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Intelligence operations worldwide monitor individuals di-
rectly or indirectly linked to terrorist networks for their com-
munication activities, collectively described as “chatter.” Con-
siderable effort and resources are devoted to assessing
intelligence chatter. A major challenge is to distinguish innoc-
uous, everyday discourse from those missives that act to coor-
dinate more nefarious activities. Microorganisms also chatter,
and our ability to understand the routes, mechanisms, and
purposes of these communications may have profound effects
on human health, industry, agriculture, and the environment.
Bacteria communicate and coordinate their activities through
chemical signals that either diffuse through the extracellular
environment or remain cell associated. As with the global
surveillance of human chatter, research activity focused on
microbial communication mechanisms has intensified over re-
cent years. The study of bacterial communication systems is an
extremely active area of microbiology and has generated a
significant paradigm shift in the way we perceive and examine
microbial populations.

Given the intense interest in microbial signaling systems, the
American Society for Microbiology (ASM) sponsored its sec-
ond conference on Cell-Cell Communication in Bacteria from
23 to 27 July 2004 (CCCB-04) in Banff, Canada. The Banff
conference continued the trend initiated at the 2001 confer-
ence (in Snowbird, Utah) of outstanding presentations on bac-
terial signaling but also considerably expanded the scope of
signaling systems covered, with 230 scientists in attendance
delivering 48 oral presentations and 137 posters. Over the 3
1/2-day conference, oral presentations were given in seven
thematically organized sessions in the mornings and evenings,
and posters were viewed on each afternoon. The scientific
discourse at this conference was highly stimulating, with work
ranging from structure-function analysis of signaling mecha-
nisms to the ecology of signaling in natural environments. We
attempted in this review to select specific findings that embody
recent experimental and conceptual advances in the area of
microbial signaling.

SIGNALING BASICS: LANGUAGES AND LOGIC

Social and antisocial behavior in bacteria. Bacteria exude a
wide range of compounds into their external environment and
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also elaborate molecules that extend from their cell surfaces.
Members of a growing list of diffusible molecules and cell-
associated externalized structures function as signals (Table 1).
Some of the first recognized diffusible signaling mechanisms
were described as “autoinduction,” reflecting the observation
that the bacteria themselves were the source of the signal (70).
Some bacterial signals may function as simple autoinduction
circuits, perhaps utilizing the stability of the signal as an indi-
rect measure of relevant environmental parameters, such as
pH or flow. Most bacteria, however, are tuned to higher con-
centrations of the self-produced signals than that which indi-
vidual cells can attain (21, 22). The term quorum sensing col-
lectively describes these systems, in that inducing levels of
signal require a minimum bacterial population density referred
to as a quorum. Although quorum sensing has predominantly
been studied for single species, there is mounting evidence for
multispecies quorum sensing (84, 88). In some cases, bacteria
unable to synthesize their own signal are capable of responding
to signals of other bacteria, eavesdropping on their competi-
tors, or synchronizing with collaborators. There are also exam-
ples of interference, in which microbes and host organisms
release signaling inhibitors or actively degrade bacterial signal
molecules (107). Finally, there are multiple ways by which
bacteria can communicate through cell contact-dependent
mechanisms in which signals elaborated on the cell surface
interact to stimulate concerted behaviors (46).

It has been recently suggested that in some cases, quorum
sensing might be a side effect of cells monitoring their diffusion
environment instead of communicating (78). These two ideas
are far from mutually exclusive. Limits on diffusion and signal
accumulation due to increasing population density are cer-
tainly related components of the multicellular processes that
are often described as quorum sensing. It is, however, true that
outside of a few examples, direct evidence for dedicated roles
in monitoring population density is limited. Those of us work-
ing on microbial signaling should keep alternate explanations
in mind when considering the function and benefit of these
mechanisms for the microbes that utilize them.

MECHANISMS OF CELL-CELL COMMUNICATION

Chemical and functional diversity of diffusible signals. Col-
lectively, bacteria produce a wide range of potential signal
molecules regulating a diversity of functions (Table 1). A strik-
ing trend at the Banff conference was the diversity of different
signals under active investigation. Acylated homoserine lac-
tones (AHLs) in the Proteobacteria and peptide-based signals
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FIG. 1. Examples of bacterial signal diversity. Several different
signal types are depicted. N~C indicates either linear or cyclized
peptides, AHLs are acylated homoserine lactones, GBLs are y-buty-
rolactones, AI-2 is the furanosyl borate diester, and cis-DA is cis-11-
methyl-2-dodecenoic acid. Peptides may be externalized by the general
secretion pathway (GSP) or through other more specific mechanisms.
Arrows indicate transit of signals across the bacterial envelope. Ar-
rowheads that contact the envelope indicate signals that are bound by
membrane-associated receptors. Dashed arrows indicate active trans-
port into cells. Peptides and AI-2 may be perceived externally but can
also transported into the cell.

in gram-positive bacteria are well described and continue to be
intensively investigated (Fig. 1 and Table 1). Likewise, the
gamma-butyrolactones (GBLs) of filamentous Streptomyces
spp., the A-signaling amino acids of Myxococcus xanthus, and
autoinducer 2 (AI-2) systems remain the focus of a great deal
of work and were well represented. In addition to these well-
studied mechanisms, several novel signals and potential signals
were also described (Table 1).

Pseudomonads, for example, synthesize not only AHL-based
signals but also a series of 4-hydroxy-2-alkyl quinoline (HAQ)
compounds, such as 2-heptyl-3-hydroxy-4-(1H)-quinolone,
originally defined as PQS, the Pseudomonas quinolone signal
(13, 75). Although some HAQ compounds are recognized an-
tibiotics (e.g., phenazines) and cytochrome inhibitors, several
groups are studying the HAQs as signal molecules, as well as
their role in pathogenesis and their integration with AHL
signaling in the pseudomonads (B. A. Iglewski, CCCB-04, ab-
str. S3:2; P. Williams et al., CCCB-04, abstr. S5:2). It is clear
that some of the HAQs function as intercellular signals (or
“messengers”; see below), expanding the breadth of commu-
nication in the pseudomonads.

Cell signaling mechanisms control virulence factor and pig-
ment synthesis in the plant pathogen Xanthomonas campestris
(3, 76). Until recently, the signal molecules were described as
diffusible signaling factor (DSF) and diffusible factor, with
limited chemical characterization. Findings from the group of
Lian-Hui Zhang identified DSF as cis-11-methyl-2-dodecenoic
acid (Fig. 1), and bioassays suggest that this compound or
analogues are synthesized by diverse bacteria (100; L.-H.
Zhang, CCCB-04, abstr. S3:3). DSF is structurally similar to
farnesoic acid, a signaling molecule in the pathogenic yeast
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Candida albicans (38). DSF and farnesoic acid are cross-func-
tional and may allow cross-kingdom signaling.

