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m 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. Presumabily, this process bestows upon
bacteria some of the qualities of higher organisms. The evolution of guorum 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 specie¥ibrio fischeriandVibrio harveyi(104). In both species

the enzymes responsible for light production are encoded by the luciferase struc-
tural operouxCDABE(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 treptomycespp. (21), conjugation iEntero-
coccus faecali$25), and fruiting body development Myxococcus xanthu®7)

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 signhal 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. xanthughe 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 tW.discheriregulatory proteins
called Luxl and LuxR. The LuxlI-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, Mdischerj Pseudomonas aerug-
inosa Agrobacterium tumefacienandErwinia 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. Presumabily, differences in regulation of the var-
ious Luxl/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 bacteriunV. fischeri This bacterium lives in symbiotic association with a
number of eukaryotic hosts. In each case the host has developed a specialized light
organ thatis inhabited by a pure culture of a specific straih fidcheriat very high

cell density. In these symbiotic associations the eukaryotic host supfpfiesheri

with a nutrient-rich environmentin which to live. The rolebfischeris to provide

the hostwith light (for review see 135, 136, 163). Each eukaryotic host usesthe light
provided by the bacteria for a specific purpose. For example, in theEgpigmna
scolopes-V. fischedssociation, the squid has evolved an antipredation strategy
in which it counter-illuminates itself using the light from 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 fistMonocentris japonicusises the light produced By 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 fot flseherilight,

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 by. fischeriin 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 thé fischericulture grows to extremely high
cell densities, reaching 1bcells per ml (107). As th&'. 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 bYyfischerielicits 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 byuxCDABE which exists as part of thieixICDABE
operon (31, 85). Two regulatory proteins called Luxl and LuxR comprise the
quorum sensing apparatus. Luxl is the autoinducer synthase enzyme, and it acts
in the production of an HSLN-(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, tHaxICDABE operon
is transcribed at a low basal level. Therefore, a low level of autoinducer is pro-
duced (vialuxl), and because the genes encoding luciferase are located directly
downstream of th&uxl 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 tiefischericulture grows, autoinducer
accumulates to a threshold level1-10,.g/ml) that is sufficient for detection and
binding by the cytoplasmic LuxR protein (28). Interaction of LUuxR 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 expressidoxd® This negative
feedback loop is a compensatory mechanism that decrieax$€®ABEexpression
in response to the positive feedback circuit (31).

The Pseudomonas aeruginosa Lasl/LasR-RhlI/RhIR
Virulence System

In the opportunistic human pathogBraeruginosaa hierarchical LuxI/LuxR cir-
cuit regulates quorum sensing. Two pairs of Luxl/LuxR homologues, Lasl/LasR
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Figure 1 The Vibrio fischeriLuxl/LuxR quorum sensing circuit. There are five lu-
ciferase structural genekiXCDABE) and two regulatory genetuR andluxl) re-

quired for quorum sensing—controlled light emissionVirfischeri The genes are ar-
ranged in two adjacent but divergently transcribed unitsR is transcribed to the

left, and theluxICDABEoperon is transcribed to the right. The LuxI protein (square)

is responsible for synthesis of the HSL autoindue{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 theuxICDABE promoter and activates transcription of this operon.
This action results in an exponential increase in autoinducer synthesis via the increase
in transcription ofuxl and an exponential increase in light production via the increase
in transcription oluxCDABE The LuxR-autoinducer complex also binds at filneR
promoter, but in this case the complex represses the transcriptlarRfThis nega-

tive action compensates for the positive action atittxéCDABEpromoter. The oval
represents a bacterial cell.

(113) and RhlI/RNIR (12), exist iR. aeruginosaBoth Lasl and Rhll are autoin-
ducer synthases that catalyze the formation of the HSL autoinduders
(3-oxododecanoyl)-homoserine lactone (114) Birgutryl)-homoserine lactone
(115), respectively. The two regulatory circuits act in tandem to control the ex-
pression of a number & 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 bgsB, a protease encoded BgsA ExotoxinA, encoded
by toxA and alkaline phosphatase, which is encoded byapeA gene (19,
22,72,113). Analogous to th¥. fischeriLuxl/LuxR circuit, LasR bound to
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autoinducer also activatéas| expression, which establishes a positive feedback
loop (138).

The LasR-autoinducer complex also activates the expression of the second
guorum sensing system Bf aeruginosg108). Specifically, expression dilR is
induced. RhIR binds the autoinducer produced by Rhll; this complex induces the
expression of two genes that are also under the control of the Lasl/LasR system,
lasB and aprA. Additionally, the RhIR-autoinducer complex activates a second
class of specific target genes. These genes incipo® which encodes the sta-
tionary phase sigma facter®; rhIAB, which encodes rhamnosyltransferase and
is involved in the synthesis of the biosurfactant/hemolysin rhamnolipid; genes
involved in pyocyanin antibiotic synthesis; thecA gene, which encodes a cyto-
toxic lectin; and therhll gene (12,22,41,58,82,110,111,116,121, 165, 166,
169). Again, similar to Lasl/LasR and Luxl/LuxR, activationrbil establishes
an autoregulatory loop.

As mentioned above, the LasR-autoinducer complex activatBexpression
to initiate the second signaling cascade. However, the LasR-dependent autoin-
ducer,N-(3-oxododecanoyl)-homoserine lactone, also prevents the binding of the
Rhll-dependent autoinduceét;(butryl)-homoserine lactone, to its cognate regula-
tor RhIR (121). Presumably, this second level of control of RhllI/RhIR autoinduc-
tion by the Lasl/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 iP. aeruginosaThis signal is noteworthy because it is not
of the homoserine lactone class. Rather, it is 2-heptyl-3-hydroxy-4-quinolone (de-
noted PQS foPseudomonagquinolone signal) (120). PQS partially controls the
expression of the elastase gdasBin conjunction with the Las and Rhl quorum
sensing systems. The expression of PQS requires LasR, and PQS in turn induces
transcription ofhll. 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 Rhll-directed autoinducer only after establishment of the
Lasl/LasR signaling cascade. A model showingRhaeruginosajuorum sensing
circuit is presented in Figure 2.

Recent studies on quorum sensingFnaeruginosahave revealed that quo-
rum sensing is crucial for proper biofilm formation. SpecificaRyaeruginosa
lasl 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 Lasl-dependent
HSL autoinduceiN-(3-oxododecanoyl)-homoserine lactoReaeruginosas the
primary pathogen observed in the lungs of people afflicted with cystic fibrosis (CF),
and microscopic analysis of CF sputum samples indicatePthatuginosaxists
predominantly in biofilms in vivo. Finally, both the Lasl- and the Rhll-directed
autoinducers have been detected in sputum samples taken from CF patients (111,
143). These data indicate that biofilm formation®yaeruginosacould be criti-
cal for colonization of the lung, and therefore antimicrobial therapies designed to
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virulence genes” target genes

Figure 2 ThePseudomonas aeruginokasl/LasR-Rhll/RhIR quorum sensing sys-
tem. P. aeruginosauses two Luxl/LuxR-like autoinducer-sensor pairs for quorum
sensing regulation of a variety of genes. The Lasl protein produces the homoserine
lactone signaling moleculs-(3-oxododecanoyl)-homoserine lactone (triangles), and
the Rhll protein synthesizels-(butryl)-homoserine lactone (pentagons). The LasR
protein binds the Lasl-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 transcriptiohl&fto ini-

tiate the second quorum sensing circuit. RhIR bound to the Rhll-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 Lasl autoinducer inter-
feres with binding of the Rhll-autoinducer to RhIR. Presumably, this action ensures
that the Lasl/LasR circuit is established prior to the establishment of the Rhll/RhIR
circuit. The Pseudomonasuinolone 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
Lasl and Rhll, and the circles represent the transcriptional activator proteins LasR and
RhIR.

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

The Agrobacterium tumefaciens Tral/TraR Virulence System

A. tumefacienss 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. tumefaciengquorum sensing controls the conjugal transfer of the Ti plas-
mid between bacteria (124). Both the regulatory components Tral and TraR of the
A. tumefaciengjuorum sensing system are located on the transmissible Ti plas-
mid (42, 68, 174). Conjugation betwedntumefaciensells requires two sensory
signals, a host opine signal and the HSL autoinducer sijA@-oxoctanoyl)-
homoserine lactone, which is the product of the bacterial Tral 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 sensfgume-
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. tumefacienguorum sensing circuit functions analo-
gously to that oW. fischeri Specifically, low, basal-level expressionttl 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 ofral to establish the characteristic positive autoinduction loop. Tar-
get genes regulated by the autoinducer-TraR complex includealoperon, the
trb operon, and a gene call&iM (38,42, 68, 124). Théra operon is required
for mobilization of the Ti plasmid, and theb 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 Ahdumefaciensircuit that
does not appear to exist in thefischericircuit.

