a secondV. fischeriHSL molecule (57, 78). The AinS protein does not
have any homology to LuxI, but the mechanism of biosynthesis of the HSL appears
to be the same (57). The role of the second autoinducer inV. fischeriremains a mys-
tery, as inactivation ofainShas only a minor effect on bioluminescence (77, 78).
Additionally, homologues of theV. harveyiLuxO and LuxU two-component pro-
teins have been recently identified inV. fischeri. The genetic organization of the
luxOU locus inV. fischeriis identical to that ofV. harveyi, and furthermore, in-
activation ofluxOU in V. fischeriresults in loss of repression of luminescence at
low cell density. This phenotype closely resembles that determined for aluxOU
mutant ofV. harveyi(99). These results indicate that the quorum sensing system
of V. fischericould be much more complex than is currently thought. Furthermore,
it appears that theV. fischerisystem probably involves multiple signaling circuits
similar toV. harveyi.

Interspecies Communication and the
LuxS Family of AI-2 Synthases

The structure of the secondV. harveyiautoinducer (AI-2) has not been identi-
fied. However, all evidence indicates that AI-2 is not an HSL (S. Schauder &
B.L. Bassler, submitted). The gene that is required for production of AI-2 inV.
harveyihas been identified (luxS), and LuxS has a role in the enzymatic synthesis
of AI-2 (153). Highly conservedluxShomologues exist in a wide variety of both
Gram-negative and Gram-positive bacteria. TheseluxS-containing bacteria pro-
duce AI-2 activity, and in every case tested, inactivation ofluxSeliminates AI-2
production (5, 6, 153).

In contrast to the widespread nature of AI-2 andluxS, to date, only one other
bacterium,Vibrio parahaemolyticus, which is very closely related toV. harveyi,
has been shown to produce an AI-1 activity (6). These results led to the theory
that, inV. harveyi, the AI-1 quorum sensing system is used for intraspecies cell-cell
communication, whereas the AI-2 quorum sensing circuit is used for interspecies
cell-cell communication (5, 6, 153). In natural habitatsV. harveyiexists in mixed
populations containing other species of bacteria. The ability to recognize and re-
spond to multiple autoinducer signals from different origins could allowV. harveyi
to monitor its own cell-population density and also the population density of other
bacteria in the immediate environment. This capability could enableV. harveyito
gauge when it constitutes a majority or a minority of the total population. Fur-
thermore, ifV. harveyicould differentially respond to AI-1 and AI-2, this ability
would enable it to alter its behavior appropriately based on when it exists alone
versus when it exists in a consortium. A distinct role for each autoinducer in
V. harveyiis supported by the recent finding thatV. harveyiregulates multiple
genes, in addition toluxCDABE, in response to AI-1 and AI-2. Furthermore, target
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genes that are exclusively responsive to AI-1 and target genes that are only re-
sponsive to AI-2 have now been identified inV. harveyi(K. Mok, J. Henke, B.L.
Bassler, unpublished data). These results indicate thatV. harveyicould display an
intricate series of behaviors in response to intra- and intercellular communication
in the wild.

The species of bacteria that contain a gene homologous toluxSof V. harveyi
were determined by database analysis using the translatedV. harveyi luxSsequence.
These bacteria include both Gram-negative and Gram-positive species. In every
case theluxSgenes were identified as parts of genome sequencing projects, and
no function had been attributed to any LuxS prior to theV. harveyifindings and
the subsequent analysis of the variousluxSgenes in AI-2 production (153). The
species of bacteria that containluxSgenes include, but are not restricted to,E. coli,
S. typhimurium, Salmonella typhi, Salmonella paratyphi, Haemophilus influen-
zae, Helicobacter pylori, B. subtilis, Borrelia burgdorferi, Neisseria meningitidis,
Yersinia pestis, Campylobacter jejuni, Vibrio cholerae, Mycobacterium tubercu-
losis, Enterococcus faecalis, S. pneumoniae, Streptococcus pyogenes, S. aureus,
Clostridium perfringens,Clostridium difficile, andKlebsiella pneumoniae(5, 153).