The signal originally defined as autoinducer 2 (AI-2) in
Vibrio harveyi is a furanosyl diester compound containing a
single boron atom (10). Structural analyses of the Salmonella
enterica serovar Typhimurium AI-2 with its binding protein
LsrB presented at the Banff conference by S. T. Miller reveal
a different signal molecule, (2R,4S)-2-methyl-2,3,3,4-tetrahy-
droxytetrahydrofuran, lacking the boron of the V. harveyi Al-2
(65; S. T. Miller et al., CCCB-04, poster abstr. 38B). AI-2 and
this molecule are derived from the same methionine salvage
pathway intermediate (80). Indirect functional assays suggest
that S. enterica serovar Typhimurium may require the boron-
free form, while V. harveyi responds best when boron is
present. These findings reveal chemical diversity for AI-2-type
signals that may influence the degree of cross talk afforded
through these signals.

Several putative signal molecules were also described, in-
cluding cyclic dipeptides that regulate pathogenesis in Vibrio
vulnificus (D. Park et al., CCCB-04, abstr. S1:6) and putrescine
in control of Proteus mirabilis cellular differentiation during
swarming (87; G. Sturgill et al., CCCB-04, poster abstr. 100). In
these and other cases, it remains unclear whether these com-
pounds are dedicated to signaling functions.

Only a relatively small percentage of microorganisms have
been cultivated in the laboratory. It is a virtual certainty that
uncultivated microbes also employ intercellular signaling
mechanisms, but it is unclear which currencies of communica-
tion they use. Metagenomics is one strategy for addressing this
issue (29). Fragmented total environmental DNA samples are
fused to cloning vectors en masse to generate clone libraries
that are subsequently shotgun sequenced or introduced into an
appropriate host to screen for functions of interest. Jo Han-
delsman’s group is using metagenomics to identify novel fac-
tors involved either positively or negatively in signal exchange
by soil microorganisms (J. Handelsman, presented at CCCB-
04). A large-insert metagenomic library from soil was intro-
duced into Escherichia coli cells carrying the gfp reporter gene,
under the control of the AHL-responsive protein LuxR from
Vibrio fischeri. E. coli does not synthesize AHLs, and activation
of LuxR or interference with AHL-dependent activation must
be directed by the introduced genes. Isolation of transformants
that alter LuxR activity using fluorescence-activated cell sort-
ing allowed identification of several inserts that directed in-
creased or decreased lux-gfp expression. Sequence analysis of
five derivatives with increased transcription revealed that only
one carried a luxl-like gene, whereas the other four encode
novel proteins that may produce AHLs or related compounds.
These and other studies suggest that we are only scratching the
surface of signal diversity from the natural environment.

Signal synthesis and release. Proteobacteria synthesize
AHLs from S-adenosyl methionine (SAM), the source for the
homoserine moiety, which is linked to acyl chains, usually do-
nated by an acylated acyl carrier protein (acyl-ACP) (Fig. 2)
(see reference 20). There are at least two different classes of
enzymes that can catalyze AHL synthesis, but the most com-
mon of these are homologous to the LuxI protein from Vibrio
fischeri. Each LuxI-type protein exhibits a preference for acyl
chains of a certain length and oxidation state, but the deter-
minants of chain length specificity are not well understood.
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FIG. 2. Mechanisms of signal perception. Generalized signal is de-
picted as a filled circle. Pathways 1a and 1b involve external perception
of the signal either through an external binding protein intermediate
that presents the signal to the transmembrane receptor (1a) or through
direct interaction of the signal with a transmembrane receptor (1b).
Receipt of the external signal is transduced to target processes within
the cell. In pathways 2a and 2b, the signal is internalized through
passive diffusion (2a) or through specific import mechanisms (2b) and
interacts with an intracellular receptor, which in turn modulates cel-
lular processes.

Solveig Sjoblom from Tapio Palva’s group described the com-
parison of two closely related LuxI-type proteins, Explgcc;
and Explgcc3195 from the strains Erwinia carotovora SCC1 and
SCC3193, respectively (S. Sjoblom et al., CCCB-04, abstr. S6:
7). Although highly similar in amino acid sequence, Explgccy
directs synthesis of 3-oxo-hexanoyl homoserine lactone (3-oxo-
C6-HSL), whereas Explgcs105 catalyzes synthesis of the eight-
carbon derivative (3-oxo-C8-HSL). Swapping of specific resi-
dues between the two proteins switches the AHL chain length
that is specified. Simultaneous alteration of two residues in
Explgcc; (FOOL and M127T) converted its AHL product to
3-0x0-C8-HSL, although three additional changes were also
required for normal levels of synthesis. Structural information
on LuxI-type proteins is beginning to complement genetic and
biochemical analyses. Mair Churchill’s group was the first to
report the structure of an AHL synthase, Esal from Pantoea
stewartii, and presented new findings on the structure of Lasl
from Pseudomonas aeruginosa (25, 102; M. Churchill et al.,
CCCB-04, abstr. S5:3). Lasl catalyzes synthesis of 3-oxo-dode-
canoyl HSL (3-oxo-C12-HSL), while Esal directs 3-oxo-C6-
HSL synthesis. Although the two proteins share only weak
sequence conservation, their structures are highly similar, and
each adopts a fold similar to GCN5 acyltransferases, enzymes
that recognize the phosphopantetheine moiety that forms the
thioester linkage between acyl chains and ACP (25, 102). The
regions of these proteins thought to dictate acyl chain interac-
tions have different structures, with a restricted pocket on Esal
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and a tunnel in Lasl, perhaps correlating to the relative sizes of
their substrates. Churchill speculated that AHL synthases
which synthesize long-chain AHLs derive chain length speci-
ficity from the acyl chain itself plus differential interactions
with the ACP, whereas AHL synthases that specify shorter-
chain AHLs can directly interact only with the ACP, due to
limited accessibility of the short chains.

Oligopeptide signals produced by gram-positive microbes
are often proteolytically liberated from secreted, genetically
encoded proteins (Table 1) (53). An excellent example of such
a signal molecule is the pentapeptide (ERGMT) called com-
petence-stimulating factor (CSF) from Bacillus subtilis which
controls initiation of the genetic competence pathway and in-
fluences sporulation (77). CSF is derived from the C terminus
of the 40-amino-acid PhrC protein, a pre-pro-CSF (86). Export
of pre-pro-CSF via the general secretion pathway and signal
peptidase cleavage releases a 15-amino-acid pro-CSF that is
further cleaved extracellularly to generate the pentapeptide.
Beth Lazazzera presented recent work on analysis of pro-CSF
cleavage (B. Lazazzera, CCCB-04, abstr. S7:1). Mutations in
pro-CSF residues adjacent to the site for proteolytic cleavage
block normal processing. As might be predicted, CSF cleavage
activity is associated with the cell wall fraction. CSF accumu-
lates extracellularly and is imported back into the cell via an
oligopeptide permease(s), where it subsequently targets sev-
eral different cytoplasmic receptor proteins (54).

