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Cyclic di-GMP as a bacterial second messenger
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Environmental signals trigger changes in the bacterial cell surface, including changes in
exopolysaccharides and proteinaceous appendages that ultimately favour bacterial persistence
and proliferation. Such adaptations are regulated in diverse bacteria by proteins with GGDEF and
EAL domains. These proteins are predicted to regulate cell surface adhesiveness by controlling the
level of a second messenger, the cyclic dinucleotide c-di-GMP. Genetic evidence suggests

that the GGDEF domain acts as a nucleotide cyclase for c-di-GMP synthesis while the EAL domain
is a good candidate for the opposing activity, a phosphodiesterase for c-di-GMP degradation.

Introduction

Bacteria modify their cell surface in response to environ-
mental cues. These changes can facilitate either dispersion
to a new environment or adhesion to a surface, including
aggregation with members of their own or other species.
The particular outcome is often determined by changes
in exopolysaccharides and proteinaceous appendages. The
bacterium Gluconacetobacter xylinus (formerly Acetobacter
xylinum) produces an extracellular matrix of cellulose
(a polymer of glucose with f-1,4 linkages) whose quantity
and purity has stimulated the search for industrial appli-
cations (Ross et al., 1991). Cellulose production in G. xylinus
is regulated by the cyclic dinucleotide c-di-GMP, and pro-
teins with GGDEF and EAL domains control the intra-
cellular level of this signal (Tal et al., 1998). Analysis of
bacterial genome sequences suggests that such proteins
constitute a widespread and mostly uncharacterized signal-
ling system (Galperin et al, 2001). For members of this
protein family that have been characterized, regulation of
bacterial cell surface adhesiveness is a unifying theme
(Table 1). Given the economy of bacterial physiology, a
likely basis for such regulation is signalling by c-di-GMP.

c-di-GMP is a second messenger in G. xylinus

Cells of G. xylinus, in colonies and in pellicles in static
liquid culture, are encased in a matrix of cellulose (Sowden
& Colvin, 1978; Ross et al., 1991). Biochemical studies
revealed that a cyclic dinucleotide, c-di-GMP, is an allo-
steric activator of the membrane-bound cellulose synthase
complex (Ross et al., 1987). The levels of this dinucleotide
are controlled by two opposing activities (Fig. 1): a nucleo-
tide cyclase activity for c-di-GMP synthesis and a phospho-
diesterase activity for c-di-GMP degradation. A c-di-GMP
binding protein provides another layer of regulation (Ross
et al., 1991). All three of these regulatory elements are
membrane-associated and predicted to form part of the
cellulose synthase complex (Ross et al., 1991; Kimura et al.,
2001).

Genetic studies linked c-di-GMP synthesis and degradation
to the activity of six proteins encoded by three pdeA genes
and three dgc genes (Tal et al., 1998). Each of these proteins
has three amino acid domains: a GGDEF domain, an EAL
domain, and a PAS domain (Table 1). Sequence analysis
suggests that the GGDEF domain acts as the cyclase
(Fig. 1; Galperin et al, 2001; Pei & Grishin, 2001). The
EAL domain, by virtue of its association with the GGDEF
domain, is therefore a good candidate for the phospho-
diesterase activity (Fig. 1; Galperin et al., 2001). The linking
of these opposing activities in a single protein would enable
c-di-GMP accumulation to be finely tuned. Such tight
regulation may enable these proteins to serve as molecular
pacemakers to coordinate the production of individual
cellulose fibres, each polymerized from multiple discrete
membrane complexes along the length of the cell (Ross
et al., 1991). The PAS domain in the PDEAI protein was
shown to be a haem-binding oxygen sensor (Chang et al.,
2001). Thus, for regulation of cellulose production in the
obligate aerobe G. xylinus, oxygen is the first messenger
while c-di-GMP is the second messenger (Chang et al.,
2001).

