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Bacteria perceive their growth environment, gather infor-
mation, interpret this information, and execute appropriate
responses to go on in an orderly-regulated way. Plant-asso-
ciate bacteria also possess sensory machineries to become
adapted to new environments by processing input signals.
The best-known example of processing external signals in
Gram-negative bacteria is the so-called two-component
system that consists of two proteins, a sensor and a
response regulator. The two-component system uses phos-
phorylation as a means of transferring information (Parkin-
son and Kofoid, 1992). It has been known that plant-
associated bacteria give signals to host plants and that small
molecules originated from their hosts can be used as signals
for a certain specific biological phenomenon. This signal-
ing system plays important roles in plant-bacteria interac-
tions. The two most well characterized cases are
Agrobacterium-crown gall interactions and Rhizobium
(Bradyrhizobium)-legume interactions.

More recently, it has become clear that bacteria within
their population communicate each other and receive infor-
mation from other bacteria. These examples include sporu-
lation and fruit-body formation by Myxococcus xanthus,
antibiotic production by Streptomyces species, and conjuga-
tion in Enterococcus faecalis (Dunny and Leonard, 1997).
The paradigm of this inter-bacterial signaling system is
autoinduction (or quorum sensing) of bioluminescence in
the symbiotic marine bacterium Photobacterium fischeri.
Autoinduction was first described in marine bacteria Vibrio
harveyi and P. fischeri in the early 1970s (Nealson, 1977).
FP. fischeri produces a small diffusible compound called
the autoinducer, N-(3-oxohexanoyl)-L-homoserine lactone
(OHHL) (Fig. 1), which accumulates in the medium during
growth. In recent years, a broad range of Gram-negative
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Fig. 1. The structures of autoinducer molecules.

bacteria including plant-associated bacteria has been
reported to produce autoinducers. Many other biological
phenomena including pathogenicity, extracellular enzyme
biosynthesis, antibiotic biosynthesis, conjugation, exopoly-
saccharide biosynthesis, swarming, bacteriocin production,
nodulation, rhamnolipid biosurfactant biosynthesis, regula-
tion of rpoS expression, cell aggregation, and cell division
are found to be regulated by autoinduction (Table 1) (Swift
et al., 1996).

The Paradigm of Quorum Sensing: Regulation of
Bioluminescence in P, fischeri

F. fischeri is a light-organ symbiont of certain species of
bony fish and squid. When they live as symbionts where
they can grow to high cell densities, they generate biolumi-
nescence. However, when they live as free-living organ-
isms, the production of bioluminescence is turned off since
itis a highly energy-consuming process. Two divergent lux
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Table 1. Many Gram-negative bacteria produce various N-acyl homoserine lactone sigﬁal molecules

Bacterium Phenotype Signal a Signal _ Response
molecule generator regulator
Aeromonas hydrophila Extracellular protease BHL, HHL Ahyl AhyR
Aeromonas salmonicida Extracellular protease BHL, HHL Asal AsaR
Agrobacterium tumefaciens Conjugation OOHL Tral TraR
Chromobacterium violaceum Antibiotics, Exoenzymes, Cyanide, Violacein HHL Cvil CviR
Enterobacter agglomerans Unknown OHHL Eagl
Erwinia carotovora subsp. carotovora Carbapenem, Exoenzymes, Virulence OHHL Carl, Expl CarR, ExpR
Escherichia coli Cell division SdiA
Nitrosomonas europaea Emergence from lag phase OHHL
Obesumbacterium proteus Unknown OHHL Oprl OpiR
Pantoea stewartii subsp. stewartii Exopolysaccharide, Virulence OHHL Esal EsaR
Photobacterium fischeri Bioluminescence OHHL, OHL LuxI AinS LuxR AinR
Pseudomonas aeruginosa Alkaline protease, Elastase, Exotoxin A OdDHL, Lasl LasR
Chitinase, Cyanide, Rhamnolipid, Lectins, BHL Rhll RhIR
Haemolysin, RpoS
Pseudomonas aureofaciens Phenazine antibiotics HHL Phzl PhzR
Pseudomonas syringae pv. tabaci Unknown : Psyl PsyR
Ralstonia solanacearum Virulence, Exopolysaccharide HHL, OHL Soll SolR
Rhizobium leguminosarum Nodulation, Bacteriocin small HtDeHL Rhil . RhiR
Rhodobacter sphaeroides Community escape 7,8-cis-tDHL Cerl CerR
Serratia liquefaciens Swarming, Phospholipase BHL Swrl
Vibrio anguillarum ODHL Vanl VanR
Vibrio harveyi Bioluminescence, Polyhydroxybutyrate metabolism HBHL LuxIL.M LuxN
Xanthomonas campestris Exoenzymes
Xenorhabdus nematophilus Virulence, Bacterial lipase HBHL
Yersinia enterocolitica Unknown HHL., OHHL Yenl YenR
Yersinia pseudotuberculosis Unknown OHHL, HHL Yepl YepR
Yersinia ruckeri Unknown YukI YukR