Gary Dunny presented recent findings on the synthesis of
oligopeptide mating pheromones that regulate plasmid conju-
gal transfer for Enterococcus faecalis (G. Dunny, CCCB-04,
abstr. S1:1). Strains that do not carry the conjugal plasmid
pCF10 produce a heptapeptide (LVTLVFYV), to which conju-
gal donors respond by activating mating pair formation and
subsequent conjugation (2). The short peptide signals are de-
rived from putative lipoprotein substrates by cleavage through
an endopeptidase called EEP (1). A major question in this
system has been how donor cells prevent self-activation by
endogenously produced pheromone. The pCF10 plasmid en-
codes a membrane protein called PrgY that may play a role in
exit of the pheromone from cells (7). Dunny hypothesized that
one mechanism to prevent donors from autoactivating might
be PrgY-mediated expulsion of the pheromone following EEP-
mediated processing.

Signal perception. The mechanisms by which bacteria sense
and respond to intercellular signals in their environments are
of two basic types (Fig. 2). In the first, the signal is recognized
extracytoplasmically by a specific sensor protein, which trans-
mits the information to an intracellular regulator. Systems de-
pendent on transmembrane sensor kinases often fall into this
category. In some cases, an extracellular binding protein binds
the signal, and this complex then interacts with the sensor
kinase (Fig. 2, pathway 1a). For the second general mecha-
nism, the signal transits across the cell membrane either by
diffusion or by specific transport (Fig. 2, pathways 2a and b).
Inside the cell, it interacts with and directly modulates the
function of a cytoplasmic target protein, often a DNA binding
protein. An interesting variation on this mechanism occurs
when a diffusible molecule (described as a “messenger”) is
chemically converted to an active signal only after it enters into
the target cell (13).

Gram-positive bacteria utilize one or the other of these
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mechanisms. In several well-studied organisms, including
Streptococcus pneumoniae and Staphylococcus aureus, oli-
gopeptide signals are recognized by transmembrane sensor
kinases that control the phosphorylation of cognate response
regulators to alter gene transcription (Table 1) (68, 72). In
other gram-positive bacteria, such as Bacillus subtilis, oligopep-
tide signals are imported through ABC transporters (54, 57).
The internalized peptides then directly bind a target regulatory
protein, such as a phosphatase enzyme, modifying its activity
and subsequently altering the phosphorylation state of a key
two-component response regulator(s).

Bacteria that utilize AHLs usually perceive the signals via
cytoplasmic proteins. AHLSs transit across the cellular envelope
via diffusion, although they may be assisted by transporters
(21). The target for the AHL is usually a member of the LuxR
family of transcriptional activators. LuxR and several of its
homologs, including TraR and LasR, directly bind to their
cognate AHLs (30, 82, 109). LuxR-type proteins bind to DNA
as multimers, usually dimers, and thereby regulate transcrip-
tion (103).

In contrast to most AHL-based signaling systems, Vibrio
harveyi perceives an AHL signal (3-hydroxy-butanoyl-HSL) us-
ing a transmembrane sensor kinase, LuxN, that is localized to
the cytoplasmic membrane (Fig. 3). It is not yet clear whether
the AHL is sensed externally or through interactions with
cytoplasmic portions of LuxN. AI-2 (furanosyl borate diester)
is also a V. harveyi signal molecule. Extracellular AI-2 is bound
by a periplasmic binding protein (LuxP), and the AI-2/LuxP
complex is thought to interact with periplasmic portions of the
LuxQ sensor kinase (Fig. 3). The mechanisms of signal per-
ception for some of the more recently characterized signals
and potential signals, such as cis-11-methyl-2-dodecenoic acid
(DSF), are not well understood.

Signal-dependent transcriptional control. An active area of
current research focuses on the regulatory proteins that trans-
duce the response during cell-cell communication, typically
transcription factors that bind to DNA. Identifying the targets
of regulation, the mechanisms by which they are controlled,
and the key features of transcriptional control are important
research directions for a number of labs.

The TraR protein from Agrobacterium tumefaciens is argu-
ably the best understood LuxR-type protein at a structural and
biochemical level. It remains the only LuxR-type protein for
which structural information is available (96, 108). TraR forms
a dimer in the presence of 3-oxo-C8-HSL (one AHL molecule/
protomer). The AHL-associated dimer is stabilized against
proteolysis, while the apoprotein is proteolytically unstable
(109). The TraR dimer is active for binding to specific DNA
target sequences, typically located immediately upstream of
target promoters. The TraR structure reveals that the AHL is
completely enveloped within the N-terminal AHL binding do-
main of the protein, while the C-terminal region comprises the
DNA binding motif. The inaccessibility of the AHL molecules
within the mature dimer is consistent with a model in which
TraR binds the AHL during protein folding but in which the
apoprotein is unable to bind AHL once it is fully synthesized
(110). Steve Winans reported recent work to identify TraR
residues required for transcriptional activation (104; C. White
and S. Winans, CCCB-04, abstr. S1:2). Extensive mutagenesis
of C-terminal residues exposed to solvent in the TraR crystal
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FIG. 3. A model for three-way signal convergence in Vibrio harveyi.
The three recognized signals are indicated prior to association with
their cognate transmembrane receptors. In the absence of signal, re-
ceptors initiate the LuxU-LuxO phosphorelay, resulting in elevated
levels of the Qrr regulatory RNAs, which block LuxR translation, thus
preventing activation of /ux genes and other target functions. Signal
perception reverses phosphate flow, limiting grr expression and allow-
ing LuxR activation of target genes (see model in reference 32 for
details).

structure identified mutants that retain the ability to bind DNA
but are deficient in activating transcription, presumably due to
inappropriate RNA polymerase contacts. Earlier studies from
the V. fischeri LuxR protein had identified a similar region that
is required to activate transcription but dispensable for DNA
binding (17).

Biochemical analysis of the P. aeruginosa LasR protein by
Martin Schuster in the Greenberg lab suggests that it shares
many of the attributes found for TraR (M. Schuster et al.,
CCCB-04, poster abstr. 126). LasR forms dimers with each
protomer bound extremely tightly to a single 3-oxo-C12-HSL
molecule. LasR activates the expression of many different pro-
moters in P. aeruginosa (81, 99). In vitro DNA binding assays
with LasR and several different regulated promoters revealed
that LasR can recognize a number of different promoter ar-
chitectures (82). Although some of these promoters have easily
identified /las box DNA binding sites, several lack recognizable
las boxes entirely but are strongly activated and bound by
LasR. Schuster’s analysis reveals surprisingly loose sequence
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conservation between LasR-regulated promoters, perhaps re-
flecting its role as a global regulator of diverse target genes.