Proteins with GGDEF and EAL domains
implicate c-di-GMP signalling in diverse
bacteria

The GGDEF domain was first identified in PleD (Table 1),
a global regulatory protein controlling the transition between
a free-swimming and an attached phase of the life cycle
of the aquatic bacterium Caulobacter crescentus (Hecht &
Newton, 1995; Aldridge et al., 2003). Subsequently, it was
noted that individual bacterial genomes encode numerous
proteins with a GGDEF domain, although Gram-positive
bacteria tend to have fewer than Gram-negative bacteria
(Galperin et al., 2001; Pei & Grishin, 2001). Pseudomonas
aeruginosa PAO1 has 33 such proteins, Escherichia coli
K-12 has 19, and Vibrio cholerae O1 biotype El Tor has 41.
These proteins often have an EAL domain, a motif first
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Table 1. Selected bacterial regulatory proteins with a GGDEF or EAL domain

Protein Organism Domain Associated Reference
organization* phenotype/function

HmsT Yersinia pestis GGDEF Autoaggregation Jones et al. (1999)

PleD Caulobacter crescentus CheY-GGDEF Attachment/dispersal Aldridge et al. (2003)

WspR Pseudomonas fluorescens CheY-GGDEF Wrinkled colonies Spiers et al. (2003)

WspR Pseudomonas aeruginosa CheY-GGDEF Wrinkled colonies D’Argenio et al. (2002)

ActA Myxococcus xanthus CheY-GGDEF Fruiting body formation Gronewold & Kaiser (2001)

CelR2 Rhizobium leguminosarum bv. trifolii CheY-GGDEF Cellulose production Ausmees et al. (1999)

AdrA Salmonella enterica bv. Typhimurium TM-GGDEF Rdar colonies Romling et al. (2000)

ScrC Vibrio parahaemolyticus GGDEF-EAL Rugose colonies Boles & McCarter (2002)

MbaA Vibrio cholerae GGDEF-EAL Biofilm matrix Bomchil et al. (2003)

DGCl, 2, 3  Gluconacetobacter xylinus PAS-GGDEF-EAL Cellulose production Tal et al. (1998)

PDEAL, 2, 3 Gluconacetobacter xylinus PAS-GGDEF-EAL Cellulose production Tal et al. (1998)

RocS Vibrio cholerae PAS-GGDEF-EAL Rugose colonies Rashid et al. (2003)

FimX Pseudomonas aeruginosa CheY-PAS-GGDEF-EAL Twitching motility Huang et al. (2003)

VieA Vibrio cholerae CheY-EAL-HTH Cholera toxin production Tischler et al. (2002)

PvrR Pseudomonas aeruginosa CheY-EAL Repression of autoaggregation Drenkard & Ausubel (2002)

BvgR Bordetella pertussis EAL Repression of virulence Merkel et al. (1998)

*Protein domains (Galperin et al., 2001) include GGDEF and EAL (named for conserved amino acids); PAS (named for founding members of the

protein family); helix—turn-helix (HTH); transmembrane (TM) domains (indicated where four or more are predicted); and the CheY

phosphorylation receiver domain. Only one CheY domain is indicated for proteins (including PleD and VieA) predicted to contain two such

domains, one of which may be non-functional (Galperin et al., 2001).

delineated in BvgR (Table 1), a repressor of virulence gene
expression in Bordetella pertussis.

Proteins with a GGDEF domain often also have well-
recognized regulatory motifs, such as a CheY phosphoryla-
tion receiver domain or a PAS domain, a potential oxygen
sensor (Galperin et al, 2001; Pei & Grishin, 2001). These

cyclase phosphodiesterase

2GTP > ¢c-di-GMP ——> 2 GMP

2 PPi
GGDEF EAL
domain domain?

Fig. 1. Synthesis and degradation of cyclic diguanosine mono-
phosphate, based on studies with G. xylinus (Ross et al,
1987). Synthesis of c-di-GMP from two molecules of GTP is
predicted to occur in two steps (with pppGpG as intermediate,
and each step releasing pyrophosphate that is ultimately hydro-
lysed to inorganic phosphate). Degradation of ¢-di-GMP to two
molecules of 5° GMP is also predicted to occur in two steps,
with a linear dinucleotide (pGpG) intermediate. The correlation
of the GGDEF domain with cyclase activity is based on genetic
evidence; the correlation of the EAL domain with phosphodies-
terase activity is more tentative and is based on the co-
occurrence of GGDEF and EAL domains in regulatory proteins
that control c-di-GMP synthesis and degradation (Galperin
et al., 2001).

proteins therefore appear to constitute a complex and
widespread regulatory system whose function, based on
studies with G. xylinus, is to control levels of the c-di-GMP
second messenger (Fig. 1). The polar localization discovered
for one such protein, FimX (Table 1), may reflect a general
theme: localized amplification or quenching of the c-di-
GMP signal by individual regulators.