*BHL = N-butanoyl-L-homoserine lactone; OHL = N-octanoyl-L-homoserine lactone; HHL = N-hexanoyl-L-homoserine lactone; OHHL
= N-(3-oxchexanoyl)-L-homoserine lactone; OOHL = N-(3-oxooctanoyl)-L.-homoserine lactone; ODHL = N-(3-oxodecanoyl)-L-homo-
serine lactone; OdDHL = N-(3-oxododecanoyl)-L-homoserine lactone; HBHL = N-(3-hydroxy)-butanoyl-L-homoserine lactone;
HtDeHL = N-(3R-hydroxy-7-cis-tetradecanoyl)-L-homoserine lactone; 7,8-cis-tDHL = 7.8-cis-N-(tetradecanoyl)-L-homoserine lactone.

operons are responsible for the production of biolumines-
cence (Fig. 2). The expression of the lux operon of P. fis-
cheri requires the transcriptional activator LuxR. LuxR, in
turn, requires OHHL as a coinducer. The gene, luxl, located
at the 5' end of the lux operon, is responsible for the synthe-
sis of OHHL. During growth, P. fischeri produces OHHL
that diffuses out of the cells into the culture supernatants.
When total OHHL reaches a certain overall concentration
as a function of cellular growth, the autoinducer is
believed to bind to LuxR, converting it to a functional
activator (Fuqua et al., 1994). The active form of LuxR
binds to called lux box upstream of the lux operon and
activates transcription of the lux genes. Thus, the expres-
sion of the lux genes is dependent upon the cells reaching
a critical population density. Biochemical evidences for
OHHL binding to LuxR and OHHL and LuxR complex
binding to the lux box are limited due to insolubility of

intact LuxR. Only genetic evidences exist for OHHL
binding to LuxR, however a truncated form of LuxR lack-
ing the N-terminal region has been purified and used to
prove its binding to the /ux box (Stevens et al., 1994). An
intragenic suppressor mutant of LuxR activating the lux
gene expression independent of OHHL has been isolated
and found to have a mutation in the C-terminal region
(Poellinger et al., 1995).

Interestingly, a second autoinducer, N-octanoyl-L-homo-
serine lactone (OHL) (Fig. 1), exists in P, fischeri. ainS is
responsible for OHL. biosynthesis, and OHL activates the
lux operon in E. coli (Gilson et al., 1995). The C-terminal
end of AinS shows homology to a LuxM gene of V. har-
veyi, which is required for the synthesis of a V. harveyi
bioluminescence autoinducer, suggesting the occurrence of
convergent evolution in the synthesis of autoinducer signal
molecules (Gilson et al., 1995).
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Fig. 2. Organizations and functions of LuxR and OHHL of
Photobacterium fischeri. Arrows indicate the direction of
transcription of the lux operon. Rectangles indicate LuxR protein
and open circles with black dots denote active forms of LuxR.
Black dots indicate OHHL. Small and big rectangles indicate a
bacterial cell and a light organ, respectively.