Although many LuxR-type regulators are AHL-responsive
transcriptional activators, several function as repressors. One
such repressor is EsaR, found in Pantoea stewartii, a pathogen
of maize (5). EsaR controls exopolysaccharide production in
response to 3-0xo-C6-HSL synthesized by Esal. Prior genetic
studies suggested that EsaR functions as a negative regulator
that is induced by its AHL. Susanne Beck von Bodman re-
ported that EsaR formed a functional homodimer that could
repress transcription of its own gene (esaR) in the absence of
AHL (66; S. Beck von Bodman et al., CCCB-04, abstr. S4:4).
The mechanism by which EsaR repressed exopolysaccharide
synthesis was not known. As described by Beck von Bodman,
EsaR represses expression of rcsA4, encoding an activator of cps
genes, required for exopolysaccharide production (6, 66a). The
AHL signal inactivates EsaR, releasing it from its DNA bind-
ing site, elevating rcsA expression, in turn activating cps ex-
pression, and resulting in increased exopolysaccharide synthe-
sis. Other LuxR homologs apparently function as repressors,
and P. stewartii should continue to provide important insights
into AHL-dependent derepression.

Streptomyces coelicolor is an actinomycete that produces a
number of antibiotics during morphological differentiation.
Cell-cell signaling involves the GBLs described above (Table 1
and Fig. 1), which bind to transcription factors that influence
gene expression. One of these GBLs, SCBI, is the inducing
ligand for the ScbR DNA binding transcriptional regulator
(90). ScbR, in addition to autorepression, activates expression
of the divergently transcribed scb4 gene, likely to encode a
GBL synthase. Despite clear evidence for regulation of anti-
biotic production, the target genes under direct control of
ScbR-GBL were not known. E. Takano described microarray
analysis of the ScbR regulon (E. Takano et al., CCCB-04,
abstr. S4:5). The expression of greater than 20 genes was in-
fluenced by ScbR, but the promoter for only one of these, a
presumptive polyketide biosynthesis regulator, kasO, was
bound by ScbR in vitro (91). The regulatory network under
GBL control (and linked through KasO) remains to be fully
characterized.

REGULATORY NETWORKS: EXPANDING THE REACH
OF COMMUNICATION

Although the fundamental mechanisms for sensing and re-
sponding to signal molecules can be relatively simple, the po-
tential complexity of the signaling networks they control is
impressive. Many bacteria that inhabit complex environments
experience multiple signals, some quite similar to their own,
and thus they must discriminate between true signals and back-
ground noise. In addition, many bacteria recognize and re-
spond to multiple chemically distinct signals. These signals may
be integrated to amplify expression of a particular gene(s) or
independently control transcription of discrete sets of genes;
thus, the regulatory cascades involved in the response can be
staggeringly complex.

Densely overlapping signal response pathways in P. aerugi-
nosa. The opportunistic pathogen P. aeruginosa utilizes quo-
rum sensing to regulate factors necessary for virulence (85). P.
aeruginosa utilizes at least three different externalized signals,
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two of which are AHLs and one which is a hydroxy alkyl
quinoline (HAQ) called PQS (Table 1). The complexity of the
P. aeruginosa signaling network was the focus of Barbara
Iglewski’s presentation (B. H. Iglewski, CCCB-04, abstr. S5:2).
Microarray analysis of gene expression patterns from the
Iglewski group and others suggests that the LuxR-type protein
LasR (responsive to 3-oxo-C12-HSL synthesized by LasI) sits
at the top of a complex regulatory hierarchy, controlling the
expression of a large number of genes, including r4lR, encod-
ing a second LuxR-type protein (81, 99). RhIR (responsive to
C4-HSL synthesized by RhlI) also controls many genes, includ-
ing a subset of the same genes as LasR. Iglewski noted that
LasR and RhIR in aggregate regulate upwards of 600 genes,
including 31 predicted regulators. These downstream regula-
tors considerably expand the impact of the initial cell-cell sig-
nals and contribute to the intricate response to quorum sensing
observed for P. aeruginosa.

Multiple signaling pathways and regulatory RNA in Vibrio
species. Vibrio harveyi, a bioluminescent enteric bacterial spe-
cies from fish, recognizes at least three distinct extracellular
signals: (i) the AHL 3-hydroxy-butanoyl HSL, (ii) AI-2 (a
furanosyl borate diester), and (iii) the CAI-1 signal, as yet
chemically uncharacterized (33; J. Henke and B. Bassler,
CCCB-04, poster abstr. 96). Although these three parallel
pathways may seem redundant, it is clear from work in Bonnie
Bassler’s lab that integration of these signals produces a so-
called “coincidence detection system” to allow modulation of
the response of this organism to intraspecies and interspecies
cues (67). Independent sensor kinase proteins respond to each
cognate signal, converging through the LuxU phosphotransfer-
ase protein to control the phosphorylation state of the re-
sponse regulator protein LuxO (Fig. 3). AHL, AI-2, and CAI-1
signals apparently reverse the flow of phosphate away from
LuxO, leading to activation of target functions, including bi-
oluminescence. LuxO was genetically defined as a repressor of
lux gene expression but was also recognized as a member of the
NtrC subfamily of response regulators and as such was pre-
dicted to interact with 0™ to activate the transcription of target
genes (4, 58). Promoter sequences recognized by o”*-contain-
ing polymerases are highly conserved and are absent upstream
of both the lux operon and the V. harveyi luxR gene encoding
an activator of lux genes (not a V. fischeri LuxR-type AHL
regulator) (89). It was therefore hypothesized that there is a
regulatory intermediate(s) activated by LuxO, and Kenny Mok
presented findings from the Bassler lab on identification of
such intermediates (K. Mok et al., CCCB-04, abstr. S4:1). Mok
and colleagues isolated a luminescent colony from a transpo-
son mutant library of a nonluminescent V. harveyi derivative
(harboring the constitutively active LuxO D47E, mimicking
LuxO~P). This mutant was disrupted in the V. harveyi hfg
gene, which encodes an RNA chaperone known to promote
the function of small regulatory RNA (sRNA) molecules in
other bacteria (56). Hfq affected the stability of the V. harveyi
luxR mRNA transcript and also the transcript encoding HapR,
its homolog in Vibrio cholerae. The genome sequences of sev-
eral Vibrio species with LuxO homologs (the V. harveyi genome
has not been sequenced) were analyzed for the presence of
sRNA genes, and four candidates were identified in V. chol-
erae. Each sRNA gene was subsequently shown to be con-
trolled through LuxO and ¢°*, and these were designated grr
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(quorum-regulated RNA) genes. Each Qrr has a region com-
plementary to the ribosome binding site of the ~apR and luxR
transcripts and is likely to occlude translational initiation. Sur-
prisingly, all four grr genes must be mutated to mimic the
constitutively bioluminescent phenotype of a /uxO mutant.
Mok speculated that the Qrr regulators allow for exquisite fine
tuning of target gene expression, perhaps with each grr gene
differentially regulated by particular environmental conditions.
The complex regulatory circuitry underlying quorum sensing
control in these Vibrio species provides for multiple external
signals and multiple physiological inputs through the phospho-
transfer pathway and the Qrr regulatory RNAs.