Although biochemical evidence for a widespread role
for c-di-GMP is still lacking, genetic evidence is steadily
accumulating (Table 1). Three proteins with GGDEF
domains (Rhizobium leguminosarum CelR2, G. xylinus
DGC1, and the arbitrarily chosen E. coli YhcK) conferred
cellulose-dependent phenotypes when expressed in both
R. leguminosarum and Agrobacterium tumefaciens, suggest-
ing that they had activated the endogenous cellulose syn-
thases by increasing the level of c-di-GMP (Ausmees et al.,
2001). Similarly, Pseudomonas fluorescens WspR was func-
tional in P. aeruginosa and C. crescentus, and C. crescentus
PleD was functional when its GGDEF domain was swapped
with that of P. fluorescens WspR (D’Argenio et al., 2002;
Aldridge et al., 2003). The c-di-GMP binding protein also
appears to be broadly distributed in bacteria. Gene clusters
encoding both a cellulose synthase enzyme and a homo-
logue of the G. xylinus c-di-GMP binding protein are
present not only in bacteria known to be cellulose pro-
ducers but also in members of the genus Burkholderia and
Ralstonia (Romling, 2002).

Furthermore, genetic data suggest that c-di-GMP metabo-
lism is integrated into cellular physiology in consistent
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ways. In silico analysis of bacterial genomes noted multiple
instances in which a gene predicted to encode a haem-
dependent sensor of gases (oxygen or nitric oxide) is found
in a putative operon with a gene encoding a GGDEF domain
(Iyer et al, 2003). Suggesting coordinate regulation of
c-di-GMP metabolism with the BvgAS two-component
signalling systems, the bvgR gene encoding an EAL domain
(Table 1) is part of the bvgSAR locus in Bordetella pertussis
(Merkel et al, 1998). Although the genes have been
shuffled, equivalent clustering (that includes genes pre-
dicted to encode a two-component signalling system) is
found in V. cholerae as vieSAB (Table 1; Tischler et al.,
2002) and in P. aeruginosa as PA3946-PA3948, this latter
locus identified by a mutation with a pleiotropic pheno-
type (Gallagher & Manoil, 2001).

c-di-GMP as a conserved regulator of bacterial
cell surface adhesiveness

Extracellular cellulose production by G. xylinus results in
colonies with a rough surface, and aggregation of cells into
a thick pellicle in static liquid culture (Sowden & Colvin,
1978; Cook & Colvin, 1980). Colony morphology and
pellicle formation thus represent readily visible phenotypes
associated with extracellular matrix production. Genetic
analysis of these traits in diverse bacteria has consistently
identified a regulatory role for proteins with a GGDEF
domain (Table 1).

Spontaneous mutants of P. fluorescens, selected to grow in
liquid culture preferentially as a pellicle, formed wrinkled
colonies on agar surfaces (Rainey & Travisano, 1998). These
aggregative properties required an extracellular matrix
composed of an acetylated cellulose-like exopolysaccharide
as well as an undetermined proteinaceous component
(Spiers et al, 2003). Grown on a low-osmolarity agar
medium, cells of P. aeruginosa also formed wrinkled
colonies (Friedman & Kolter, 2004). This trait, as well as
robust pellicle formation, required a glucose-rich exopoly-
saccharide. The cupA locus, encoding a putative fimbrial
adhesin, contributed to pellicle strength. Both of these
extracellular matrix components were also detected in
studies of P. aeruginosa biofilm formation (Vallet et al.,
2001; Wozniak et al., 2003). The wrinkled colony morpho-
type in both P. fluorescens and P. aeruginosa was linked to
the activity of the GGDEF-type response regulator WspR
(Table 1). The opposing activities predicted for the GGDEF
and EAL domains (Fig. 1) are consistent with the fact that
in P. aeruginosa, constitutive activation of WspR caused
autoaggregation (D’Argenio et al., 2002) while expression
of PvrR (Table 1), an EAL-type response regulator, sup-
pressed autoaggregation (Drenkard & Ausubel, 2002).