The Erwinia carotovora Expl/ExpR-Carl/CarR

Virulence/Antibiotic System

The pathogenic bacteriuf. carotovoracauses soft-rot in potato and other plant
hosts. The secretion of cellulase and several pectinases that macerate the plant cell
walls mediates pathogenicity Ev carotovora(61). A cognate pair of LuxI/LuxR
homologues, Expl/EXpR, is assumed to control secretion of the exoenzymes.
Specifically, mutagenesis @kxpl 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. aeruginosaa second Luxl/LuxR-like quorum sensing pair exists
in E. carotovora The Carl/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 Ehecarotovoraenzymes. Both Carl
and Expl produce the identical HSL autoindudé«(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 Luxl-like and LuxR-like proteins
are identical to those of Luxl and LuxR ¥f fischeri Research oN. 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 Luxl and LuxR protein
families. Table 1 shows a list of bacterial species known to possess Luxl 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 Luxl enzymes in HSL biosyn-
thesis. The Luxl 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
LuxlI-directed HSL biosynthesis.

This biochemical mechanism for conversion of SAM and specific acyl-ACPs
to HSL autoinducers has now been demonstrated for several Luxl-like proteins
from different quorum sensing bacteria. These enzymes include LuxI\ftdis
cheri (56), Tral fromA. tumefacien100), and Rhll fromP. aeruginosg112).
Taken together, these results suggest that the SAM/acyl-ACP biosynthetic path-
way is likely conserved among all Luxl 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 Luxl/LuxR homologues: the regulatory proteins, the
HSL autoinducers, and the regulated functions?

LuxI/LuxR Target Genesand
Organism Homologue(s) Autoinducer Identity  Functions
Mibrio fischeri LuxI/LuxR N-(3-oxohexanoyl)- luxICDABE (biolumin-
HSL escence) (28, 31)
Aeromonas Ahyl/AhyR N-butanoy!l-HSL Serine protease and metal-
hydrophila |oprotease production
(154)
Aeromonas Asal/AsaR N-butanoyl-HSL aspA (exoprotease) (155)
salmonicida
Agrobacterium Tral/TraR N-(3-oxooctanoyl)- tra, trb (Ti plasmid conju-
tumefaciens HSL gal transfer) (124, 174)
Burkholderia Cepl/CepR N-octanoyl-HSL Protease and siderophore
cepacia production (87)
Chromobacterium Cvil/CviR N-hexanoyl-HSL Violacein pigment, hydro-
violaceum gen cyanide, antibiotics,
exoproteases and chitino-
Iytic enzymes (14, 96)
Enterobacter Eagl/EagR N-(3-oxohexanoyl)- Unknown (156)
agglomerans HSL
Erwinia (8 Expl/ExpR  N-(3-oxohexanoyl)- (8) Exoenzyme synthesis,
carotovora (b) Carl/CarR HSL (72, 125)
(b) Carbapenem antibiotic
synthesis (4)
Erwinia Expl/ExpR N-(3-oxohexanoyl)- pecS (regulator of
chrysanthemi HSL pectinase synthesis)
(103, 132)
Erwinia stewartii Esal/EsaR N-(3-oxohexanoyl)- Capsular polysaccharide
HSL biosynthesis, virulence
(10)
Escherichia coli ASdiA ? ftsQAZ (cell division),
chromosome replication
(44, 144, 170)
Pseudomonas Phzl/PhzR N-hexanoyl-HSL phz (phenazine antibiotic
aereofaciens biosynthesis) (123, 171)
Pseudomonas (a) Lasl/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)
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TABLE 1 (Continued)

LuxI/LuxR Target Genesand
Organism Homologue(s)  Autoinducer |dentity Functions
(b) RhlI/RhIR (b) N-butyryl-HSL (b) lasB, rhlAB
(rhamnolipid), rpoS
(stationary phase)
(22 and references
therein; 82, 115)
Ralstonia Soll/SolR N-hexanoyl-HSL, Unknown (34)
solanacearum N-octanoyl-HSL
Rhizobium etli Rail/RaiR Multiple, unconfirmed Restriction of nodule
number (134)
Rhizobium (&) Rhil/RhiR (8) N-hexanoyl-HSL (8 rhiABC (rhizosphere
leguminosarum genes) and stationary
phase (18, 51, 133)
(b) Cinl/CinR (b) N-(3-hydroxy-7- (b) Quorum sensing
cis-tetradecenoyl)- regulatory cascade
HSL (90)
Rhodobacter Cerl/CerR 7,8-cis-N- Prevents bacterial
sphaeroides (tetradecanoyl)-HSL aggregation (130)
Salmonella 2ASdiA ? rck (resistance to
typhimurium competence killing),
ORF on Salmonella
virulence plasmid (1)
Serratia Swrl/? N-butanoyl-HSL Swarmer cell differen-
liquefaciens tiation, exoprotease
(30, 47)
Vibrio anguillarum Vanl/VanR N-(3-oxodecanoyl)- Unknown (97)
HSL
Yersinia Yenl/YenR N-hexanoyl-HSL, Unknown (157)
enterocolitica N-(3-oxohexanoyl)-
HSL
Yersinia (@ Ypsl/YpsR  (a) N-(3-oxohexanoyl)-  Hierarchical quorum
pseudotuberculosis HSL sensing cascade
(b) Ytbl/YtbR (b) N-octanoyl-HSL regulating bacterial
aggregation and
motility (3)

aMuch of the information in this table comes from (22) with permission.
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Figure 3 Luxl-directed biosynthesis of acylated homoserine lactone autoinducers.
The LuxI family of proteins useS-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 autoinduceX-(3-oxooctanoyl)-homoserine lactone, which is synthesized
by Tral of A. tumefaciendrigure 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 Luxl-like protein and one specific acyl-
ACP could provide a means for each Luxl-like protein to produce only one
autoinducer. There are a few cases known in which a Luxl-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 thé. 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 fronA. tumefacienstrongly 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 cognhate autoinducer, is resistant to proteolysis.Altamefacienautoinducer
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 honcognate 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 Luxls 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).



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

QUORUM SENSING 179

Several Gram-positive quorum sensing systems have been extensively stud-
ied. Here we describe the model systems controlling competer8gedptococ-
cus pneumonigecompetence and sporulation Bacillus subtilis and virulence
in Staphylococcus aureuss 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 describesl pneumonia@1).

This process requires that the recipient bacterium become “competent” in order
to acquire exogenous DNA molecules. The progression of events that results in
S. pneumoniaéandB. subtili§ 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. pneumoniaés 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 ofcthi@Xgene. ComX is an
alternatives factor that is required for transcription of structural genes that are
involved in the development of competence (86).

The S. pneumoniaeompetent state is transient and occurs only during expo-
nential growth. In later stages of gron8 pneumoniatoses the ability to take
up exogenous DNA (21, 65, 158). Therefore, other, as yet unidentified, regulators
must exist that are responsible for transitionBigpneumoniaeut of the com-
petent state. What is remarkable about competen& pneumoniaés 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 &8lgmeu-
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$h 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 populationB®f subtiliscells become competent,
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and in contrast t&. pneumonigethe 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 ensureB.that
subtilisinherits 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 thé. 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 tBe 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 atryptophan 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 peptid@irsubtilis 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 inB 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 @bm$ which results in increased proteolysis of
ComkK, 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 (Spo0OA) that is involved in pro-
moting sporulation. Therefore, inhibition of the RapB phosphatase activity in-
creases the levels of phospho-Spo0OA, 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, allowBigsubtilisto 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 pathoge8. 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 susceptibl&t@ureusnfection.
A variety of pathogenicity determinants are required for successful invasion by
S. aureusmany of which are regulated by peptide quorum sensing. (For a review
of S. aureugpathogenesis see 105.)

An RNA molecule called RNAIII regulates density-dependent pathogenicity in
S. aureuq69, 102). TheagrBDCAoperon encodes the components of a peptide
guorum sensing system that is partially responsible for regulating the levels of
RNAIII (101,106, 117). TheagrBDCAIlocus is adjacent to and transcribed diver-
gently from thehld gene. Thénld gene encodes a hemolysin, did also encodes
the RNAIII transcript (69, 102). ThagrD 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 RNAIIl. 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.cdureusThe vari-
ability in the AlIPs determines their specificity for interaction with a particular
AgrC sensor kinas&. aureustrains can be categorized into four different groups
based on the specificity of their AlPs. A remarkable feature ofShaureus
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Figure5 Quorum sensing control of competence and sporulati@atillus subtilis.

B. subtilisemploys 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 transcriptiorcomS The ComsS 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.
CSFis 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 SpoOA. Phospho-Spo0A induces sporulation.
Therefore, CSF inhibition of the RapB phosphatase increases the phospho-Spo0OA
levels, and this leads to sporulation.

guorum sensing system is that each AIP, while initiatinggtipevirulence cascade

in its own group, specifically inhibits thagr response in the othes. 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 bacteriay. harveyiproduces and responds to an acylated homoserine
lactone. In contrast to Gram-negative bacteria, but analogous to Gram-positive bac-
teria, quorum sensing signal transductioNiharveyioccurs via a two-component
circuit (5). Additionally,V. harveyipossesses a novel signaling molecule, denoted
Al-2 (7, 8). This molecule and the gene required for its production have recently
been shown to be presentin a variety of Gram-negative and Gram-positive bacteria
(152, 153). Al-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. fischerj V. harveyj a related free-living marine bacterium, uses
guorum sensing to regulate bioluminescenceV.lharveyitwo quorum sensing
systems function in parallel to control the density-dependent expression of the
luciferase structural operoiixCDABE Each system is composed of a sensor
(Sensor 1 or Sensor 2) and its cognate autoinducer (Al-1 or Al-2) (7,8). Al-1is
N-(3-hydroxybutanoyl)-homoserine lactone (13). However, unlik¥.ifischerj
synthesis of this HSL autoinducer is not dependent on a LuxI-like protein. The
LuxLM protein is required for production of Al-1 and it shares no homology to
the Luxl family, although the biosynthetic pathway is probably identical (7). The
structure of the second harveyiautoinducer (Al-2) is not known. Al-1 and Al-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 Al-2 signal. LuxP is similar to the ribose binding proteinEsfcherichia coli
andSalmonella typhimuriun). 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 iN. 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 tixCDABE expression, but this effect is indirect (35-37).
Recent evidence suggests that LuxOd$4dependent activator of an unidentified
repressor ofuxCDABEexpression (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 circuiifrio harveyi.