Production of N-acyl Homoserine Lactone Signals Is
Common Among Gram-negative Plant-Associated
Bacteria

Regulation of exoenzyme biosynthesis and antibiotic
production in Erwinia carotovora. In early 1990s, it was
unveiled that the regulation of sets of bacterial genes by
autoinduction is not limited to marine bacteria. Bainton et
al. (1992) first reported that a terrestrial bacterium produces
an acyl-homoserine lactone. Two research groups worked
on E. carotovora demonstrated that avirulent mutants
which have mutations in one of the regulatory genes show a
pleiotropic defect in the growth phase-dependent transcrip-
tional activation of exoenzyme gene expression (Jones et
al., 1993; Pirhonen et al., 1993). Phenotypes of these
mutants were complemented by adding exogenous OHHL
purified from P, fischeri. This extracellular complementa-
tion supported that E. carotovora subsp. carotovora also
produces the same signal molecule. It was turned out that
OHHL produced from E. carotovora subsp. carotovora
regulates  cell-density-dependent carbapenem antibiotic
production and expression of cell-wall-degrading exoen-
zymes involved in pathogenicity (Jones et al., 1993;
Pirhonen et al., 1993). Two sets of LuxI and LuxR
homologs, Carl and CarR and Expl and ExpR, are found in
E. carotovora. However, disruption of expR has no signifi-
cant effects on OHHL biosynthesis, pathogenicity, and
exoenzyme production whereas car! interruption led to a
downregulation of exoenzyme biosynthesis and subsequent
loss of pathogenicity (Jones et al., 1993; Pirhonen et al.,
1993). Thus, Carl and CarR in E. carotovora apparently act
for both carbapenem antibiotic production and exoenzyme
biosynthesis.

A negative regulation by LuxR homolog for production
of extracellular polysaccharide in Pantoea stewartii
subsp. stewartii. In E. carotovora, overexpression of
CarR represses exoenzyme production and can be relieved
by adding exogenous OHHL (McGowan et al., 1995). This
was a first description that LuxR homologs may act as a
repressor. A similar phenomenon was observed in P. stew-
artii subsp. stewartii (this bacterium formerly was named
Erwinia stewartii), which causes Stewartii's wilt on sweet
corn and leaf blight on maize. Extracellular polysaccharide
(EPS) stewartan governs pathogenicity of this bacterium
and its production is controlled by quorum sensing (Beck
von Bodman and Farrand, 1995). Esal is responsible for the
quorum sensing signal, OHHL, and EsaR is a cognate gene
regulator like LuxI and LuxR (Beck von Bodman and Far-
rand, 1995). However, unlike {uxR an esaR null mutation
renders high level production of OHHL in a cell-density-
independent manner, indicating that the regulatory system
of EPS production in P. stewartii subsp. stewartii uses EsaR
to repress EPS biosynthesis at low cell densities (Beck von
Bodman et al., 1998). In contrast to most other described
autoinduction systems, EsaR operates as a negative regula-
tor of EPS biosynthesis rather than a gene activator. Quo-
rum-sensing mechanisms play a role in delaying the
production of EPS in P, stewartii subsp. stewartii at low cell
densities so that it does not interfere with early disease
development (Beck von Bodman et al., 1998).

Regulation of Ti plasmid conjugation by opines: A path
to cell-to-cell communication. Agrobacterium tumefa-
ciens strains carrying Ti plasmid cause crown gall tumors
on many plants and have two independent DNA transfer
systems. A T-DNA transfer from bacterial cells to plant
nucleus is mediated by Vir proteins. Agrobacteria use plant
phenolic compounds as signal molecules to initiate this pro-
cess, and expression of vir genes is induced by two-compo-
nents systems consisting of the autokinase VirA and the
response regulator VirG (Citovsky et al., 1992). While the
T-DNA transfer is a DNA transfer system from bacterial
cells to plant cells, whole Ti plasmid can be transferred
from donor agrobacteria to receiver cells. This conjugal
transfer is induced primarily by plant metabolites called
opines. Conjugal transfer of octopine or nopaline type Ti
plasmid is induced by so-called conjugal opines, octopine
or agrocinopines, respectively. However, expression of tra
and 1rb genes is actually regulated by quorum sensing sys-
tems (Hwang et al., 1994; Li et al., 1999; Piper et al., 1993).
Expression of genes in the tra and #rb regions requires the
transcriptional activator, TraR. TraR is a LuxR homolog
and like LuxR, requires autoinducer, N-(3-oxooctanoyl)-L-
homoserine lactone (OOHL) (Fig. 1) (Piper et al., 1993;
Zhang et al.. 1993). Tral is responsible for OOHL biosyn-
thesis and uses S-adenosylmethionine and 3-oxooctanoyl-