Signal interference. Bacterial signaling pathways can be dis-
rupted in a variety of ways. A growing area of research is the
study of natural signal interference processes and the design of
deliberate interference strategies. Signaling can be blocked at
the levels of synthesis, stability, and perception of the signal.
Several natural products interfere with perception of signal
molecules, including the halogenated furanone compounds
that inhibit AHL-based quorum sensing and inhibitory oli-
gopeptides that block the function of closely related oligopep-
tide signaling systems (23, 43). There are also several well-
documented examples of signal degradation mechanisms.
AHL degradation can be catalyzed by AHL acylases that
cleave the acyl chain to produce homoserine lactone and fatty
acids and by AHL lactonases that cleave the lactone ring (107).
AHL degradation activity was initially discovered in species of
Bacillus and Variovorax paradoxus but is relatively widespread
among diverse bacteria (16, 55). Although this phenomenon
has been described as quorum quenching, it remains unclear
whether the AHL degradation is coincidental or specifically
targeted to AHLs. Recent findings have demonstrated that
AHLs may not in fact be the preferred substrate for these
systems (8). Perhaps more importantly, it was not clear that the
amount of in situ AHL-degradative activity was sufficient to
impact AHL signaling. Jared Leadbetter’s group has analyzed
diverse soil samples for AHL inactivation using radiolabeled
AHL substrates. Most soils tested contained significant degra-
dative potential, often inactivating the AHLs with no lag time,
suggesting that this process is active in these environments
(J. R. Leadbetter, CCCB-04, abstr. S3:5). Based on the rates of
AHL mineralization, optimal conditions for degradation, and
the effective concentrations produced by typical AHL-synthe-
sizing bacteria, Leadbetter concluded that the amount of AHL
degradation activity in these soils could readily interfere with
endogenous AHL signaling.

Lian-Hui Zhang’s group has focused considerable effort on
harnessing AHL degradation as a biocontrol strategy and has
reported several striking examples of plant protection (15,
107). Current efforts to engineer transgenic mammalian cell
lines that express AHL lactonase activity are under way, and
early results suggest that these cells manifest resistance to
AHL-producing pathogens (L.-H. Zhang, CCCB-04, abstr. S3:
3). Peter Greenberg also reported on AHL lactonase activity in
certain human epithelial cell lines (11), and thus the ability to
degrade AHLs may be a normal component of host resistance
(P. Greenberg et al., CCCB-04, abstr. S5:1).

In the gram-positive pathogen S. aureus, virulence is regu-
lated via the cyclic thioester octapeptide autoinducing peptide
(AIP) and a complex oligopeptide-based signaling mechanism
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(71). Inducing levels of AIP are detected by the AgrC/A two-
component system, which drives elevated expression of a reg-
ulatory RNA (RNA III) from the P3 promoter, which in turn
activates virulence functions. Prior work suggested that the
presence of the commensal microbe Lactobacillus reuteri re-
duced the virulence of S. aureus in certain model systems.
Results presented by Jennifer Laughton from J. K. McCor-
mick’s group have traced the probiotic mechanism of L. reuteri
to inhibition of the P3 promoter and hence functions under its
control (J. Laughton et al., CCCB-04, abstr. S3:4). An unchar-
acterized component of L. reuteri culture supernatants effec-
tively inhibits activation of P3, demonstrating the potential
efficacy of signal interference by competing bacteria in ame-
liorating virulence.

COMMUNICATION DURING MICROBIAL
DEVELOPMENT

Cellular differentiation is observed in a wide range of dif-
ferent microbes. The generation of new cell types, such as
environmentally resistant spores and metabolically dedicated
nitrogen-fixing cells, is a well-studied phenomenon. In these
systems, differentiation is often a group decision, influenced by
the population structure and positioning of cells relative to one
another.

Horizontal gene transfer during B. subtilis development. The
Phr (pheromone) peptides are small signal molecules secreted
by B. subtilis, initially discovered as regulators of the sporula-
tion process (77). Phr signals are processed from precursor
proteins secreted across the cytoplasmic membrane to mature
forms with five or more amino acids. The peptides function to
inhibit Rap phosphatases, which in turn modulate phosphore-
lay circuits controlling a range of B. subtilis physiology. The Phr
peptides are genetically encoded in the same operons as the
Rap phosphatases, and the B. subtilis genome contains seven
distinct Rap/Phr cassettes. Jennifer Auchtung from Alan
Grossman’s group described her recent findings regarding the
Rapl/Phrl cassette, encoded within an integrative and conjugal
element (ICE) designated ICEBsul (J. Auchtung et al., CCCB-
04, abstr. S2:4). Microarray analyses suggested that Rapl stim-
ulates expression of ICEBsul genes. Mating experiments re-
veal that ICEBsul excises and conjugates to several different
species of Bacillus, including B. subtilis and B. anthracis, and
this process is inhibited by Phrl. An intriguing model emerges
from this work in which cells harboring ICEBsul produce the
Phrl pheromone and thus inhibit conjugal transfer but poten-
tial recipient cells lacking ICEBsul do not produce Phrl and
therefore do not inhibit conjugal transfer. Remarkably, and in
an interesting contrast to the recognized recipient-produced
mating pheromones of E. faecalis, ICEBsul transfer in B. sub-
tilis is stimulated by the inability of recipient cells to produce a
signal molecule. Several of the rap phr cassettes in B. subtilis
are carried on plasmids, and several others are carried on
ICEs, suggesting significant potential for their horizontal trans-
fer.