V. harveyiuses two autoinducers to regulate density-dependent light production. Al-1
is N-(3-hydroxybutanoyl)-homoserine lactone (diamonds), and Al-2 (cylinders) is of
unknown structure. The proteins required for synthesis of Al-1 and Al-2 are LuxLM
and LuxsS, respectively. A cognate two-component sensor kinase protein detects each
autoinducer. Specifically, LuxN is responsible for detection of Al-1 and LuxQ is re-
sponsible for Al-2. Additionally, a periplasmic binding protein called LuxP is required

for Al-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 operd®@DABE

A transcriptional activator called LuxR, which is not similar to MefischeriLuxR

family, is also required for expression ik CDABE 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 reprdss€DABEex-
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 théuxCDABE promoter and activates transcription.
Therefore, under these conditions the bacteria produce light.

soluxCDABE:is transcribed and the bacteria make light (35-37). A transcriptional
activator called LuxR (not similar t¥. fischeriLuxR) is absolutely required for
the expression dtixCDABE(94, 142). A model for quorum sensingVhharveyi
is shown in Figure 6.

It is surprising that no components similar to the canonical Luxl/LuxR com-
ponents ofV. fischerihave ever been identified M harveyi This is especially
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noteworthy given how closely the twdbrio 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 simildux of V. harveyihas been
found inV. fischeri This gene is calledinS(45), and its product, AinS, directs the
synthesis of a second fischerHSL molecule (57, 78). The AinS protein does not
have any homology to LuxI, butthe mechanism of biosynthesis of the HSL appears
to be the same (57). The role of the second autoindudéfischerremains a mys-

tery, as inactivation odinShas only a minor effect on bioluminescence (77, 78).
Additionally, homologues of th¥. harveyiLuxO and LuxU two-component pro-
teins have been recently identified\ihfischeri The genetic organization of the
luxOU locus inV. fischeriis identical to that oV. harveyj and furthermore, in-
activation ofluxOU in V. fischeriresults in loss of repression of luminescence at
low cell density. This phenotype closely resembles that determined|ioGLU
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 th¥. fischerisystem probably involves multiple signaling circuits
similar toV. harveyi

Interspecies Communication and the
LuxS Family of AI-2 Synthases

The structure of the second harveyiautoinducer (Al-2) has not been identi-
fied. However, all evidence indicates that Al-2 is not an HSL (S. Schauder &
B.L. Bassler, submitted). The gene that is required for production of Al*2 in
harveyihas been identifiedu xS, and LuxS has a role in the enzymatic synthesis
of Al-2 (153). Highly conservetuxShomologues exist in a wide variety of both
Gram-negative and Gram-positive bacteria. THes&containing bacteria pro-
duce Al-2 activity, and in every case tested, inactivatiotugSeliminates Al-2
production (5, 6, 153).

In contrast to the widespread nature of Al-2 doxlS to date, only one other
bacterium Vibrio parahaemolyticuswhich is very closely related td. harveyj
has been shown to produce an Al-1 activity (6). These results led to the theory
that, inV. harveyjthe Al-1 quorum sensing system is used for intraspecies cell-cell
communication, whereas the Al-2 quorum sensing circuit is used for interspecies
cell-cell communication (5, 6, 153). In natural habitstdarveyiexists in mixed
populations containing other species of bacteria. The ability to recognize and re-
spond to multiple autoinducer signals from different origins could alfoharveyi
to monitor its own cell-population density and also the population density of other
bacteria in the immediate environment. This capability could endliarveyito
gauge when it constitutes a majority or a minority of the total population. Fur-
thermore, ifV. harveyicould differentially respond to Al-1 and Al-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 thdt harveyiregulates multiple
genes, in addition tuxCDABE in response to Al-1 and Al-2. Furthermore, target
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genes that are exclusively responsive to Al-1 and target genes that are only re-
sponsive to Al-2 have now been identifiedvinharveyi(K. Mok, J. Henke, B.L.
Bassler, unpublished data). These results indicatetterveyicould display an
intricate series of behaviors in response to intra- and intercellular communication
in the wild.

The species of bacteria that contain a gene homologolus<8of V. harveyi
were determined by database analysis using the tran$latadveyi luxSequence.
These bacteria include both Gram-negative and Gram-positive species. In every
case thduxSgenes were identified as parts of genome sequencing projects, and
no function had been attributed to any LuxS prior to Yhénarveyifindings and
the subsequent analysis of the varidwsSgenes in Al-2 production (153). The
species of bacteria that contdirxSgenes include, but are not restrictedEocoli,
S. typhimurium Salmonella typhiSalmonella paratyphiHaemophilus influen-
zae Helicobacter pylorj B. subtilis Borrelia burgdorferi Neisseria meningitidis
Yersinia pestisCampylobacter jejuniVibrio cholerae Mycobacterium tubercu-
losis, Enterococcus faecaliss. pneumonigeStreptococcus pyogenes. aureus
Clostridium perfringengClostridium difficile andKlebsiella pneumonia, 153).

AsluxShas only recently been discovered, there has not been sufficient time to
identify many of the genes that are regulated by Al-LixScontaining bacteria
other thanV. harveyi A few pieces of information are currently available. Al-2
has been reported to induce the expression of the LEE pathogenicity island in
E. coli O157. This island encodes a type Ill secretory apparatus that is required
for virulence (148). AVibrio vulnificus luxSmutant shows increased hemolysin
production and delayed protease production. Furthermore, tggfaixheV. vul-
nificus luxSmutant is 20-fold higher than that of wild-typevulnificug75). In the
Gram-positive bacteriur8S. pyogenesl-2 is required for secretion of a cysteine
protease virulence factor (92). Although preliminary, taken together, these results
show that Al-2 acts as a signal in bacterial species be&idbarveyi It will be
interesting when the role of Al-2 is determined for many more bacteria that inhabit
diverse habitats. Presumably, as in other quorum sensing systems, the use of Al-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 bacter, xanthudisplays quorum sensing behav-
ior, but in this organism the phenomenon is not driven by an HSL autoinducer.
M. xanthusds 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 densit{l. 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-signaisgA asgB andasgC AsgA is a two-component
histidine kinase, AsgB is a DNA binding transcriptional regulator, and AsgC is the
majoro factorinM. xanthug20, 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 alternativefactoro >4 to activate the downstream targets
of this unique density-sensing system (49). A negative regulator called SasN must
also be inactivated in order fovl. 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 badtkria,
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 LuxIl/LuxR system, and at least that
many bacteria possess LuxS and Al-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 sealdekgka pulchra
has been shown to possess natural agents that specifically counteract quorum
sensing in the bacteriurBerratia liquefaciensit should be noted that this is
a model system, an8. liquefaciensand D. pulchrado not actually encounter
one other in natureS. liquefaciengolonizes the seaweed by swarming over the
surface of the plant leaves. Swarming motilitySnliquefacienss 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 ren@&rliquefaciensncapable of swarming motility and
therefore avirulent. These autoinducer antagonists have been shown to bind to
the V. fischeriLuxR protein and inhibit it (93a). It is hypothesized that a similar
mechanism of action is responsible for inhibiting pathogenicitg.iiquefaciens
(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 relevait.fpulchra(47).

Above we describe one case of bacterial interference with bacterial quorum
sensing in which the autoinducers from differéht aureusstrains specifically
inhibit each other'sgr virulence systems (70, 95, 109). Another case of bacterial
interference with bacterial quorum sensing has recently been reported involving
E. caratovora Both B. subtilisandE. carotovoraare commensal soil organisms.

B. subtilisproduces an enzyme called AiiA that is homologous to zinc-binding
metallohydrolases. This enzyme inactivates EhearotovoraHSL 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 renderg. 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
guourm sensing could have enormous practical applications.

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

LITERATURE CITED

1.

. Andersson RA, Eriksson AR, Heikin-

. Atkinson S, Throup JP, Stewart GS,

. Bainton NJ,

. Bassler BL. 1999. How bacteria talk to

7. Bassler BL, Wright M, Showalter RE,
Silverman MR. 1993. Intercellular sig-
nalling in Vibrio harveyi sequence and

homolog, a putative quorum sensor of function of genes regulating expression

the LuxR family, that regulates genes of luminescenceMol. Microbiol. 9:773—

on the virulence plasmidl. Bacteriol. 86

180:1185-93 8. Bassler BL, Wright M, Silverman MR.

1994. Multiple signalling systems con-

trolling expression of luminescence in

Vibrio harveyi sequence and function of

winia carotovorasubsp.carotovora the genes encoding a second sensory path-

role of expR(Ecc). Mol. Plant Microbe way. Mol. Microbiol. 13:273-86

Interact.13:384-93 9. Bassler BL, Wright M, Silverman MR.

