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Abstract. The rdar morphotype, a multicellular behav-
iour of Salmonella enterica and Escherichia coli is char-
acterized by the expression of the adhesive extracellular
matrix components cellulose and curli fimbriae. The re-
sponse regulator CsgD, which transcriptionally activates
the biosynthesis of the exopolysaccharide cellulose and
curli, also transforms cell physiology to the multicellular
state. However, the only role of CsgD in cellulose bio-
synthesis is the activation of AdrA, a GGDEF domain
protein that mediates production of the allosteric activa-
tor cyclic-di-(3’-5")guanylic acid (c-di-GMP). In S. enter-

ica serovar Typhimurium a regulatory network consisting
of 19 GGDEF/EAL domain-containing proteins tightly
controls the concentration of c-di-GMP. ¢-di-GMP not
only regulates the expression of cellulose, but also stimu-
lates expression of adhesive curli and represses various
modes of motility. Functions of characterized GGDEF
and EAL domain proteins, as well as database searches,
point to a global role for c-di-GMP as a novel secondary
messenger that regulates a variety of cellular functions in
response to diverse environmental stimuli already in the
deepest roots of the prokaryotes.
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Introduction

The tremendously broad capacity of microorganisms to
communicate and co-ordinate their behavioural processes
has begun to be fully appreciated in recent years. In Sal-
monella enterica serovar Typhimurium (S. Typhimurium)
and Escherichia coli at least three fundamentally differ-
ent modes of behaviour have been recognized: swimming,
swarming and adherence of cells to surfaces or to one
another (biofilm formation). The single swimming cell
has imprinted the typical view of S. Typhimurium and
E. coli since this originally described phenotype has been
extensively studied for more than a century as a culture
conventionally grown to mid-logarithmic phase in rotat-
ing laboratory flasks. Swarming behaviour was discov-
ered as a co-ordinated behaviour, where cells move in
a co-operative fashion over a surface, and whereby cells

elongate and show hyperflagellation [1]. Not too long
ago, it was recognized that Enterobacteriaceae also form
biofilms, multicellular structures, where bacteria adhere
to one another and/or to surfaces embedded into a self-
produced extracellular matrix [2—5]. Through the study
of biofilm formation in various experimental set-ups it
has become clear that different kinds of biofilms exist,
and that the character of the biofilm might depend on the
environmental conditions, the surface characteristics and
the particular strain under observation [6—8]. Although
swarming behaviour and biofilm formation represent two
apparently opposing lifestyles of bacteria characterized
by motility and sessility, respectively, the two behavioural
modes share several common features. Both take place
on surfaces, require co-operativity and the expression of
extracellular matrix components for function. Swimming,
swarming and biofilm formation have been mainly studied
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as separate behavioural modes. But some facets of these
complex genetic programmes, which trigger the transition
from one behaviour to the other have already been eluci-
dated [9-13].

Biofilm formation has primarily been studied in long-
term laboratory-passaged descendants of the E. coli strain
K-12. Although E. coli K-12 has been a wonderful model
organism for many years, its use in the study of biofilm
formation requires some caution. First, due to its domes-
tication in the laboratory, E. coli K-12 lineages frequently
lost the ability to produce a full biofilm. Loss of multi-
cellular behaviour during maintenance in the laboratory
has also been observed in other bacteria [14]. Second,
E. coli K-12 lacks a complete lipopolysaccharide (LPS)
with long-chain polysaccharide (O-antigen) in the outer
membrane, which is in contrast to most pathogenic and
commensal strains directly isolated from patients or
healthy individuals. Loss of O-antigen and additional LPS
structures leads to an enhanced adherence to abiotic sur-
faces [15—17], probably due to exposure of binding epi-
topes on the cell surface or alteration of surface charge.
Basically all S. Typhimurium and Salmonella enterica
serovar Enteritidis (S. Enteritidis) strains as well as a sig-
nificant number of E. coli strains display a multicellular
behaviour that is characterized by the expression of the
extracellular matrix components curli, a fimbrial compo-
nent [previously called thin aggregative fibres (agf) in
S.enterica] and/or cellulose [6, 18, 19, unpublished obser-
vations]. Strains of other enterobacterial species such as
Citrobacter spp., Enterobacter spp. and Klebsiella spp.
isolated from the gastrointestinal tract show a species-
specific expression of curli and/or cellulose [20]. Vigor-
ous expression of the two extracellular matrix compo-
nents, proteinaceous curli and exopolysaccharide cellu-
lose, leads to a characteristic colony morphology on agar
plates: a flat colony with a rough and dry surface, netlike
warpings and an undulate margin, which spreads over