Oligopeptide control of heterocyst differentiation. The fila-
mentous cyanobacterium Anabaena sp. PCC7120 regulates the
pattern and frequency of vegetative cell differentiation into
nitrogen-fixing heterocysts in part via a peptide signal molecule
called PatS (Table 1) (106). PatS is derived from a 13- to
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17-amino-acid precursor oligopeptide, of which the C-terminal
five amino acids (RGSGR) can function to inhibit heterocyst
formation. PatS is released from developing heterocysts and is
thought to diffuse laterally along the filament, inhibiting het-
erocyst development in adjacent cells (24). PatS mutants de-
velop heterocysts in nonregular intervals along the filament,
and ectopic expression of patS can inhibit heterocyst forma-
tion. Jim Golden presented time lapse microscopy demonstrat-
ing that expression of the patS gene occurs in a stochastic
fashion and that cells which initially express high levels of patS
differentiate into heterocysts, inhibiting proximal cells in the
filament (J. W. Golden, CCCB-04, abstr. S2:1). A protein
called HetR, recently verified to be a DNA binding protein
inhibited by PatS, has long been recognized as a regulator of
heterocyst development, and HetR mutants form heterocysts
(39). Findings from the Golden lab, in which specific HetR
mutants are not inhibited by PatS, provide genetic evidence for
the regulatory link between PatS and HetR (48).
Communication during coordinated motility. A wide range
of microbes substantially alter their mode of motility and often
their cellular morphology on solid surfaces (31). Salmonella
enterica serovar Typhimurium differentiates from a swimming
cell into longer swarmer cells with dense flagella. Mike Surette
proposed that the swim-to-swarmer transition represents more
than simply a change in motility strategy but rather an adap-
tation to survival in the polymicrobial communities of the
mammalian gut (50; M. G. Surette, CCCB-04, abstr. S2:3).
Surette and colleagues harvested cells from different regions of
a swarming Salmonella population, comparing the proteome of
actively swimming cells to swarming cells, and observed a large
number of proteins with 5- to 20-fold changes. The spectrum of
proteome alterations suggests that Salmonella significantly
changes its cellular metabolism in swarmer cells, consistent
with increased resistance to a variety of antimicrobial agents.
Swarmer cells activate genes in the AI-2 biosynthetic pathway
and appear to synthesize high levels of AI-2. Despite this,
swarmer cells respond poorly to the signal. Surette speculates
AI-2 signaling and swarmer cell differentiation prepare Salmo-
nella for competition with the resident gut microbiota.
Identification of the Streptomyces coelicolor SapB peptide:
signal or surfactant? Species of Streptomyces are known to
produce diffusible signals (Table 1). The transition from veg-
etative mycelial growth to formation of aerial hyphae, and
eventual sporulation, is a complex developmental process (9).
A diffusible factor called SapB was identified in S. coelicolor
and reported to rescue several developmental (bld) mutants
blocked for aerial hyphae formation and sporulation (105).
SapB is a hydrophobic peptide surfactant, exogenous addition
of which allows elaboration of aerial hyphae in the bld mutants
but does not promote spore formation (95). Joanne Willey
described the culmination of years of work from several labs to
determine that SapB is a highly modified lantibiotic-type pep-
tide (J. M. Willey, CCCB-04, abstr. S2:2; see also reference
51). A key to successful structural determination was the cor-
relation of SapB production with a cluster of S. coelicolor
genes, designated ramCSAB (rapid aerial mycelium formation)
(62 and 73) by Justin Nodwell and colleagues. The ramS gene
encodes a 42-amino-acid protein, a likely SapB precursor, but
does not match the mass or known short sequences of SapB.
RamC provided a clue, with carboxy-terminal similarity to en-
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zymes involved in production of posttranslationally modified
peptide antibiotics called lantibiotics (79). Lantibiotics are
cleaved from short precursor proteins that are dehydrated at
Ser/Thr residues to generate didehydroalanine/didehydrobu-
tyrine, which form intrapeptide thioester linkages with Cys
residues. Willey, Nodwell, and colleagues pieced together ad-
ditional information, including sequences and mass measure-
ments, concluding that SapB is derived from the 21 carboxy-
terminal amino acid residues in RamS, with two lanthionine
bridges (Ser3 to Cys10 and Ser13 to Cys20) forming two loops
(51). Modeling of the SapB structure predicts extensive ex-
posed hydrophobic domains, consistent with the surfactant
properties of SapB. RamC is likely to be required for modifi-
cation of the RamS peptide prior to or during export (J. R.
Nodwell, CCCB-04, abstr. S2:6). During the extension of aerial
hyphae, RamC is localized at filament tips, while the vegetative
mycelia show more uniform expression. Although similar to
lantibiotics, SapB exhibits no antimicrobial properties and
rather functions as a surfactant. SapB is a bacterially produced
compound that seems to occupy the conceptual interface be-
tween a developmental morphogen, a structural lubricant, and
a signal molecule.

PHYSICAL INTERACTIONS OF BACTERIA

Bacterial cell-cell signaling can occur through physical inter-
action with a neighboring cell or through the receipt of a
diffusible signal molecule. In many cases, such as biofilm for-
mation or fruiting body formation, these interactions allow
bacteria to function cooperatively and form complex struc-
tures.

Contact-dependent signaling in Myxococcus xanthus. The
soil bacterium M. xanthus undergoes a complex developmental
pathway, involving several different diffusible and cell contact-
dependent signals, to form fruiting bodies and sporulate (46).
Motility plays an important role in this process and is a target
for signaling. Two motility mechanisms are simultaneously em-
ployed by M. xanthus to move across surfaces; social (S) mo-
tility involves multiple cells that move via the action of type IV
pili, and adventurous (A) motility propels cells along surfaces
by extrusion of extracellular slime through “nozzles” (45). The
balance between these two distinct forms of motility, their
regulation by environmental signals, and their role in M. xan-
thus development are active areas of investigation. Trish Hart-
zell and Hera Vlamakis presented findings linking specific reg-
ulatory pathways, the MglA Ras-type GTPase and one of eight
Che-type clusters from M. xanthus, respectively, to the control
of motility (T. Hartzell et al., CCCB-04, abstr. S2:5; H. Vla-
makis et al., CCCB-04, abstr. S2:7). It remains unclear how
these motility controls are integrated with cell-cell communi-
cation in M. xanthus.

M. xanthus develops fruiting bodies from simpler cell aggre-
gates, in part, through a series of cell reversals (46). When two
cells meet end to end, they can exchange a contact-dependent
cue called C-signal (Table 1) (49). This signal involves the
CsgA protein processed to a 17-kDa form, localized to the cell
surface, and then recognized by presumptive C-signal recep-
tors on colliding cells (59). Receipt of C-signaling results in an
increase in gene expression of the actABCDE operon, which
up-regulates csgA expression, thus elevating C-signal produc-
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tion. C-signal receipt also causes phosphorylation of the regu-
lator FruA. This event influences the methylation/demethyl-
ation state of the Che-like proteins FrzCD, which in turn
affects phosphorylation of FrzE. FrzE phosphorylation influ-
ences waves and streaming of aggregating M. xanthus cells.
Finally, FruA phosphorylation also impacts sporulation. In-
creased C-signaling is required for each of the three develop-
mental events (waves, streaming, and sporulation) (47). Dale
Kaiser presented new data on the stages of fruiting body for-
mation (D. Kaiser, CCCB-04, abstr. S4:2). Kaiser described the
end stages of fruiting body formation as a three-dimensional
cell traffic jam, such as might occur at the Place de la Concorde
if cars could climb on top of each other. Computer simulations
of fruiting body formation based on C-signaling rules for each
developmental stage accurately predict many aspects of fruit-
ing body formation (41). These findings suggest that the sig-
naling and motility mechanisms established to date are suffi-
cient to account for much of fruiting body formation.