1994. Sequence and function of LuxO,

Williams P. 1999. A hierarchical quorum- a negative regulator of luminescence in

sensing system iiYersinia pseudotuber- Vibrio harveyi Mol. Microbiol. 12:403—

culosisis involved in the regulation of 12

motility and clumping.Mol. Microbiol. 10. Beck von Bodman S, Farrand SK. 1995.

33:1267-77 Capsular polysaccharide biosynthesis and

pathogenicity irErwinia stewartiirequire

Bycroft BW, Salmond GP, et al. 1992. induction by anN-acylhomoserine lac-

N-(3-oxohexanoyl)-L-homoserine  lac- tone autoinducet. Bacteriol.177:5000—

tone regulates carbapenem antibiotic pro- 8

duction inErwinia carotovora Biochem. 11. Beck von Bodman S, Hayman GT, Far-

J. 288:997-1004 rand SK. 1992. Opine catabolism and con-

jugal transfer of the nopaline Ti plasmid

pTiC58 are coordinately regulated by a

single repressorProc. Natl. Acad. Sci.

USA89:643-47

Ahmer BM, van Reeuwijk J, Timmers
CD, Valentine PJ, Heffron F. 1998.
Salmonellatyphimuriurancodes an SdiA

heimo R, Mae A, Pirhonen M, etal. 2000.
Quorum sensing in the plant pathoden

Stead P, Chhabra SR,

each other: regulation of gene expression
by quorum sensingCurr. Opin. Micro-
biol. 2:582-87

. Bassler BL, Greenberg EP, Stevens AM. 12. Brint JM, Ohman DE. 1995. Synthesis

1997. Cross-species induction of lumines-
cence in the quorum-sensing bacterium
Vibrio harveyi J. Bacteriol.179:4043-45

of multiple exoproducts iffseudomonas
aeruginosais under the control of RhIR-
Rhll, another set of regulators in strain



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

190

MILLER = BASSLER

13.

14.

15.

16.

17.

18.

19.

20.

21.

PAO1 with homology to the autoinducer-
responsive LuxR-Lux| familyJ. Bacte-

riol. 177:7155-63 22.

Cao JG, Meighen EA. 1989. Purification
and structural identification of an autoin-

ducer for the luminescence systems- 23.

rio harveyi J. Biol. Chem.264:21670—
76

Chernin LS, Winson MK, Thompson
JM, Haran S, Bycroft BW, et al. 1998.

Chitinolytic activity inChromobacterium  24.

violaceum substrate analysis and regu-
lation by quorum sensingl. Bacteriol.
180:4435-41

Choi SH, Greenberg EP. 1991. The
C-terminal region of theVibrio fis-

cheri LUuxR protein contains an inducer- 25.

independentux gene activating domain.
Proc. Natl. Acad. Sci. US88:11115-19
Choi SH, Greenberg EP. 1992. Ge-
netic dissection of DNA binding and lu-
minescence gene activation by théb-
rio fischeri LuxR protein. J. Bacteriol.
174:4064—-69

Christie PJ. 1997Agrobacterium tume- 26.

faciensT-complex transport apparatus: a
paradigm for a new family of multifunc-

tional transporters in eubacteriaBacte-  27.

riol. 179:3085-94

Cubo MT, Economou A, Murphy

G, Johnston AW, Downie JA. 1992. 28.

Molecular characterization and regulation
of the rhizosphere-expressed gembis
ABCRthat can influence nodulation by
Rhizobium leguminosarufriovarviciae

J. Bacteriol.174:4026-35 29.

Davies DG, Parsek MR, Pearson JP,
Iglewski BH, Costerton JW, Greenberg

EP. 1998. The involvement of cell-to-cell 30.

signals in the development of a bacterial
biofilm. Science280:295-98

Davis JM, Mayor J, Plamann L. 1995. A
missense mutation ipoDresults in an A-
signalling defect ilMyxococcus xanthus

Mol. Microbiol. 18:943-52 31.

Dawson M, Sia R. 1931. In vitro trans-
formation of pneumococcal types I. A
technique for inducing transformation of

25a.

pneumococcal types in vitrd. Exp. Med.
54:681-99

de Kievit TR, Iglewski BH. 2000. Bac-
terial quorum sensing in pathogenic rela-
tionships.Infect. Immun68:4839-49
Dessaux Y, Petit A, Tempe J. 1992.
Opines in Agrobacterium biology. In
Molecular Signals in Plant-Microbe In-
teractions ed. DPS Verma, pp. 109-36.
Boca Raton, FL: CRC

Dong YH, XuJL, Li XZ, Zhang LH.
2000. AiiA, an enzyme that inactivates the
acylhomoserine lactone quorum-sensing
signal and attenuates the virulencebwf
winia carotovora Proc. Natl. Acad. Sci.
USA97:3526-31

Dunny GM, Brown BL, Clewell DB.
1978. Induced cell aggregation and mat-
ing in Streptococcus faecaligvidence
for a bacterial sex pheromorferoc. Natl.
Acad. Sci. USA5:3479-83

Dunney GM, Winans SC, eds. 19@@ll-
Cell Signaling in BacteriaWashington,
DC: ASM Press

Dworkin M. 1973. Cell-cell interactions
in the myxobacterigsSymp. Soc. Gen. Mi-
crobiol. 23:125-47

Dworkin M, Kaiser D. 1985. Cell inter-
actions in myxobacterial growth and de-
velopmentScience230:18-24

Eberhard A, Burlingame AL, Eberhard
C, Kenyon GL, Nealson KH, Oppen-
heimer NJ. 1981. Structural identification
of autoinducer oPhotobacterium fischeri
luciferase Biochemistry20:2444-49

Eberl L, Molin S, Givskov M. 1999.
Surface motility ofSerratia liquefaciens
MGL1.J. Bacteriol.181:1703-12

Eberl L, Winson MK, Sternberg C, Stew-
art GS, Christiansen G, et al. 1996. In-
volvement ofN-acyl-L-homoserine lac-
tone autoinducers in controlling the mul-
ticellular behaviour ofSerratia liquefa-
ciens Mol. Microbiol. 20:127-36
Engebrecht J, Nealson K, Silverman M.
1983. Bacterial bioluminescence: isola-
tion and genetic analysis of functions from
Vibrio fischeri. Cell32:773-81



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

QUORUM SENSING 191

32

33.

34.

35.

36.

37.

38.

39.

40.

. Engebrecht J, Silverman M. 1984. Identi- 41
fication of genes and gene products neces-
sary for bacterial bioluminescenderoc.

Natl. Acad. Sci. US81:4154-58

Engebrecht J, Silverman M. 1987. Nu-
cleotide sequence of the regulatory locus

controlling expression of bacterial genes 42.

for bioluminescencelucleic Acids Res.
15:10455-67

Flavier AB, Ganova-Raeva LM, Schell
MA, Denny TP. 1997. Hierarchical
autoinduction in Ralstonia solana-

cearum control of acyl-homoserine lac- 43.

tone production by a novel autoregulatory
system responsive to 3-hydroxypalmitic
acid methyl ested. Bacteriol.179:7089—
97

analysis of the function of LuxO, a two-
component response regulator involved in
guorum sensing invibrio harveyi Mol.
Microbiol. 31:665-77

and function of LuxU: a two-component
phosphorelay protein that regulates quo-

rum sensing invibrio harveyi J. Bacte-  46.

riol. 181:899-906

Freeman JA, Lilley BN, Bassler BL.
2000. A genetic analysis of the functions
of LuxN: a two-component hybrid sensor

kinase that regulates quorum sensing in47.

Vibrio harveyi Mol. Microbiol. 35:139—
49
Fuqua C, Burbea M, Winans SC. 1995.

Activity of the AgrobacteriunTi plasmid ~ 48.

conjugal transfer regulator TraR is inhib-
ited by the product of théraM gene.J.
Bacteriol.177:1367—73

FuquaC, Eberhard A. 1999. Signal gener-
ation in autoinduction systems: synthesis

of acylated homoserine lactones by LuxI- 49.

type proteins. See Dunney & Winans
1999, pp. 211-30

Fuqua C, Winans SC. 1996. Localiza-
tion of OccR-activated and TraR-activated

promoters that express two ABC-type per- 50.

meases and theaR gene of Ti plasmid
pTiR10.Mol. Microbiol. 20:1199-210

Freeman JA, Bassler BL. 1999. A genetic 44.

Freeman JA, Bassler BL. 1999. Sequence45.