As luxShas only recently been discovered, there has not been sufficient time to
identify many of the genes that are regulated by AI-2 inluxS-containing bacteria
other thanV. harveyi. A few pieces of information are currently available. AI-2
has been reported to induce the expression of the LEE pathogenicity island in
E. coli O157. This island encodes a type III secretory apparatus that is required
for virulence (148). AVibrio vulnificus luxSmutant shows increased hemolysin
production and delayed protease production. Furthermore, the LD50 for theV. vul-
nificus luxSmutant is 20-fold higher than that of wild-typeV. vulnificus(75). In the
Gram-positive bacteriumS. pyogenesAI-2 is required for secretion of a cysteine
protease virulence factor (92). Although preliminary, taken together, these results
show that AI-2 acts as a signal in bacterial species besidesV. harveyi. It will be
interesting when the role of AI-2 is determined for many more bacteria that inhabit
diverse habitats. Presumably, as in other quorum sensing systems, the use of AI-2
will have been appropriately adapted to augment survival in each specific locale.

QUORUM SENSING IN MYXOCOCCUS XANTHUS:
A UNIQUE SYSTEM

Unlike other Gram-negative bacteria,M. xanthusdisplays quorum sensing behav-
ior, but in this organism the phenomenon is not driven by an HSL autoinducer.
M. xanthusis a soil bacterium that glides over solid surfaces and colonizes decay-
ing plant material. These bacteria exhibit complex social behaviors in that they
hunt for food in swarms, a behavior that allows the individual cells to take advan-
tage of secreted hydrolytic enzymes produced by neighboring cells (26, 27). Upon
starvation at high cell density,M. xanthusforms fruiting bodies. Bacteria inside
the fruiting body undergo a developmental process that leads to spore formation.
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Spore formation is partially controlled by a quorum sensing circuit, although
nutrient limitation and a solid surface are also required for the differentiation
process. A secreted signal called A-signal is required for density sensing in
M. xanthus(53, 81). A-signal is a mixture of amino acids that are produced as
a consequence of the action of extracellular proteases (79, 80, 127). Three loci are
required to produce A-signal:asgA, asgB, andasgC. AsgA is a two-component
histidine kinase, AsgB is a DNA binding transcriptional regulator, and AsgC is the
majorσ factor inM. xanthus(20, 126, 128). These proteins, along with other as yet
unidentified proteins, are hypothesized to function in a pathway that activates the
expression of genes specifying secreted proteases. These proteases in turn produce
the mixture of amino acids that comprise the A-signal.

A-signal is sensed by another sensor kinase called SasS, which channels infor-
mation, via phosphorylation, to the response regulator SasR (74, 173). Phospho-
SasR interacts with the alternativeσ factorσ 54 to activate the downstream targets
of this unique density-sensing system (49). A negative regulator called SasN must
also be inactivated in order forM. xanthusto respond to A-signal. SasN is not
homologous to any known protein, so its mechanism of function is not understood
(172). A-signal dependent genes are hypothesized to encode structural and regu-
latory proteins required for spore development. In contrast to other bacteria,M.
xanthusappears to have evolved a unique solution for the problem of how to assess
cell-population density. Apparently, some facet(s) of the complex social lifestyle
of this bacterium warrants the use of a distinct set of signaling molecules as well
as an elaborate interconnected signaling network.

INTERGENERA AND INTERKINGDOM
COMMUNICATION

Outlined above are only a few examples of the many known quorum sensing
systems. Identification of novel quorum sensing circuits continues at an ever-
increasing pace. Polymerase chain reaction (PCR) amplification of quorum sensing
genes based on homology to known quorum sensing regulators is routinely used
(156, 168). Furthermore, bioassays have been developed that greatly facilitate the
cloning and identification of new quorum sensing regulators (96, 140, 168, 175).
However, defining the regulons controlled by these new quorum sensing systems
typically lags behind the isolation/identification of a new autoinducer/sensor pair.
We know that at least 25 bacteria possess a LuxI/LuxR system, and at least that
many bacteria possess LuxS and AI-2, but in most cases we do not understand
what behaviors are controlled by these regulators.