Signaling and biofilm formation. Bacteria that reside within
biofilms, surface-adherent communities, have extensive oppor-
tunities to communicate and physically interact. In some cases,
communication is required to properly assemble the biofilm
(12, 40). In the gram-positive bacterium E. faecalis, oligopep-
tide-mediated signaling occurs through the FsrAB two-compo-
nent system (69). Work from two different groups demon-
strated that the FsrA-controlled gel4 gene, encoding a zinc
metalloprotease, is required for E. faecalis biofilm formation
(28, 52). In addition to its role in biofilm formation, GelE
functions in determining the length of the chains formed by E.
faecalis cells, promoting degradation of misfolded surface pro-
teins, and controlling the levels of the conjugation pheromone
in culture supernatants (101). Marta Perego described the con-
struction of strains with mutations in each of the 18 two-
component systems of E. faecalis (27; M. Perego and L. Han-
cock, CCCB-04, abstr. S4:3). Of these, only fsr was required for
biofilm formation, suggesting that other factors required for
biofilm formation might be controlled via alternate regulatory
networks.

Bacteria in nature are often in mixed communities. It is clear
that interactions among multiple bacterial taxa are quite com-
plex, and even the presence of two bacterial species can sig-
nificantly complicate matters. Dingding An from Matt Parsek’s
lab described the results of competition experiments between
P. aeruginosa and A. tumefaciens in dispersed liquid culture and
in biofilms (D. An et al., CCCB-04, abstr. S7:6). In liquid
culture, P. aeruginosa cells numerically dominated A. tumefa-
ciens cells, and this was dependent on the AHL synthases
LasI and Rhll. In biofilms formed on abiotic surfaces, P.
aeruginosa also numerically dominated A. tumefaciens by
developing into a thick blanket that covered the A. tumefa-
ciens biofilm. Blanketing by P. aeruginosa was diminished
when either type IV pili (pil4) or flagella (figK) were defec-
tive, although these mutants were unaffected for competi-
tion in liquid culture. The Las and Rhl signaling mutants
were only modestly reduced in blanketing efficiency, sug-
gesting that the competitive mechanisms of P. aeruginosa
were different in the two distinct environments. Supporting
this idea, A. tumefaciens more effectively competed with P.
aeruginosa during biofilm formation on plant roots.
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HOST-MICROBE COMMUNICATION

In addition to mediating chatter among different bacterial
species, signals are clearly exchanged with or intercepted by
eukaryotic hosts. Signals originally thought to be dedicated to
interbacterial communication can be recognized by eu-
karyotes, inducing specific responses. Zoospores of the marine
alga Ulva intestinalis respond to the presence of AHL-produc-
ing derivatives of Vibrio anguillarum and synthetic AHLs, en-
hancing their colonization of surfaces (44; D. Wheeler et al.,
CCCB-04, abstr. S6:4). Plants also mount extensive responses
to AHLs (64). Conversely, several different plants are known
to produce quorum-sensing mimics (as yet uncharacterized),
possibly to manipulate microbial rhizosphere populations (94).
The marine alga Delisea pulchra produces halogenated fura-
nones that disrupt AHL-based quorum sensing (23). Increas-
ingly, it is apparent that metazoans have developed mecha-
nisms by which they detect and in some cases manipulate
microbial signaling pathways.

Signaling and signal interference with mammalian cells.
Several reports suggest that 3-oxo-C12-HSL, produced by P.
aeruginosa, can stimulate cytokine production in mammalian
cells (14, 36, 93). Manuba Horikawa reported that 3-oxo-C12-
HSL also can induce apoptosis in macrophages and fibroblasts
(92; M. Horikawa et al., CCCB-04, abstr. S6:6). It remains
unclear whether these immune responses benefit or further
harm the host cells (Fig. 4A). Similarly, the mammalian AHL
lactonase activity reported by Peter Greenberg may be a com-
ponent of innate defenses (P. Greenberg et al., CCCB-04,
abstr. S5:1).

An environmental condition encountered by many bacteria,
pathogens, and symbionts alike is that of mucus that lines and
protects host surfaces. In the lungs of cystic fibrosis (CF) pa-
tients, P. aeruginosa stimulates mucus production (Fig. 4A).
Sputum recovered from CF patients has been shown to contain
AHL activity, and more recently, the HAQ signal PQS was
shown to be enhanced in isolates from the CF lung (26, 83).
Kelly Palmer from Marvin Whiteley’s lab reported that CF
sputum caused early induction of PQS-controlled genes as
measured in microarrays (K. Palmer et al., CCCB-04, abstr.
$6:5). Palmer also reported that coculturing P. aeruginosa with
S. aureus resulted in the specific lysis of S. aureus and that
growth in mucus caused that lysis to occur earlier. These data
emphasize how host-produced factors can profoundly impact
the timing, strength, and composition of an ensuing signaling
cascade.

Signaling in host-associated vibrios. AHL signaling was first
discovered in Vibrio spp., and they continue to be intensively
investigated, particularly for studying interactions that occur in
the natural environment. Symbiosis of bioluminescent V. fisch-
eri with the squid host Euprymna scolopes has provided a pow-
erful model system (Fig. 4B). Successful symbiosis of V. fischeri
with the squid requires LuxR, LuxI, and the lux genes they
control, as well as the alternate AHL synthase AinS and the
AI-2 synthase LuxS, which, like those of V. harveyi, signal
through LuxO (60, 61). Furthermore, a nonluminescent mu-
tant defective for the LuxRI-controlled /uxA4 gene fails to in-
duce normal host development (Fig. 4B) (97). In addition to
these interbacterial and bacteria-host communications, symbi-
otic colonization by V. fischeri requires the hybrid sensor kinase
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FIG. 4. Diffusible signaling in bacteria-host associations. (A) Not
only do bacteria recognize their own secreted signals (gray circles) to
coordinate a response (black diamonds), but eukaryotic cells in the
vicinity may also recognize these signals and produce a response. Some
of the potential interactions are diagrammed. Various host cells may
alter cytokine production (open triangles), mucus production (shaded
gray), or other developmental events, such as apoptosis, in response to
either the signal itself or the bacterial product of the signal transduc-
tion pathway. Hosts may also induce or constitutively synthesize signal-
degrading enzymes. (B) Symbiotic Euprymna scolopes-V. fischeri inter-
action during light organ colonization. LuxA activity is dependent on
AHL quorum sensing. The locations at which bacterial cell-cell signal-
ing likely occurs are labeled as 1 and 2. Region 1 is the site of the initial
attachment, or aggregation, by bacteria on the surface of the light
organ. Region 2 is the site of colonization inside, where the bacteria
multiply to high cell density and induce developmental changes, such
as the AHL-dependent LuxA activity that is required for host epithe-
lial cell swelling.