. Fugqua C, Winans SC, Greenberg EP.
1996. Census and consensus in bacte-
rial ecosystems: the LuxR-Lux| family
of quorum-sensing transcriptional reg-
ulators. Annu. Rev. Microbiol 50:727—
51

Fugua WC, Winans SC. 1994. A
LuxR-Luxl type regulatory system acti-
vates AgrobacteriumTi plasmid conju-
gal transfer in the presence of a plant
tumor metabolite]. Bacteriol.176:2796—
806

Fugua WC, Winans SC, Greenberg
EP. 1994. Quorum sensing in bacteria:
the LuxR-Lux| family of cell density-
responsive transcriptional regulators.
Bacteriol.176:269-75

Garcia-Lara J, Shang LH, Rothfield LI.
1996. An extracellular factor regulates ex-
pression oBdiA a transcriptional activa-
tor of cell division genes irfEscherichia
coli. J. Bacteriol.178:2742—-48

GilsonL, Kuo A, Dunlap PV. 1995. AinS
and a new family of autoinducer synthesis
proteins.J. Bacteriol.177:6946-51
Givskov M, de Nys R, Manefield M,
Gram L, Maximilien R, et al. 1996.
Eukaryotic interference with homoserine
lactone-mediated prokaryotic signalling.
J. Bacteriol.178:6618-22

Givskov M, EberlL, Molin S. 1997. Con-
trol of exoenzyme production, motility
and cell differentiation itserratia liquefa-
ciens FEMS Microbiol. Lett148:115-22
Givskov M, Ostling J, Eberl L, Lindum
PW, Christensen AB, et al. 1998. Two
separate regulatory systems patrticipate in
control of swarming motility ofSerratia
liquefaciendMG1. J. Bacteriol.180:742—
45

Gorski L, Gronewold T, Kaiser D. 2000.
A sigma(54) activator protein necessary
for spore differentiation within the fruit-
ing body ofMyxococcus xanthud. Bac-
teriol. 182:2438-44

Gray KM, Passador L, Iglewski BH,
Greenberg EP. 1994. Interchangeability
and specificity of components from the



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

192

MILLER = BASSLER

51.

52.

53.

54.

55.

56.

57.

58.

59.

quorum-sensing regulatory systems of
Vibrio fischeriand Pseudomonas aerug-
inosa J. Bacteriol.176:3076-80

Gray KM, Pearson JP, Downie JA,
Boboye BE, Greenberg EP. 1996. 60.
Cell-to-cell signaling in the symbi-

otic nitrogen-fixing bacteriurRhizobium
leguminosarumautoinduction of a sta-
tionary phase and rhizosphere-expressed

genesJ. Bacteriol.178:372-76 61.

Grossman AD. 1995. Genetic networks
controlling the initiation of sporulation
and the development of genetic com-
petence inBacillus subtilis Annu. Rev.
Genet.29:477-508

Hagen DC, Bretscher AP, KaiserD. 1978. 62.

Synergism between morphogenetic mu-
tants ofMyxococcus xanthu®ev. Biol.
64:284-96

Hahn J, Luttinger A, Dubnau D. 1996. 63.

Regulatory inputs for the synthesis of
ComkK, the competence transcription fac-
tor of Bacillus subtilis Mol. Microbiol.
21:763-75

Hanzelka BL, Greenberg EP. 1995. Ev- 64.

idence that the N-terminal region of the
Vibrio fischeriLuxR protein constitutes an

autoinducer-binding domaid. Bacteriol. ~ 65.

177:815-17
Hanzelka BL, Greenberg EP. 1996. Quo-
rum sensing irVibrio fischeri evidence

that S-adenosylmethionine is the amino 66.

acid substrate for autoinducer synthesis.
J. Bacteriol.178:5291-94

Hanzelka BL, Parsek MR, Val DL, Dun-
lap PV, Cronan JE Jr, Greenberg EP.
1999. Acylhomoserine lactone synthase
activity of the Vibrio fischeri AinS pro-

tein.J. Bacteriol.181:5766-70 67.

Hassett DJ, Ma JF, Elkins JG, Mc-
Dermott TR, Ochsner UA, et al. 1999.
Quorum sensing iPseudomonas aerug-
inosacontrols expression of catalase and
superoxide dismutase genes and mediates

biofilm susceptibility to hydrogen perox- 68.

ide. Mol. Microbiol. 34:1082—-93
Havarstein LS, Coomaraswamy G, Mor-
rison DA. 1995. An unmodified hep-

tadecapeptide pheromoneinduces compe-
tence for genetic transformation 8trep-
tococcus pneumonia®roc. Natl. Acad.
Sci. USA92:11140-44

Haverstein LS, Morrison DA. 1999.
Quorum sensing and peptide pheromones
in Streptococcal competence for genetic
transformation. See Dunney & Winans
1999, pp. 9-26

Hinton JC, Sidebotham JM, Hyman LJ,
Perombelon MC, Salmond GP. 1989. Iso-
lation and characterisation of transposon-
induced mutants oErwinia carotovora
subspatrosepticaexhibiting reduced vir-
ulenceMol. Gen. Genet217:141-48
Hoch JA. 1993. Regulation of the phos-
phorelay and the initiation of sporulation
in Bacillus subtilis Annu. Rev. Microbiol.
47:441-65

Hoch JA. 1995. Control of cellular de-
velopment in sporulating bacteria by
the phosphorelay two-component signal
transduction system. See Hoch & Silhavy
1995, pp. 129-44

Hoch JA, Silhavy TJ. 1995Two-
Component Signal TransductiokVash-
ington, DC: ASM Press

Hotchkiss RD. 1954. Cyclical behavior in
pneumococcal growth and transformabil-
ity occasioned by environmental changes.
Proc. Natl. Acad. Sci. USA0:49-55

Hui FM, Morrison DA. 1991. Genetic
transformation irStreptococcus pneumo-
niae nucleotide sequence analysis shows
comA a gene required for competence in-
duction, to be a member of the bacterial
ATP-dependent transport protein family.
J. Bacteriol.173:372-81

Hui FM, Zhou L, Morrison DA. 1995.
Competence for genetic transformationin
Streptococcus pneumoniagrganization
of a regulatory locus with homology to
two lactococcin A secretion gendsene
153:25-31

Hwang I, Li PL, Zhang L, Piper
KR, Cook DM, et al. 1994. Tral, a LuxI
homologue, is responsible for produc-
tion of conjugation factor, the Ti plasmid



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

QUORUM SENSING 193

69.

70.

71.

72.

73.

74.

75.

76.

77.

78

N-acylhomoserine lactone autoinducer.
Proc. Natl. Acad. Sci. US/1:4639—
43

Janzon L, Arvidson S. 1990. The role of

the delta-lysin genéh{d) inthe regulation  79.

of virulence genes by the accessory gene
regulator &gr) in Staphylococcus aureus
EMBO J.9:1391-99

rial interference caused by autoinducing
peptide variantsScience276:2027-30
Ji G, Beavis RC, Novick RP. 1995.

Cell density control of staphylococcal 81.

virulence mediated by an octapeptide
pheromoneProc. Natl. Acad. Sci. USA
92:12055-59

Jones S, Yu B, Bainton NJ,
sall M, Bycroft BW, et al. 1993. The
lux autoinducer regulates the production
of exoenzyme virulence determinants in
Erwinia carotovora and Pseudomonas
aeruginosaEMBO J.12:2477-82

Kaplan HB, Greenberg EP. 1985. Diffu-

sion of autoinducer is involved in regu- 83.

lation of theVibrio fischeriluminescence
system.JJ. Bacteriol.163:1210-14
Kaplan HB, Kuspa A,
1991. Suppressors that permit A-signal-
independent developmental gene expres-
sion inMyxococcusanthusJ. Bacteriol.

173:1460-70 85.

Kim SY, Lee SE, Kim YR, KimJH, Ryu
PY, et al. 2000. Virulence regulatory role
of luxS quorum sensing system Wib-
rio vulmificus Presented at ASM General
Meet.

OP, de Vos WM. 1997. Quorum sens-
ing by peptide pheromones and two-
component signal-transduction systemsin
Gram-positive bacteriavol. Microbiol.

24:895-904 87.

Kuo A, Blough NV, Dunlap PV.
1994. MultipleN-acyl-L-homoserine lac-
tone autoinducers of luminescence in the
marine symbiotic bacteriun¥ibrio fis-

cheri. J. Bacteriol.176:7558—65 88.

. Kuo A, Callahan SM, Dunlap PV. 1996.

Ji G, Beavis R, Novick RP. 1997. Bacte- 80.

Bird- 82.

Kaiser D. 84.

Kleerebezem M, Quadri LE, Kuipers 86.

Modulation of luminescence operon ex-
pression by N-octanoyl-L-homoserine
lactone inainSmutants oMibrio fischeri

J. Bacteriol.178:971-76

Kuspa A, Plamann L, Kaiser D.
1992. Identification of heat-stable A-
factor fromMyxococcus xanthud. Bac-
teriol. 174:3319-26

Kuspa A, Plamann L, Kaiser D. 1992. A-
signalling and the cell density requirement
for Myxococcus xanthugevelopmentJ.
Bacteriol.174:7360—69

LaRossaR, KunerJ, Hagen D, Manoil C,
Kaiser D. 1983. Developmental cell inter-
actions ofMyxococcus xanthusnalysis

of mutants.J. Bacteriol.153:1394-404
Latifi A, Foglino M, Tanaka K, Williams
P, Lazdunski A. 1996. A hierarchical
quorum-sensing cascadeRseudomonas
aeruginosalinks the transcriptional acti-
vators LasR and RhIR (VsmR) to expres-
sion of the stationary-phase sigma factor
RpoS.Mol. Microbiol. 21:1137-46
Lazazzera BA, Grossman AD. 1998. The
ins and outs of peptide signalingtends
Microbiol. 6:288-94

Lazazzera BA, Solomon JM, Grossman
AD. 1997. An exported peptide functions
intracellularly to contribute to cell density
signaling inB. subtilis Cell 89:917-25

Lee CY, Szittner RB, Miyamoto CM,
Meighen EA. 1993. The gene convergent
to luxGin Vibrio fischericodes for a pro-
tein related in sequence to RibG and de-
oxycytidylate deaminaseBiochim. Bio-
phys. Actal143:337-39

Lee MS, Morrison DA. 1999. Identifi-
cation of a new regulator iStreptococ-
cus pneumoniaénking quorum sensing
to competence for genetic transformation.
J. Bacteriol.181:5004-16

Lewenza S, Conway B, Greenberg EP,
Sokol PA. 1999. Quorum sensing in
Burkholderia cepacia identification of
the LuxRI homologs CepRI. Bacteriol.
181:748-56

Lilley BN, Bassler BL. 2000. Regula-
tion of quorum sensing iWibrio harveyi



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

194

MILLER = BASSLER

89.