In several cases it is clear that quorum sensing has a critical role in regulation
of bacterial pathogenicity, and there is tremendous interest in designing and im-
plementing novel antimicrobial strategies that expressly target quorum sensing.
While synthetic strategies for the design of drugs that antagonize autoinduction
are being developed by humans, it seems likely that eukaryotes susceptible to
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infection by quorum sensing bacteria could have already evolved natural therapies
designed to impede bacterial invasion/colonization by inhibiting quorum sensing
mediated processes. Similarly, competing bacterial populations that are vying for
colonization of a particular niche could attempt to thwart each other by targeting
and inactivating one another’s quorum sensing circuits.

Examples of eukaryotic interference with bacterial quorum sensing as well as
bacterial interference with bacterial quorum sensing have been documented. In a
study of eukaryotic interference with quorum sensing, the seaweedDelisea pulchra
has been shown to possess natural agents that specifically counteract quorum
sensing in the bacteriumSerratia liquefaciens. It should be noted that this is
a model system, andS. liquefaciensand D. pulchra do not actually encounter
one other in nature.S. liquefacienscolonizes the seaweed by swarming over the
surface of the plant leaves. Swarming motility inS. liquefaciensis controlled by
an HSL quorum sensing system. The seaweed produces halogenated furanones
and enones that are very closely related in structure to HSL autoinducers. The
furanones and enones renderS. liquefaciensincapable of swarming motility and
therefore avirulent. These autoinducer antagonists have been shown to bind to
theV. fischeriLuxR protein and inhibit it (93a). It is hypothesized that a similar
mechanism of action is responsible for inhibiting pathogenicity inS. liquefaciens
(29, 30, 46, 48). Although this is a model system, it is speculated that bacterial
swarming over surfaces is likely to be critical for colonization and pathogenicity
in marine/submerged environments, so this could be relevant forD. pulchra(47).

Above we describe one case of bacterial interference with bacterial quorum
sensing in which the autoinducers from differentS. aureusstrains specifically
inhibit each other’sagr virulence systems (70, 95, 109). Another case of bacterial
interference with bacterial quorum sensing has recently been reported involving
E. caratovora. BothB. subtilisandE. carotovoraare commensal soil organisms.
B. subtilisproduces an enzyme called AiiA that is homologous to zinc-binding
metallohydrolases. This enzyme inactivates theE. carotovoraHSL autoinducer.
Although not certain, it is hypothesized that either AiiA hydrolyzes the amide bond
that joins the acyl side chain to the homoserine lactone moiety of the autoinducer
or AiiA hydrolyzes the ester bond in the lactone ring itself. Inactivation of the
autoinducer by AiiA rendersE. carotovoraavirulent (24).

CONCLUSIONS AND FUTURE PERSPECTIVES

Bacteria occupying diverse niches have broadly adapted quorum sensing systems
to optimize them for regulating a variety of activities. In every case quorum sensing
confers on bacteria the ability to communicate and to alter behavior in response to
the presence of other bacteria. Quorum sensing allows a population of individuals
to coordinate global behavior and thus act as a multi-cellular unit. Although the
study of quorum sensing is only at its beginning, we are now in a position to gain
fundamental insight into how bacteria build community networks. We will learn
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how quorum sensing has evolved to facilitate species-specific and interspecies
cell-cell communication. We will learn how quorum sensing allows populations to
act synergistically and how quorum sensing can be used to conquer competitors.
We will learn about the assortment of signals that are employed by bacteria and
about the biosynthesis of these signals as well as how the information encoded
in these chemical signals is processed and transduced to control gene expression.
Furthermore, novel antimicrobial strategies could be designed based on informa-
tion garnered from studies of quorum sensing, which suggests that research on
quourm sensing could have enormous practical applications.

Visit the Annual Reviews home page at www.AnnualReviews.org
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