82 Ingyu Hwang

acyl carrier protein to make the homoserine lactone moiety
and 3-oxooctanoyl moiety of OOHL, respectively (Mor€ et
al., 1996). In octopine-type strains, the synthesis of TraR is
activated by the octopine response regulator, OccR (Fuqua
et al., 1994). In nopaline-type strains, expression of #raR is
repressed by the agrocinopine catabolism repressor, AccR
(Beck von Bodman et al., 1992). Agrocinopines relieve the
repressor activity of AccR, resulting in high level expres-
sion of traR (Fig. 3). This indicates that quorum-sensing is
subordinate to the opine regulon and that hierarchical gene
regulatory systems arise from fortuitous gene association in
which traR has become associated with an operon con-
trolled by the opine-responsive transcriptional regulator
(Fig. 3) (Piper et al., 1999).

Although Tral and TraR are key elements in regulation of
conjugal transfer of Ti plasmid, there is another negative
level of regulation by TraM (Hwang et al., 1995). TraM
suppresses expression of fra and trb genes mediated by
TraR and OOHL, mutations in traM in pTiC58 confers a
transfer-constitutive phenotype, and strains carrying the Ti
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Fig. 3. Regulation of conjugal transfer of pTiC58 under
uninduced conditions (A) and induced conditions (B). In the
absence of agrocinopines, the active form of AccR represses
expression of fraR transcribing from the upstream promoter and
of acc operon. TraM binds to TraR, resulting in an inactive form
of TraR. This form of TraR fails to activate tra and trb gene
expression mediated by OOHL. When opines are present, TraR is
produced more through inactivation of AccR by agrocinopines.
TraR under this condition exists more than TraM, and OOHL then
binds to free TraR to activate tra and trb genes.

plasmids produce easily detectable amounts of OOHL
(Hwang et al., 1995). TraM functions only when overex-
pressed with respect to TraR, and this suppression can be
overcome by overexpressing TraR. However, suppression
by TraM cannot be overcome by adding excess OOHL.
Genetic and biochemical data suggest that TraM modulates
autoinduction by interacting with TraR to inhibit premature
conjugation (Hwang et al., unpublished). Thus, TraM
appears to prevent the basal level of TraR present in unin-
duced cells from activating transcription of the fra genes
(Fig. 3).

More recently, a second traR-like gene, iR, was found
in octopine-mannityl opine-type Ti plasmids pTi15955 and
pTiR10 (Oger et al., 1998; Zhu and Winans, 1998). This
gene is located in an operon coding for a mannopine trans-
port system and is expressed as parts of the mannityl opine
regulons. #rIR has a frameshift mutation compared to fraR,
resulting in a truncated protein lacking the carboxy-termi-
nal domain thought to be the DNA-binding region of TraR
(Oger et al., 1998; Zhu and Winans, 1998). Expression of
trIR is inducible by mannopine, and genetic analyses indi-
cate that IR is a dominant negative allele of rraR and
inhibits conjugation by forming inactive heteromultimers
with TraR (Oger et al., 1998; Zhu and Winans, 1998). This
explains why octopine is a conjugal opine for conjugal
transfer of pTi15955 and pTiR10 and mannopine is not.
Hierarchical autoinduction in Ralstonia solanacearum. R.
solanacearum causes vascular wilt in many plants includ-
ing tomato, potato, and tobacco. Production of EPS of this
bacterium occludes the vascular systems of plants and
hence is a major pathogenicity factor (Schell, 1996). The
expression of virulence determinants in R. solanacearum is
controlled by a complex regulatory network in which
PhcA, a LysR-type transcriptional regulator, plays a central
role (Schell, 1996). The transcriptional activity of phcA is
controlled by an autoregulatory system responding to 3-
hydroxypalmitic acid methyl ester (Flavier et al., 1997a).
On the other hand, eps genes are differentially expressed
during exponential multiplication indicative of cell-density-
dependent regulation (Flavier et al., 1997a). Apparently R.
solanacearum produces N-hexanoyl homoserine lactone
(HHL) and N-octanoyl homoserine lactone (OHL) (Fig. 1)
(Flavier et al., 1997b). LuxI and LuxR homologs were
found, and soll is responsible for HHL and OHL biosynthe-
sis (Flavier et al., 1997b). Mutations in soll neither abolish
pathogenicity nor affect the expression of virulence genes
(Flavier et al., 1997b). However, since expression of soll
and solR requires PhcA which responds to 3-hydroxypalm-
jtic acid methyl ester, autoinduction systems in R. solan-
acearum are a part of a more complex autoregulatory
hierarchy (Flavier et al., 1997b).