90.

91.

92.

93.

93a.

94.

95.

96

by LuxO and sigma-54Mol. Microbiol.
36:940-54

Lina G, Jarraud S, Ji G, Greenland T,
Pedraza A, et al. 1998. Transmembrane
topology and histidine protein kinase ac-
tivity of AgrC, the agr signal receptor in
Staphylococcus aureudtol. Microbiol.
28:655—-62

Lithgow JK, Wilkinson A, Hardman
A, Rodelas B, Wisniewski-Dye F, et al.
2000. The regulatory locusnRIin Rhizo-
bium leguminosarunsontrols a network
of quorum-sensing lociMol. Microbiol.
37:81-97

Luo ZQ, Qin Y, Farrand SK. 2000.
The antiactivator TraM interferes with the
autoinducer-dependent binding of TraR to
DNA by interacting with the C-terminal
region of the quorum-sensing activatar.
Biol. Chem275:7713-22

paron MG. 2001. Mutation dfixSaffects
growth and virulence factor expression in
Streptococcus pyogenédol. Microbiol.

In press

1994. Biochemical and genetic character-
ization of a competence pheromone from
B. subtilis Cell 77:207-16

Manefield M, deNys R, Kumar N, Read

R, Givskov M, et al. 1999. Evidence that101.

halogenated furanones frobelisea pul-
chrainhibit acylated homoserine lactone
(AHL)-mediated gene expression by dis-
placing the AHL signal from its receptor
protein.Microbiology 145:283-91

1989. Identification of a locus control-
ling expression of luminescence genes in
Vibrio harveyi J. Bacteriol. 171:2406—
14

Goger M, et al. 1999. Structure-activity
analysis of synthetic autoinducing thio-
lactone peptides fror8taphylococcus au-
reusresponsible for virulenc&roc. Natl.
Acad. Sci. US®6:1218-23

. McClean KH, Winson MK, Fish L,

97.

98.

Lyon WR, Madden JC, Stein J, Ca- 99.

Magnuson R, Solomon J, Grossman AD100.

Martin M, Showalter R, Silverman M. 102.

Mayville P, Ji G, Beavis R, Yang H, 103.

Taylor A, Chhabra SR, et al. 1997. Quo-
rum sensing andChromobacterium vi-
olaceum exploitation of violacein pro-
duction and inhibition for the detection
of N-acylhomoserine lactondglicrobiol-
0ogy143:3703-11

Milton DL, Hardman A, Camara M,
Chhabra SR, Bycroft BW, et al. 1997.
Quorum sensing invibrio anguillarum
characterization of theanl/vanRlocus
and identification of the autoinducds(3-
oxodecanoyl)-L-homoserine lactoné.
Bacteriol.179:3004-12

Miyamoto CM, Boylan M, Graham AF,
Meighen EA. 1988. Organization of the
lux structural genes dfibrio harveyi Ex-
pression under the T7 bacteriophage pro-
moter, mMRNA analysis, and nucleotide se-
guence of thduxD gene.J. Biol. Chem.
263:13393-99

Miyamoto CM, Lin YH, Meighen
EA. 2000. Control of bioluminescence
in Vibrio fischeriby the LuxO signal re-
sponse regulato¥ol. Microbiol. 36:594—
607

More MI, Finger LD, Stryker JL, Fuqua
C, Eberhard A, Winans SC. 1996.
Enzymatic synthesis of a quorum-sensing
autoinducer through use of defined sub-
stratesScience272:1655-58

Morfeldt E, Janzon L, Arvidson S, Lof-
dahl S. 1988. Cloning of a chromoso-
mal locus éxp which regulates the ex-
pression of several exoprotein genes in
Staphylococcus aureLiglol. Gen. Genet.
211:435-40

Morfeldt E, Taylor D, von Gabain A,
Arvidson S. 1995. Activation of alpha-
toxin translation inStaphylococcus au-
reusby the trans-encoded antisense RNA,
RNAIIl. EMBO J.14:4569-77

Nasser W, Bouillant ML, Salmond
G, Reverchon S. 1998. Characteriza-
tion of the Erwinia chrysanthemi expl-
expR locus directing the synthesis of
two N-acyl-homoserine lactone signal
molecules. Mol. Microbiol. 29:1391—
405



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

QUORUM SENSING 195

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Nealson KH, Hastings JW. 1979. Bac-
terial bioluminescence: its control and
ecological significanceMicrobiol. Rev.
43:496-518

Novick RP. 1999. Regulation of
pathogenicity in Staphylococcus au-
reus by a peptide-based density-sensing
system. See Dunney & Winans 1999, pp.
129-46

Novick RP, Projan SJ, Kornblum J, Rosd15.

HF, Ji G, etal. 1995. Thagr P2 operon:
an autocatalytic sensory transduction sys-
tem inStaphylococcus aureuslol. Gen.
Genet.248:446-58

Nyholm SV, McFall-Ngai MJ. 1998. 116.

Sampling the light-organ microenviron-
ment of Euprymna scolopeglescription
of a population of host cells in associa-
tion with the bacterial symbionfibrio fis-
cheri. Biol. Bull. 195:89-97

Ochsner UA, Reiser J. 1995. Autoin-
ducer-mediated regulation of rhamnolipid
biosurfactant synthesis iRseudomonas
aeruginosa Proc. Natl. Acad. Sci. USA
92:6424-28

Otto M, Sussmuth R, Vuong C, Jung G,
Gotz F. 1999. Inhibition of virulence fac-
tor expression irStaphylococcus aureus
by the Staphylococcus epidermidis agr
pheromone and derivativeEEBS Lett.
450:257-62

Parsek MR, Greenberg EP. 1999. Quorum
sensing signals in development B§eu-
domonas aeruginosaiofilms. Methods
Enzymol310:43-55

Parsek MR, Greenberg EP. 2000. Acyl-

homoserine lactone quorum sensing irl20.

gram-negative bacteria: a signaling mech-
anisminvolved in associations with higher
organisms.Proc. Natl. Acad. Sci. USA
97:8789-93

Parsek MR, Val DL, Hanzelka BL, Cro-
nan JE Jr,
homoserine-lactone quorum-sensing sig-
nal generatiorProc. Natl. Acad. Sci. USA
96:4360-65

Passador L, Cook JM, Gambello MJ122.

RustL, Iglewski BH. 1993. Expression of

114.

117.

118.

119.

Greenberg EP. 1999. Acyll21.

Pseudomonas aeruginogaulence genes
requires cell-to-cell communicatio&ci-
ence260:1127-30

Pearson JP, Gray KM, Passador L,
Tucker KD, Eberhard A, et al. 1994.
Structure of the autoinducer required for
expression ofPseudomonas aeruginosa
virulence genesProc. Natl. Acad. Sci.
USA91:197-201

Pearson JP, Passador L, Iglewski BH,
Greenberg EP. 1995. A second N-
acylhomoserine lactone signal produced
by Pseudomonas aeruginag@roc. Natl.
Acad. Sci. USA2:1490-94

Pearson JP, Pesci EC, IglewskiBH. 1997.
Roles ofPseudomonas aeruginosa kasd

rhl quorum-sensing systems in control
of elastase and rhamnolipid biosynthesis
genesJ. Bacteriol.179:5756-67

Peng HL, Novick RP, Kreiswirth B,
Kornblum J, Schlievert P. 1988. Cloning,
characterization, and sequencing of an ac-
cessory gene regulataadr) in Staphylo-
coccus aureus). Bacteriol.170:4365-72
Perego M. 1997. A peptide export-import
control circuit modulating bacterial devel-
opment regulates protein phosphatases of
the phosphorelayProc. Natl. Acad. Sci.
USA94:8612-17

Perego M, Hanstein C, Welsh KM,
Djavakhishvili T, Glaser P, Hoch JA.
1994. Multiple protein-aspartate phos-
phatases provide a mechanism for the in-
tegration of diverse signals in the con-
trol of development inB. subtilis Cell
79:1047-55

Pesci EC, Milbank JB, Pearson JP, Mc
Knight S, Kende AS, et al. 1999. Quino-
lone signaling in the cell-to-cell commu-
nication system oPseudomonas aerug-
inosa Proc. Natl. Acad. Sci. USA6:
11229-34

Pesci EC, Pearson JP, Seed PC, Iglewski
BH. 1997. Regulation afs andrhl quo-
rum sensing ifPseudomonas aeruginasa
J. Bacteriol.179:3127-32

Pestova EV, Havarstein LS, Morrison
DA. 1996. Regulation of competence for



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

196

MILLER = BASSLER

123.