Salmonella spp. after prolonged incubation at tempera-
tures below 37 °C typically form colonies with a distinctive
morphology variously referred to as rdar (Congo-red
binding, dry and rough), convoluted, and rugose (Allen-
Vercoe et al., 1997; Anriany et al., 2001; Zogaj et al., 2001).
This morphotype is found in other genera of the family

Enterobacteriacae, but is absent in some laboratory strains,
including E. coli K-12 (Zogaj et al., 2001, 2003). Further
suggesting that passaging of strains in the laboratory can
have unintended consequences, an ATCC stock culture of a
Salmonella strain was found to be a mixture of cells in which
the rdar morphotype was either temperature dependent or
constitutive (Romling et al., 1998). In Salmonella enterica
serovar Typhimurium and E. coli, colonies with the rdar
morphotype were found to consist of cells linked by an
extracellular matrix of cellulose together with thin, aggrega-
tive fimbriae also called curli in E. coli and Tafi or SEF17 in
Salmonella spp. (Zogaj et al., 2001; Solano et al., 2002). The
rdar morphotype in Salmonella spp. and E. coli requires the
GGDEF-type regulator AdrA (Table 1).

In liquid culture with limiting nutrients, static incubation of
various epidemic V. cholerae strains resulted in the accu-
mulation of spontaneous mutants that formed wrinkled
colonies (the rugose morphotype) distinct from the
smooth colonies of the parental strains (Wai ef al., 1998;
Yildiz & Schoolnik, 1999; Ali et al., 2002). These variants
had enhanced pellicle formation and overproduced an
exopolysaccharide that appeared to vary between strains
but in V. cholerae O1 El Tor consisted of a polymer mainly
of glucose and galactose. Exopolysaccharides in the rugose
morphotype (as well as those required for the rdar morpho-
type of S. enterica biovar Typhimurium) were associated
with enhanced resistance to chlorine, demonstrating that
the phenotype has implications that extend beyond growth
in the laboratory (Yildiz & Schoolnik, 1999; Solano et al.,
2002). In Vibrio parahaemolyticus, overproduction of an
exopolysaccharide was also associated with rugose colony
morphology (Boles & McCarter, 2002). The rugose
morphology of V. cholerae and V. parahaemolyticus was
linked to the activity of RocS and ScrC, respectively, pro-
teins that each have a GGDEF domain (Table 1). Increased
biofilm matrix in V. cholerae was also correlated with loss
of MbaA (Table 1) and with increased expression of gene
VCA0074 encoding a protein with a GGDEF domain (Zhu
& Mekalanos, 2003).

Cells of the plague bacterium Yersinia pestis autoaggregate
during liquid culture, and when incubated on an agar
surface at temperatures below 37 °C, form colonies that
bind Congo red dye (Hinnebusch et al, 1996; Hare &
McDonough, 1999; Jones et al., 1999). These traits require
the GGDEF-type regulator HmsT (Table 1), and increase
transmission of Y. pestis by the flea vector. Autoaggregating
bacterial cells block the foregut of the flea, leading the
starving flea to feed more frequently and thereby enhanc-
ing plague transmission. For such bacterial aggregates
that contain a mixture of species, the close cell contacts
can facilitate interspecies horizontal transfer of antibiotic
resistance genes (Hinnebusch er al., 2002).

The genetic basis of autoaggregation and wrinkled colony
formation implicates c-di-GMP signalling (Table 1). As
in G. xylinus, c-di-GMP could be acting as a second
messenger that activates production of exopolysaccharides
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(and possibly other components of the cell surface). Muta-
tions affecting nucleotide or phosphate metabolism would
be expected to perturb c-di-GMP metabolism (Fig. 1),
thereby causing changes in bacterial cell surface adhesive-
ness. Indeed, inactivation of V. cholerae cytR, encoding a
regulator of nucleoside scavenging, resulted in the forma-
tion of colonies with a rugose morphology (Haugo &
Watnick, 2002). More unexpectedly, inactivation of Salmo-
nella pnp, encoding polynucleotide phosphorylase involved
in mRNA degradation and virulence, resulted in loss of the
rdar colony morphology (Clements et al., 2002). Conversely,
perturbation of c-di-GMP metabolism may have global
physiological consequences. Inactivation of a Burkholderia
cepacia gene encoding a protein with a PAS/GGDEF/EAL
domain organization resulted in a defect not only in bio-
film formation but also in quorum sensing signal synthesis
(Huber et al., 2002).