_ Novel signal molecules from Xanthomonas campestris
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pv. campestris: Regulation of pathogenicity, EPS pro-
duction, and pigment biosynthesis. X. campestris pv.
campestris is a major pathogen of cruciferous plants and
produces extracellular enzymes including proteases, pecti-
nases, endoglucanase, and polysaccharides that are impor-
tant for pathogenicity of this bacterium (Barber et al.,
1997). A cosmid clone complementing mutants showing
reduced symptom production carries at least seven regula-
tory genes, designated rpfA-G, controlling pathogenicity
factors (Tang et al., 1991). Cells carrying mutations in rpf
genes show reduced virulence but still have an ability to
cause hypersensitive response on nonhost plants. The phe-
notype of 7pfF can be restored by a low molecular weight
diffusible substance (DSF). DSF is produced at the early
stationary phase and declined subsequently and heat-stable,
and its activity is not destroyed by alkaline treatment and
acid hydrolysis (Barber et al., 1997). DSF apparently is not
N-acyl homoserine lactone because it does not activate
reporter genes of known screening systems designed to
detect N-acyl homoserine lactone, but rather it may be a
fatty-acid derivative (Barber et al., 1997). However, it is
still possible that DSF may be a modified N-acyl
homoserine lactone. DSF production is limited to certain
strains of xanthomonads (Barber et al., 1997). Recently,
Poplawsky et al. (1998) reported that biosynthesis of EPS,
exoenzymes, and xanthomonadin in X. campestris pv.
campestris is under the control of two intercelluldr‘regula-
tory signals. The chemical properties of these two signal
molecules remain uncertain.

Cell-to-cell signaling in the nitrogen-fixing bacterium
Rhizobium leguminosarum and R. etli.  All three biovars
of R. leguminosarum produce small bacteriocin that inhibits
the growth of some strains of this bacterium. The growth
inhibiting function is encoded by Sym plasmid pRL1JI and
activated by an autoinducer molecule and its cognate tran-
scriptional activator RhiR (Gray et al., 1996). This autoin-
ducer molecule is small bacteriocin, N-(3R-hydroxy-7-cis-
tetradecanoyl)-L-homoserine lactone (HtDeHL) which is
required to activate the rhizosphere-expressed rhiABC
operon (Schripsema et al., 1996).

Rhizobium etli (formerly classified as R. leguminosarum
bv. phaseoli) forms nitrogen-fixing nodules on the roots of
the common bean and produces at least seven different
autoinducer molecules. One of them is small bacteriocin,
and two autoinducers are synthesized by a LuxI homolog,
Rail (Rosemeyer et al., 1998). A rail mutant still releases
three different autoinducers and a raiR mutant releases four
different autoinducers (Rosemeyer et al., 1998). HtDeHL is
involved in the restriction of nodule number, however nitro-
gen-fixing activity in terms of acetylene reduction per nod-
ule is not affected (Rosemeyer et al., 1998).

Meaning of cell-density signals in biological control by

Pseudomonas aureofaciens and Ps. fluorescens. Ps.
aureofaciens and Ps. fluorescens produce phenazine antibi-
otics and have been used as biocontrol agents to protect
wheat from take-all disease caused by Gaeumannomyces
graminis var. tritici. Ps. aureofaciens strain 30-84 produces
three phenazine antibiotics, phenazine- 1-carboxylic acid, 2-
hydroxy-phenazine-1-carboxylic acid, and 2-hydroxy-
phenazine (Pierson and Thomashow, 1992). These antibiot-
ics also play important roles in microbial competition and
rhizosphere survival. Mutants of Ps. aureofaciens unable to
produce phenazines lost the ability to inhibit the growth of
fungal pathogen, and by analyzing these mutants the phena-
zine biosynthetic region (phz genes) was localized in the
9.2-kb EcoRI fragment (Pierson and Thomashow, 1992).
This region contains a LuxI and LuxR homolog, PhzI and
PhzR, and addition of exogenous culture filtrates resulted in
phz gene expression at low cell densities indicative of the
presence of cell-density signals (Pierson et al., 1994). Like
many others, a typical sign of the presence of cell-density
signals in Ps. aureofaciens is the fact that phenazines are
produced only during late-exponential and stationary
growth phase. However, chemical natures of this autoin-
ducer have not been characterized.