124.

125.

126.

127.

128.

129.

130.

131.

genetic transformation irStreptococcus
pneumoniaeéby an auto-induced peptide
pheromone and a two-component regu-
latory system.Mol. Microbiol. 21:853—
62

Pierson LS 3rd, Keppenne VD, Woodl132.

DW. 1994. Phenazine antibiotic biosyn-
thesis inPseudomonas aureofacieB6-
84 is regulated by PhzR in response to
cell densityJ. Bacteriol.176:3966—74
Piper KR, Beck von Bodman S, Far-

rand SK. 1993. Conjugation factor of 133.

Agrobacterium tumefacienggulates Ti
plasmid transfer by autoinductioNature
362:448-50

Pirhonen M, Flego D, Heikinheimo R,
Palva ET. 1993. A small diffusible signal

molecule is responsible for the global con-134.

trol of virulence and exoenzyme produc-
tion in the plant pathogeErwinia caro-
tovora EMBO J.12:2467—-76

Plamann L, Davis JM, Cantwell B,
Mayor J. 1994. Evidence thasgB en-
codes a DNA-binding protein essential for

growth and development dflyxococcus 135.

xanthusJ. Bacteriol.176:2013-20
Plamann L, Kuspa A, Kaiser D. 1992.
Proteins that rescue A-signal-defective
mutants ofMyxococcus xanthug. Bac-
teriol. 174:3311-18

Plamann L, LiY, Cantwell B, Mayor
J. 1995. TheMyxococcus xanthus asgA
gene encodes a novel signal transduction

protein required for multicellular devel- 137.

opment.J. Bacteriol.177:2014-20

Pozzi G, Masala L, lannelli F, Man-
ganelli R, Havarstein LS, et al. 1996.
Competence for genetic transformation in

encapsulated strains o$treptococcus 138.

pneumoniaetwo allelic variants of the
peptide pheromonelJ. Bacteriol. 178:
6087-90

Puskas A, Greenberg EP, Kaplan S,
Schaefer AL. 1997. A quorum-sensing

system in the free-living photosynthetic 139.

bacterium Rhodobacter sphaeroides.
Bacteriol.179:7530-37

Qin Y, Luo ZQ, Smyth AJ, Gao P,

136.

Beck Von Bodman S, Farrand SK. 2000.
Quorum-sensing signal binding results in
dimerization of TraR and its release from
membranes into the cytoplas@MBO J.
19:5212-21

Reverchon S, Bouillant ML, Salmond
G, Nasser W. 1998. Integration of the
quorum-sensing system in the regulatory
networks controlling virulence factor syn-
thesis inErwinia chrysanthemiMol. Mi-
crobiol. 29:1407-18

Rodelas B, Lithgow JK, Wisniewski-Dye
F, Hardman A, Wilkinson A, et al. 1999.
Analysis of quorum-sensing-dependent
control of rhizosphere-expressedhij
genes irRhizobium leguminosarubv. vi-
ciae. J. Bacteriol181:3816—23
Rosemeyer V, Michiels J, Verreth
C, Vanderleyden J. 1998uxl- and
luxR-homologous genes &hizobium etli
CNPAF512 contribute to synthesis of
autoinducer molecules and nodulation
of Phaseolus vulgaris J. Bacteriol.
180:815-21

Ruby EG. 1996. Lessons from a coop-
erative, bacterial-animal association: the
Vibrio fischeri-Euprymna scolopdght
organ symbiosisAnnu. Rev. Microbiol.
50:591-624

Ruby EG, McFall-Ngai MJ. 1992. A
squid that glows in the night: development
of an animal-bacterial mutualisrd. Bac-
teriol. 174:4865-70

Schaefer AL, Hanzelka BL, Eberhard
A, Greenberg EP. 1996. Quorum sensing
in Vibrio fischeri probing autoinducer-
LuxR interactions with autoinducer
analogsJ. Bacteriol.178:2897-901

Seed PC, PassadorlL, Iglewski BH. 1995.
Activation of the Pseudomonas aerugi-
nosa laslgene by LasR and thBseu-
domonasautoinducer PAI: an autoinduc-
tion regulatory hierarchyJ. Bacteriol.
177:654-59

Shadel GS, Young R, Baldwin TO. 1990.
Use of regulated cell lysis in a lethal ge-
netic selection irescherichia cotiidenti-
fication of the autoinducer-binding region



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

QUORUM SENSING 197

140.

141.

142.

143.

144.

145.

146.

147.

148.

of the LuxR protein fromvibrio fischeri
ATCC 7744.J. Bacteriol.172:3980-87
Shaw PD, Ping G, Daly SL, ChaC, Cro-
nan JE Jr, et al. 1997. Detecting and char-

acterizingN-acyl-homoserine lactone sig- 149.

nal molecules by thin-layer chromatogra-
phy.Proc. Natl. Acad. Sci. US84:6036—
41

Sheng J, Citovsky V. 199@grobacte-
rium-plant cell DNA transport: have vir-
ulence proteins, will travelPlant Cell
8:1699-710

Showalter RE, Martin MO, Silverman
MR. 1990. Cloning and nucleotide se-
guence of luxR, a regulatory gene control-
ling bioluminescence iNibrio harveyi J.
Bacteriol.172:2946-54

Singh PK, Schaefer AL, Parsek MR,
Moninger TO, Welsh MJ, Greenberg
EP. 2000. Quorum-sensing signals indi-

cate that cystic fibrosis lungs are infectedl52.

with bacterial biofilmsNature407:762—
64

Sitnikov DM, Schineller JB, Baldwin
TO. 1996. Control of cell division irfEs-
cherichia coli regulation of transcription
of ftsQA involves bothrpoS and SdiA-
mediated autoinductioRroc. Natl. Acad.
Sci. USA93:336-41

Slock J, VanRiet D, Kolibachuk D,

Greenberg EP. 1990. Critical regions ofl154.

the Vibrio fischeri LuxR protein de-
fined by mutational analysis. Bacteriol.
172:3974-79

Solomon JM, Lazazzera BA, Gross-
man AD. 1996. Purification and charac-
terization of an extracellular peptide fac-
tor that affects two different developmen-

tal pathways inBacillus subtilis Genes 155.

Dev.10:2014-24

Solomon JM, Magnuson R, Srivastava
A, Grossman AD. 1995. Convergentsens-
ing pathways mediate response to two ex-
tracellular competence factorsBacillus
subtilis Genes De9:547-58

Sperandio V, Mellies JL, Nguyen W,
Shin' S, Kaper JB. 1999. Quorum sens-
ing controls expression of the type llI

150.

151.

153.

156.

secretion gene transcription and protein
secretion in enterohemorrhagic and en-
teropathogenicEscherichia coli Proc.
Natl. Acad. Sci. USAR6:15196-201
Stevens AM, Dolan KM, Greenberg EP.
1994. Synergistic binding of thébrio fis-
cheri LuxR transcriptional activator do-
main and RNA polymerase to thex pro-
moter regionProc. Natl. Acad. Sci. USA
91:12619-23

Stevens AM, Fujita N, Ishihama A,
Greenberg EP. 1999. Involvement of
the RNA polymerase alpha-subunit C-
terminal domain in LuxR-dependent acti-
vation of theVibrio fischeriluminescence
genesJ. Bacteriol.181:4704—-7

Stevens AM, Greenberg EP. 1997. Quo-
rum sensing ivibrio fischeri essential el-
ements for activation of the luminescence
genesJ. Bacteriol.179:557-62

Surette MG, Bassler BL. 1998. Quo-
rum sensing inEscherichia coli and
Salmonella typhimurium Proc. Natl.
Acad. Sci. USA5:7046-50

Surette MG, Miller MB, Bassler BL.
1999. Quorum sensing ifEscherichia
coli, Salmonella typhimuriurrandVibrio
harveyi a new family of genes responsible
for autoinducer productionProc. Natl.
Acad. Sci. US®6:1639-44

Swift S, Karlyshev AV, Fish L, Du-
rant EL, Winson MK, et al. 1997. Quo-
rum sensing ileromonas hydrophiland
Aeromonas salmonicidéentification of
the LuxRI homologs AhyRI and AsaRI
and their cognaté&l-acylhomoserine lac-
tone signal molecules.J. Bacteriol.
179:5271-81

Swift S, Lynch MJ, Fish L, Kirke DF,
Tomas JM, et al. 1999. Quorum sensing-
dependent regulation and blockade of
exoprotease production ieromonas

hydrophila Infect. Immun. 67:5192—
99
Swift S, Winson MK, Chan PF, Bain-

ton NJ, Birdsall M, et al. 1993. A
novel strategy for the isolation &fxI ho-
mologues: evidence for the widespread



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

198

MILLER = BASSLER

157.

158.

159.

160.

161.

162.

163.

164.

distribution of a LuxR:Luxl superfam- 165. Whiteley M, Lee KM, Greenberg EP.

ily in enteric bacteria.Mol. Microbiol.
10:511-20

Throup JP, Camara M, Briggs GS,
Winson MK, Chhabra SR, et al. 1995.
Characterisation of thgenl/yenRlocus
fromYersinia enterocoliticenediating the
synthesis of twoN-acylhomoserine lac-
tone signal moleculesMol. Microbiol.