c-di-GMP as a conserved element of bacterial
cell-to-cell signalling

Proteins with a GGDEF domain regulate the production
of an extracellular matrix that has been noted for G. xylinus
as well as for S. enterica biovar Typhimurium and V.
parahaemolyticus to mediate a stable array of cells with
a strikingly ordered pattern (Sowden & Colvin, 1978;
Enos-Berlage & McCarter, 2000; Zogaj et al., 2001). Such
alignment of cells could facilitate a variety of intercellular
signals. Indeed, studies with Myxococcus xanthus provide
genetic evidence that the intracellular c-di-GMP signal may
be translated into an intercellular signal. The M. xanthus
GGDEF-type response regulator ActA (Table 1) controls
the production of C-signal, a cell surface-associated pro-
tein required for starvation-induced aggregation into a
fruiting body. The bacterial extracellular matrix can further
align the fates of individual cells (Rainey & Rainey, 2003).
In M. xanthus, the Type IV pili on one cell interact with
the extracellular matrix on adjacent cells (Li et al., 2003).
An equivalent phenomenon may occur in P. aeruginosa
(and include a role for c-di-GMP signalling) based on the
domain organization of FimX (Table 1) and its involve-
ment in Type IV pilus-mediated twitching motility.

c-di-GMP as a conserved regulator of bacterial
adhesion to plant and animal surfaces

The bacterial extracellular matrix also plays a role in inter-
actions of bacterial cells with plant and animal cells. The
cellulose-producer G. xylinus grows on decaying plant
material, and bacterial cellulose contributes to the initial
attachment to plants of Rhizobium spp. and A. tumefaciens
(Williams & Cannon, 1989; Ross et al, 1991; Romling,
2002). For Salmonella spp. that have a niche in the intestinal
tract of animals, cellulose production may facilitate adhe-
sion during host colonization or during transmission to a
new host (with unfortunate consequences in the human
food chain). In Yersinia spp., HmsT-regulated cell surface
properties mediate attachment of bacterial aggregates to
Caenorhabditis elegans, a nematode worm that eats soil

bacteria (Darby et al, 2002; Joshua et al, 2003). Such
attachment can block worm feeding, but may also serve
to disseminate the bacteria. In all of these bacteria, extra-
cellular matrix production has been linked to the activity of
GGDEF-type regulators (Table 1), therefore suggesting a
conserved ecological role for c-di-GMP signalling. As noted
for the role of P. fluorescens cellulose production during
rhizosphere and phyllosphere colonization, however, the
importance of bacterial cell-cell interactions may be dif-
ficult to separate from the importance of bacterium-host
interactions (Gal et al., 2003).

Conclusion

Studies of cellulose production in the bacterium G. xylinus
have had a great impact. They enabled the first identifica-
tion of plant cellulose synthase genes, and they led to the
discovery of the c-di-GMP intracellular signal (Rémling,
2002). Proteins with GGDEF and EAL domains are found
in diverse bacteria (Table 1), and signalling by c-di-GMP
is likely to be a conserved physiological basis for their
activities. In larger organisms, cGMP signalling regulates
aggregative behaviours such as social feeding in times of
stress (Sokolowski, 2002). Thus, the regulation of bacterial
cell surface adhesiveness by the second messenger c-di-
GMP may be a unifying theme with ramifications that
extend beyond the microbial world.

References

Aldridge, P., Paul, R., Goymer, P., Rainey, P. & Jenal, U. (2003). Role
of the GGDEF regulator PleD in polar development of Caulobacter
crescentus. Mol Microbiol 47, 1695-1708.

Ali, A, Rashid, M. H. & Karaolis, D. K. (2002). High-frequency rugose
exopolysaccharide production by Vibrio cholerae. Appl Environ
Microbiol 68, 5773—5778.

Allen-Vercoe, E., Dibb-Fuller, M., Thorns, C. J. & Woodward, M. J.
(1997). SEF17 fimbriae are essential for the convoluted colonial
morphology of Salmonella enteritidis. FEMS Microbiol Lett 153, 33—42.