Unknown roles of N-acyl homoserine lactone in many
plant-associated bacteria. When many isolates (106 iso-
lates) of plant-associated bacteria were screened for pro-
duction of N-acyl homoserine lactone using four different
indicator systems, most of Agrobacterium and Rhizobium
isolates, about 50% of Erwinia and Pseudomonas isolates,
and some Xanthomonas isolates gave positive reactions
(Cha et al., 1998). They produce various kinds of N-acyl
homoserine lactone as judged by TLC analysis, and some
of isolates produce multiple autoinducers. Among various
N-acyl homoserine lactones, OHHL and OOHL are very
common molecules, and the pseudomonads and erwinia
produce OHHL most. Interestingly, the production of N-
acyl homoserine lactone is dependent upon strains within
the same species and pathovars. This phenomenon is some-
what unexpected because plant-associated bacteria classi-
fied as a same group of species or pathovars should have
very similar or same ecological fitness and an equal ability
to adapt to new environments. Although many plant-associ-
ated bacteria produce quorum sensing signals, the pheno-
types depending upon a cell density are known only for a
few. As mentioned above, regulation of conjugal transfer of
Ti plasmid, regulation of exoenzyme production and secre-
tion of E. carotovora, and regulation of phenazine biosyn-
thesis by Ps. aureofaciens are among the known traits
regulated by quorum sensing signals. Biological traits regu-
lated by quorum sensing in many other plant-associated
bacteria remain to be characterized. Especially, roles of
these signals in ecological fitness of plant-associated bacte-
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ria and possible cross-communications among bacteria are
interesting subjects to study.

Other Quorum Sensing Systems - .

Two levels of quorum sensing regulation in Ps. aerugi-
nosa. Ps. aeruginosa is an opportunistic human pathogen
causing cystic fibrosis, and multiple factors such as algi-
nate, toxins, haemolysins, and proteases are important for
pathogenesis. Production of these virulence factors depends
upon growth environment and particularly cell densities.
Ps. aeruginosa produces two N-acyl homoserine lactone,
N-(3-oxododecanoyl)-L-homoserine lactone (OdDHL) and
N-butyryl homoserine lactone (BHL) (Fig. 1) (Passador et
al."1993; Pearson et al. 1994). las] and rhll are OdDHL and
BHL synthase, respectively (Pearson, 1994; Ochsner and
Reiser, 1995). OdDHL and its cognate transcriptional acti-
vator LasR activate expression of lasB, lasA, apr, and foxA
genes (Pearson, 1997). BHL and RhIR are responsible for
rhamnolipid, elastase, haemolysin, alkaline protease, cya-
nide, and lectin production (Ochsner and Reiser, 1995).
They also enhance expression of rpoS in E. coli (Latifi et
al., 1996). OdDHL apparently blocks BHL from binding to
RhIR, thus inhibiting rAlA expression (Pesci et al., 1997).
This shows a first description of biological interactions of
two quorum sensing signal molecules in one bacterium to
coordinate expression of different genes. Recently, it was
found that a lasI mutant failed to form biofilms which are
important for pathogenicity of Ps. aeruginosa, and that flat
and undifferentiated biofilms were sensitive to the biocide
sodium dodecyl sulfate (Davies et al., 1998). Adding exog-
enous OdDHL to the mutant recovers a biofilm formation,
indicating that it requires cell-to-cell communication. This
finding suggests a new possible target to control cystic
fibrosis. '
Examples of other signaling systems by N-acyl homo-
serine lactone. After autoinduction was first described
for the production of bioluminescence in P. fischeri, many
other similar but in some cases somewhat different regula-
tory circuits have been reported. Recently, a various bacte-
rial phenotypes are known to be regulated by quorum
sensing systems, and numbers of Gram-negative bacteria
producing N-acyl homoserine lactone are growing (Table 1)
(Swift et al., 1996). Different bacteria produce various auto-
inducers and these molecules can be easily detected by thin-
layer chromatography and other chemical analyses (Shaw
etal., 1997).
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