17:345-56 167.

Tomasz A, Hotchkiss RD. 1964. Regula-
tion of the transformability of pneumo-
coccal cultures by macromolecular cell
products. Proc. Natl. Acad. Sci. USA
51:480-87

Turgay K, Hahn J, Burghoorn J, Dubnau

D. 1998. Competence iBacillus subtilis 168.

is controlled by regulated proteolysis of a
transcription factoEMBO J.17:6730-38
Turgay K, Hamoen LW, Venema G,
Dubnau D. 1997. Biochemical character-
ization of a molecular switch involving

the heat shock protein ClpC, which con-169.

trols the activity of ComK, the compe-
tence transcription factor &acillus sub-
tilis. Genes Dev11:119-28

Val DL, Cronan JE Jr. 1998. In vivo
evidence thaS-adenosylmethionine and

fatty acid synthesis intermediates are thd.70.

substrates for the LuxI family of autoin-
ducer synthased. Bacteriol.180:2644—
51

van Sinderen D, Luttinger A, Kong L, 171.

Dubnau D, Venema G, Hamoen L. 1995.
comKencodes the competence transcrip-
tion factor, the key regulatory protein for
competence developmentBacillus sub-
tilis. Mol. Microbiol. 15:455-62

Visick KL, McFall-Ngai MJ. 2000. An 172.

exclusive contract: specificity in théb-
rio fischeri-Euprymna scolopesartner-
ship.J. Bacteriol.182:1779-87

Welch M, Todd DE, Whitehead NA, Mc-

Gowan SJ, Bycroft BW, Salmond GP.173.

2000.N-acyl homoserine lactone binding
to the CarR receptor determines quorum-
sensing specificity ifErwinia. EMBO J.
19:631-41

166.

1999. Identification of genes controlled by
quorum sensing ifPseudomonas aerug-
inosa Proc. Natl. Acad. Sci. USA6:
13904-9

Whiteley M, Parsek MR, Greenberg
EP. 2000. Regulation of quorum sensing
by RpoS inPseudomonas aeruginash
Bacteriol.182:4356—60

Williams P, Bainton NJ, Swift S,
Chhabra SR, Winson MK, et al. 1992.
Small  molecule-mediated  density-
dependent control of gene expression in
prokaryotes: bioluminescence and the
biosynthesis of carbapenem antibiotics.
FEMS Microbiol. Lett.79:161-67

Winson MK, SwiftS, FishL, Throup JP,
Jorgensen F, et al. 1998. Construction and
analysis ofuxCDABEbased plasmid sen-
sors for investigatingN-acyl homoserine
lactone-mediated quorum sensifGEMS
Microbiol. Lett.163:185-92

Winzer K, Falconer C, Garber NC, Dig-
gle SP, Camara M, Williams P. 2000.
ThePseudomonas aeruginokectins PA-

IL and PA-IIL are controlled by quo-
rum sensing and by RpoS. Bacteriol.
182:6401-11

Withers HL, Nordstrom K. 1998. Quo-
rum-sensing acts at initiation of chro-
mosomal replication ifEscherichia coli
Proc. Natl. Acad. Sci. US85:15694—-99
Wood DW, Gong F, Daykin MM,
Williams P, Pierson LS 3rd. 199R-acyl-
homoserine lactone-mediated regulation
of phenazine gene expression Bgeu-
domonas aureofacier®9-84 in the wheat
rhizospherelJ. Bacteriol.179:7663—-70

Xu D, Yang C, Kaplan HB. 1998/yx-
ococcus xanthus sasBincodes a regu-
lator that prevents developmental gene
expression during growthl]. Bacteriol.
180:6215-23

Yang C, Kaplan HB. 199 Myxococcus
xanthus sas®@ncodes a sensor histidine
kinase required for early developmental
gene expressiod. Bacteriol.179:7759—
67



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

QUORUM SENSING 199

174. Zhang L, Murphy PJ, Kerr A, Tate ME. 176. Zhu J, Winans SC. 1999. Autoinducer

175.

1993. Agrobacterium conjugation and
gene regulation by N-acyl-L-homoserine
lactonesNature362:446-48

Zhu J, Beaber JW, More MI, Fuqua

C, Eberhard A, Winans SC. 1998. Ana-
logs of the autoinducer 3-oxooctanoyl-177.
homoserine lactone strongly inhibit
activity of the TraR protein oAgrobacte

rium tumefaciens). Bacteriol 180:5398—

405

binding by the quorum-sensing regulator
TraR increases affinity for target promot-
ers in vitro and decreases TraR turnover
rates in whole cell?roc. Natl. Acad. Sci.
USA96:4832-37

Zhu J, Winans SC. 2001. The quorum-
sensing regulator TraR requires autoin-
ducer for protein folding, protease resis-
tance and dimerizatioProc. Natl. Acad.
Sci. USA98:1507-12



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

Al
L;“Annual Review of Microbiology
Volume 55, 2001

CONTENTS

FRONTISPIECE John L. Ingraham
LEARNING TO FLY FISH, John L. Ingraham

ROLES OFTHIOL-REDOX PATHWAYS IN BACTERIA, Daniel Ritz and
Jon Beckwith

BACTERIAL GLIDING MOTILITY : MULTIPLE MECHANISMS
FOR CELL MOVEMENT OVER SURFACES Mark J. McBride

ToxIC SHOCK SYNDROME AND BACTERIAL SUPERANTIGENS
AN UPDATE, John K. McCormick, Jeremy M. Yarwood, and
Patrick M. Schlievert

BIG BACTERIA, Heide N. Schulz and Bo Barker Jgrgensen

NONREPLICATING PERSISTENCE OAMYCOBACTERIUM TUBERCULOSIS
Lawrence G. Wayne and Charles D. Sohaskey

QUORUM SENSING IN BACTERIA, Melissa B. Miller and Bonnie L. Bassler

ADVANCES IN THE BACTERIOLOGY OF THECOLIFORM GROUP, THEIR
SUITABILITY AS MARKERS OFMICROBIAL WATER SAFETY,
H. Leclerc, D. A. A. Mossel, S. C. Edberg, and C. B. Struijk

BioLoGIcAL WEAPONS—A PRIMER FORMICROBIOLOGISTS
Robert J. Hawley and Edward M. Eitzen, Jr.

VIRUSES ANDINTERFERONS Ganes C. Sen
PHAGES OFDAIRY BACTERIA, Harald Briissow

BACTERIAL FATTY AcCID BIOSYNTHESIS TARGETS FOR
ANTIBACTERIAL DRUG DISCOVERY, John W. Campbell and
John E. Cronan, Jr.

NOVEL THIOLS OF PROKARYOTES Robert C. Fahey

A COMMUNITY OF ANTS, FUNGI, AND BACTERIA: A MULTILATERAL
APPROACH TOSTUDYING SYMBIOSIS, Cameron R. Currie

HOMOLOGY-DEPENDENTGENE SILENCING MECHANISMS
IN FUNGI, Carlo Cogoni

INTERACTION OF BACTERIAL PATHOGENS WITH POLARIZED
EPITHELIUM, B. I. Kazmierczak, K. Mostov, and J. N. Engel

BACTERIOPHAGE THERAPY, William C. Summers

Vi

Xii

21

49

77

105

139

165

201

235
255
283

305

333

357

381

407
437



Annu. Rev. Microbiol. 2001.55:165-199. Downloaded from www.annualreviews.org
by 168.212.224.254 on 10/14/13. For personal use only.

CONTENTS

MOLECULAR ASPECTS OFPARASITE-VECTOR AND VECTORHOST
INTERACTIONS IN LEISHMANIASIS, David Sacks and Shaden Kamhawi

AMMONIA-OXIDIZING BACTERIA: A MODEL FORMOLECULAR
MICROBIAL ECOLOGY, George A. Kowalchuk and John R. Stephen

IMMUNE CHECKPOINTS INVIRAL LATENCY, Stella Redpath, Ana Angulo,
Nicholas R. J. Gascoigne, and Peter Ghazal

RECOMBINATION AND THE POPULATION STRUCTURES OFBACTERIAL
PATHOGENS Edward J. Feil and Brian G. Spratt

PERIPLASMIC STRESS ANDECF SGMA FACTORS Tracy L. Raivio
and Thomas J. Silhavy

HYDROPHOBINS MULTIPURPOSEPROTEINS Han A. B. Wosten
ANTHRAX, Michele Mock and Ages Fouet

ANTIGENIC VARIATION AT THE INFECTEDRED CELL SURFACE
IN MALARIA , Sue Kyes, Paul Horrocks, and Chris Newbold

HORIZONTAL GENE TRANSFER INPROKARYOTES QUANTIFICATION
AND CLASSIFICATION, Eugene V. Koonin, Kira S. Makarova, and
L. Aravind

ASPECTS OFFUNGAL PATHOGENESIS INHUMANS, Jo-Anne H. van Burik
and Paul T. Magee

INDEXES
Subject Index
Cumulative Index of Contributing Authors, Volumes 51-55
Cumulative Index of Chapter Titles, Volumes 51-55

ERRATA
An online log of corrections té&nnual Review of Microbiologghapters
(if any have yet been occasioned, 1997 to the present) may be found at
http://micro.AnnualReviews.org

vii

453

485

531

561

591
625
647

673

709

743

77

3
807
810