Anriany, Y. A., Weiner, R. M., Johnson, J. A, De Rezende, C. E. &
Joseph, S. W. (2001). Salmonella enterica serovar Typhimurium DT104
displays a rugose phenotype. Appl Environ Microbiol 67, 4048—4056.

Ausmees, N., Jonsson, H., Hoglund, S., Ljunggren, H. & Lindberg, M.
(1999). Structural and putative regulatory genes involved in cellulose
synthesis in Rhizobium leguminosarum bv. trifolii. Microbiology 145,
1253-1262.

Ausmees, N., Mayer, R., Weinhouse, H., Volman, G., Amikam, D.,
Benziman, M. & Lindberg, M. (2001). Genetic data indicate that
proteins containing the GGDEF domain possess diguanylate cyclase
activity. FEMS Microbiol Lett 204, 163-167.

Boles, B. R. & McCarter, L. L. (2002). Vibrio parahaemolyticus
scrABC, a novel operon affecting swarming and capsular poly-
saccharide regulation. J Bacteriol 184, 5946-5954.

Bomchil, N., Watnick, P. & Kolter, R. (2003). Identification and
characterization of a Vibrio cholerae gene, mbaA, involved in
maintenance of biofilm architecture. J Bacteriol 185, 1384—1390.

Chang, A. L, Tuckerman, J. R., Gonzalez, G. Mayer, R,
Weinhouse, H., Volman, G. Amikam, D. Benziman, M. &
Gilles-Gonzalez, M. A. (2001). Phosphodiesterase Al, a regulator
of cellulose synthesis in Acetobacter xylinum, is a heme-based sensor.
Biochemistry 40, 3420-3426.

2500

Microbiology 150



Cyclic di-GMP as second messenger

Clements, M. O., Eriksson, S., Thompson, A., Lucchini, S., Hinton,
J. C, Normark, S. & Rhen, M. (2002). Polynucleotide phosphorylase
is a global regulator of virulence and persistency in Salmonella
enterica. Proc Natl Acad Sci U S A 99, 8784-8789.

Cook, K. E. & Colvin, J. R. (1980). Evidence for a beneficial influence
of cellulose production on growth of Acetobacter xylinum in liquid
medium. Curr Microbiol 3, 203-205.

Darby, C., Hsu, J. W., Ghori, N. & Falkow, S. (2002). Caenorhabditis
elegans: plague bacteria biofilm blocks food intake. Nature 417,
243-244.

D’Argenio, D. A, Calfee, M. W., Rainey, P. B. & Pesci, E. C. (2002).
Autolysis and autoaggregation in Pseudomonas aeruginosa colony
morphology mutants. ] Bacteriol 184, 6481-6489.

Drenkard, E. & Ausubel, F. M. (2002). Pseudomonas biofilm forma-
tion and antibiotic resistance are linked to phenotypic variation.
Nature 416, 740-743.

Enos-Berlage, J. L. & McCarter, L. L. (2000). Relation of capsular
polysaccharide production and colonial cell organization to colony
morphology in Vibrio parahaemolyticus. ] Bacteriol 182, 5513—5520.

Friedman, L. & Kolter, R. (2004). Genes involved in matrix formation in
Pseudomonas aeruginosa PA14 biofilms. Mol Microbiol 51, 675-690.

Gal, M., Preston, G. M., Massey, R. C., Spiers, A. J. & Rainey, P. B.
(2003). Genes encoding a cellulosic polymer contribute toward the
ecological success of Pseudomonas fluorescens SBW25 on plant
surfaces. Mol Ecol 12, 3109-3121.

Gallagher, L. A. & Manoil, C.(2001). Pseudomonas aeruginosa PAO1 kills
Caenorhabditis elegans by cyanide poisoning. J Bacteriol 183, 6207-6214.

Galperin, M. Y., Nikolskaya, A. N. & Koonin, E. V. (2001). Novel
domains of the prokaryotic two-component signal transduction
systems. FEMS Microbiol Lett 203, 11-21.

Gronewold, T. M. & Kaiser, D. (2001). The act operon controls the
level and time of C-signal production for Myxococcus xanthus
development. Mol Microbiol 40, 744-756.