RscS, which exhibits sequence similarity to LuxQ of V. harveyi
(98). The rscS sensor kinase gene is not genetically linked to a
response regulator gene. Karen Visick reported disruption of
many of the 43 predicted response regulators encoded in the V.
fischeri genome in an attempt to identify the cognate response
regulator for RscS (E. A. Hussa et al., CCCB-04, abstr. S5:4).
Disruption of one of these response regulator genes
(VFA1026) causes a severe defect, similar to the rscS mutant,
in the ability of V. fischeri to initiate symbiotic colonization.
Further work will determine whether this regulator functions
with RscS or as part of a separate pathway.

Nematode worms and their bacteria. Xenorhabdus nemato-
phila is a gram-negative bacterium that forms a symbiotic as-
sociation with the nematode Steinernema carpocapsae. To-
gether, the two organisms infect and kill insect larvae (19). The
bacterium is not found free-living in the soil, and development
of the infectious juvenile stage of the nematode life cycle
requires uptake of the bacterium. Extensive communication
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between the host nematodes and the symbiotic bacteria is
likely to underlie this process. In the lab, nematodes feed on X.
nematophila (and other bacteria), leading to the question of
how the switch occurs between using X. nematophila for nutri-
ents and maintaining it as a symbiotic partner. Careful exam-
ination of initial infection by the Goodrich-Blair lab has re-
vealed that one or two “founder” bacteria initiate symbiotic
colonization (63; H. Goodrich-Blair, CCCB-04, abstr. S7:2).
Growth and division, within a vesicle associated with the nem-
atode intestine, is not linear but rather occurs as cycles of
growth and possibly death of the microbe. The nematode con-
tains an intravesicular space to which the symbiotic bacteria
initially attach. Goodrich-Blair speculated that this intravesicu-
lar space could confer protection to the bacteria that will ulti-
mately colonize the nematode. Genetic characterization of
bacterial genes necessary for symbiosis should provide insights
into these processes (34).

LESSONS FROM METAZOAN SIGNALING

The Banff conference included several excellent presenta-
tions on eukaryotic multicellular signaling. John Carlson pre-
sented fascinating results on the ability of Drosophila melano-
gaster to smell and taste. The issue of how fruit flies distinguish
different odors and tastes using the same receptor systems
certainly has relevance to signal specificity and response for
bacterial systems. While the anatomic and molecular details
are clearly distinct (neuronal bundles and G protein-coupled
receptors), there is unity at both the conceptual and mecha-
nistic levels in which some odor and gustatory receptors act as
broadly tuned systems while others are highly specialized. Sim-
ilarly, it is clear that certain bacterial systems act to recognize
a broad range of signals while others are exquisitely selective.
Carol Manahan presented findings on the mechanisms by
which the slime mold Dictyostelium discoideum coordinates
development and motility during fruiting body formation in
response to starvation, a process with facile similarity to myx-
obacterial fruiting body formation. In the slime mold, cyclic
AMP acts to stimulate chemotaxis resulting in waves of cellular
response. The slime mold cells coalesce to form a motile mul-
ticellular colony (a “slug”) that moves in concerted fashion.
Manahan’s work focuses on the coordination of motility via the
action and subcellular localization of the second messenger
phosphoinositol trisphosphate. While there is no exact micro-
bial equivalent of the phosphoinositol trisphosphate system,
cyclic diguanosine monophosphate (c-di-GMP) has been de-
scribed as a possible microbial second messenger that can be
linked to multicellular activity, such as quorum sensing and
biofilm formation (42). Findings presented by Max Dow sug-
gest that c-di-GMP signaling may be an important component
in the DSF signaling pathway of X. campestris (M. Dow et al.,
CCCB-04, poster abstr. 4A).

Laurent Keller provided an insightful ecological analysis of
signaling with his work on insect behavior as a backdrop. Keller
pointed out that even among colonial insects in which the
organization and cooperation between individuals are very
high, significant conflicts of interest exist within the colony,
such as the skewing of sex ratios in conflicts between queens
and worker class ants (74). Similarly, Keller argued that obvi-
ous conflicts exist between different bacteria competing for
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common resources and that true cooperation will be rare.
Behavioral ecologists often divide communication mechanisms
into several different classes: (i) honest signals, (ii) cues, and
(iii) chemical manipulation. Honest signals involve active par-
ticipation of both the signal producer and the responder, while
cues involve coincidental production of a signal by an individ-
ual, subsequently perceived by another individual. Cues benefit
the responder but are neutral or even detrimental to the signal
producer. Chemical manipulation is the production of signals
to direct the behavior of another individual, often harming the
responder. Keller suggested that all of these mechanisms of
communication exist among bacteria. Honest signals are likely
to be intraspecific, cues can be inter- and intraspecific, and
manipulative chemicals are usually interspecific. As the field of
microbial cell-cell communication begins to address the ques-
tions of why microbes produce signals and to what benefit, the
concepts developed in fields such as insect behavior are an
important foundation on which to build.

SUMMARY AND PERSPECTIVE

The 2004 ASM conference on Cell-Cell Communication in
Bacteria provided outstanding examples of the diversity and
volume of microbial chatter and our growing understanding of
the mechanisms by which bacteria communicate. We have
gained an in-depth understanding about several model sys-
tems, including AHL-based quorum sensing, oligopeptide sig-
naling mechanisms, and development in M. xanthus. Addi-
tional signaling systems are being discovered at an impressive
rate, and it is clear that chatter among microorganisms is
extensive and pervasive. The interconnected regulatory net-
works derived from cell-cell communication have far-reaching
consequences for the understanding and potential control of
bacterial behavior. Antimicrobial strategies that focus on sig-
naling are being realized in preliminary applied studies. It is
also clear that nature has already developed such strategies by
which bacteria and other organisms specifically detect and
interfere with the signaling mechanisms of their competitors,
such as with the degradation of AHL signals by lactonases or
acylases.

As with other areas of the life sciences, technical advances in
genomics, proteomics, structural biology, and microscopy are
having a tremendous impact on studies of bacterial cell-cell
communication systems. The number of studies defining ge-
nome-wide responses to signaling is increasing, and the reso-
lution provided through structural analysis of proteins and
RNAs involved in communication circuitry is already resulting
in novel strategies for interfering with and manipulating bac-
terial behavior. The ability to analyze cell-cell communication
at many different scales, from community-level analysis,
through genomic and proteomic networks, to the atomic scale
of three-dimensional protein structure, will profoundly influ-
ence the direction of this area of research in the future. An
understanding of the ecological consequences and driving evo-
lutionary forces that influence bacterial signaling systems is
also crucial for integrating our observations at multiple scales
into a picture of bacterial interactions with each other and
their environment. The consolidation of current observations,
the application of increasingly powerful new technologies, and
the novel application of our growing understanding of cell-cell
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communication in bacteria will provide the momentum for
years to come in this exciting area of microbiology.
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