Hare, J. M. & McDonough, K. A. (1999). High-frequency RecA-
dependent and -independent mechanisms of Congo red binding
mutations in Yersinia pestis. ] Bacteriol 181, 4896—4904.

Haugo, A. J. & Watnick, P. I. (2002). Vibrio cholerae CytR is a
repressor of biofilm development. Mol Microbiol 45, 471-483.

Hecht, G. B. & Newton, A. (1995). Identification of a novel response
regulator required for the swarmer-to-stalked-cell transition in
Caulobacter crescentus. ] Bacteriol 177, 6223—6229.

Hinnebusch, B. J., Perry, R. D. & Schwan, T. G. (1996). Role of the
Yersinia pestis hemin storage (hms) locus in the transmission of
plague by fleas. Science 273, 367-370.

Hinnebusch, B. J., Rosso, M. L., Schwan, T. G. & Carniel, E. (2002).
High-frequency conjugative transfer of antibiotic resistance genes to
Yersinia pestis in the flea midgut. Mol Microbiol 46, 349-354.

Huang, B., Whitchurch, C. B. & Mattick, J. S. (2003). FimX, a
multidomain protein connecting environmental signals to twitching
motility in Pseudomonas aeruginosa. ] Bacteriol 185, 7068-7076.

Huber, B., Riedel, K., Kéthe, M., Givskov, M., Molin, S. & Eberl, L.
(2002). Genetic analysis of functions involved in the late stages of
biofilm development in Burkholderia cepacia H111. Mol Microbiol 46,
411-426.

lyer, L. M., Anantharaman, V. & Aravind, L. (2003). Ancient
conserved domains shared by animal soluble guanylyl cyclases and
bacterial signaling proteins. BMC Genomics 4, 5 (http://www.
biomedcentral.com/1471-2164/4/5).

Jones, H. A, Lillard, J. W., Jr & Perry, R. D. (1999). HmsT, a protein
essential for expression of the haemin storage (Hms™) phenotype of
Yersinia pestis. Microbiology 145, 2117-2128.

Joshua, G. W., Karlyshev, A. V., Smith, M. P., Isherwood, K. E.,
Titball, R. W. & Wren, B. W. (2003). A Caenorhabditis elegans model
of Yersinia infection: biofilm formation on a biotic surface.
Microbiology 149, 3221-3229.

Kimura, S., Chen, H. P, Saxena, I. M, Brown, R. M, Jr &
Itoh, T. (2001). Localization of c-di-GMP-binding protein with the
linear terminal complexes of Acetobacter xylinum. ] Bacteriol 183,
5668-5674.

Li, Y., Sun, H, Ma, X, Lu, A, Lux, R, Zusman, D. & Shi, W.
(2003). Extracellular polysaccharides mediate pilus retraction during
social motility of Myxococcus xanthus. Proc Natl Acad Sci U S A 100,
5443-5448.

Merkel, T. J., Barros, C. & Stibitz, S. (1998). Characterization of the
bvgR locus of Bordetella pertussis. ] Bacteriol 180, 1682—1690.

Pei, J. & Grishin, N. V. (2001). GGDEF domain is homologous to
adenylyl cyclase. Proteins 42, 210-216.

Rainey, P. B. & Rainey, K. (2003). Evolution of cooperation and
conflict in experimental bacterial populations. Nature 425, 72-74.

Rainey, P. B. & Travisano, M. (1998). Adaptive radiation in a
heterogeneous environment. Nature 394, 69-72.

Rashid, M. H., Rajanna, C. Ali, A. & Karaolis, D. K. (2003).
Identification of genes involved in the switch between the smooth
and rugose phenotypes of Vibrio cholerae. FEMS Microbiol Lett 227,
113-119.

Romling, U. (2002). Molecular biology of cellulose production in
bacteria. Res Microbiol 153, 205-212.

Rémling, U., Sierralta, W. D., Eriksson, K. & Normark, S. (1998).
Multicellular and aggregative behaviour of Salmonella typhimurium
strains is controlled by mutations in the agfD promoter. Mol
Microbiol 28, 249-264.

Romling, U., Rohde, M., Olsén, A., Normark, S. & Reinkéster, J.
(2000). AgfD, the checkpoint of multicellular and aggregative
behaviour in Salmonella typhimurium, regulates at least two
independent pathways. Mol Microbiol 36, 10-23.

Ross, P., Weinhouse, H., Aloni, Y. & 8 other authors (1987).
Regulation of cellulose synthesis in Acetobacter xylinum by cyclic
diguanylate. Nature 325, 279-281.

Ross, P, Mayer, R. & Benziman, M. (1991). Cellulose biosynthesis
and function in bacteria. Microbiol Rev 55, 35-58.

Sokolowski, M. B. (2002). Neurobiology: social eating for stress.
Nature 419, 893—-894.

Solano, C., Garcia, B., Valle, J., Berasain, C., Ghigo, J. M.,
Gamazo, C. & Lasa, I. (2002). Genetic analysis of Salmonella
enteritidis biofilm formation: critical role of cellulose. Mol Microbiol
43, 793-808.

Sowden, L. C. & Colvin, J. R. (1978). Morphology microstructure,
and development of colonies of Acetobacter xylinum. Can ] Microbiol
24, 772-779.

Spiers, A. J., Bohannon, J., Gehrig, S. M. & Rainey, P. B. (2003).
Biofilm formation at the air-liquid interface by the Pseudomonas
fluorescens SBW25 wrinkly spreader requires an acetylated form of
cellulose. Mol Microbiol 50, 15-27.

Tal, R.,, Wong, H. C., Calhoon, R. & 11 other authors (1998). Three
cdg operons control cellular turnover of cyclic di-GMP in Acetobacter
xylinum: genetic organization and occurrence of conserved domains
in isoenzymes. | Bacteriol 180, 4416—-4425.

Tischler, A. D., Lee, S. H. & Camilli, A. (2002). The Vibrio cholerae
vieSAB locus encodes a pathway contributing to cholera toxin
production. J Bacteriol 184, 4104-4113.

Vallet, I, Olson, J. W, Lory, S., Lazdunski, A. & Filloux, A. (2001). The
chaperone/usher pathways of Pseudomonas aeruginosa: identification

http://mic.sgmjournals.org

2501



D. A. D'Argenio and S. |. Miller

of fimbrial gene clusters (cup) and their involvement in biofilm
formation. Proc Natl Acad Sci U S A 98, 6911-6916.

Wai, S. N., Mizunoe, Y., Takade, A, Kawabata, S. |. & Yoshida,
S. L. (1998). Vibrio cholerae O1 strain TSI-4 produces the
exopolysaccharide materials that determine colony morphology,
stress resistance, and biofilm formation. Appl Environ Microbiol 64,
3648-3655.

Williams, W. S. & Cannon, R. E. (1989). Alternative environmental
roles for cellulose produced by Acetobacter xylinum. Appl Environ
Microbiol 55, 2448-2452.

Wozniak, D. J., Wyckoff, T. J., Starkey, M., Keyser, R., Azadi, P.,
O’Toole, G. A. & Parsek, M. R. (2003). Alginate is not a significant
component of the extracellular polysaccharide matrix of PA14 and
PAO1 Pseudomonas aeruginosa biofilms. Proc Natl Acad Sci U S A
100, 7907-7912.

Yildiz, F. H. & Schoolnik, G. K. (1999). Vibrio cholerae O1 El Tor:
identification of a gene cluster required for the rugose colony type,
exopolysaccharide production, chlorine resistance, and biofilm
formation. Proc Natl Acad Sci U S A 96, 4028-4033.

Zhu, J. & Mekalanos, J. J. (2003). Quorum sensing-dependent
biofilms enhance colonization in Vibrio cholerae. Dev Cell 5,
647-656.

Zogaij, X., Nimtz, M., Rohde, M., Bokranz, W. & Rdmling, U. (2001).
The multicellular morphotypes of Salmonella typhimurium and
Escherichia coli produce cellulose as the second component of the
extracellular matrix. Mol Microbiol 39, 1452—-1463.

Zogaj, X., Bokranz, W., Nimtz, M. & Rémling, U. (2003). Produc-
tion of cellulose and curli fimbriae by members of the family
Enterobacteriaceae isolated from the human gastrointestinal tract.
Infect Immun 71, 4151-4158.

2502

Microbiology 150