Figure 1. The rdar morphotype of S. Typhimurium after 7 days of
growth on a Congo Red agar plate [4].
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the agar plate within a few days. Enhanced visualization
of the colony morphology can be achieved by the addi-
tion of the planar hydrophobic diazo dye Congo Red to
the agar medium. Both extracellular matrix components
are able to interact with Congo Red, which results in the
colony having a typical dark purple colour (fig. 1). This
characteristic morphotype has, therefore, been termed
the rdar (red, dry and rough) morphotype. The rdar mor-
photype was described as early as the beginning of last
century [21], but was not extensively studied until re-
cently. A variety of biological roles have been attributed
to the adhesive curli and cellulose. These roles range
from the establishment of bacterial cell-cell interactions
and resistance to disinfectants, to distinct roles in bacte-
rial-host interactions ([22, 23], many of which have
recently been reviewed [24]).

In this review I will focus on the emerging molecular
characterization of the cell physiology of the rdar mor-
photype. Here, the expression ‘rdar morphotype’ is used
as a synonym for the multicellular status that is displayed
by the cells expressing the extracellular matrix compo-
nents cellulose and curli. Among other characteristics
cells expressing the rdar morphotype exhibit an extensive
biofilm formation on abiotic surfaces [4]. Attempts to un-
derstand the physiology of the rdar morphotype led to the
discovery of a novel regulatory network that utilizes
cyclic-di(3’—5’)-guanylic acid (c-di-GMP) as the sec-
ondary signaling molecule in S. Typhimurium. The cellu-
lar turnover of c-di-GMP is mediated by proteins which
contain the GGDEF and/or EAL domains that function as
diguanylate cyclases and phosphodiesterases. For many
years, c-di-GMP was thought to function merely as an
activator of cellulose synthase in a fruit-degrading bac-
terium [25]; however, it has now been shown to be a widely
distributed secondary messenger in prokaryotes where it
affects a number of other functions and types of behaviour,
including the transition from sessility to motility as shown
in S. Typhimurium [26].

A regulatory role for CsgD in rdar morphotype
expression

Regulation of rdar morphotype expression has mainly
been studied in the human pathogen S. Typhimurium
ATCC14028 and in E. coli TOB1, a recently isolated fecal
strain [4, 27, unpublished observations].

In S. Typhimurium and E. coli, expression of the extracel-
lular matrix components cellulose and curli is positively
regulated by CsgD (curli subunit gene D), a member of the
LuxR superfamily of transcriptional regulators (fig. 2).
Transcriptional regulators of the LuxR superfamily are
characterized by an N-terminal activation domain and a
conserved C-terminal DNA binding domain with a LuxR-
like helix-turn-helix motif. In S. Typhimurium, CsgD has
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Figure 2. Cell physiology of the rdar morphotype. In the stationary phase of growth expression of CsgD triggers the biosynthesis of
the extracellular matrix components curli and cellulose [31]. CsgD activates the transcription from the csgBA(C) operon coding for the
structural components of curli. After transcriptional activation by CsgD, AdrA stimulates production of ¢c-di-GMP by its GGDEF domain
[26, 31]. C-di-GMP binds to the BcesB subunit of the cellulose synthase, thus stimulating cellulose biosynthesis [51]. On the other hand,
CsgD represses the transcription of the biofilm inhibitors yagS, coding for a putative purine dehydrogenase and pepD encoding an
unspecific dipeptidase [34]. GlyA4 transcription is activated by CsgD through an unknown mechanism. Figure modified after [32].

Reprinted with permission.

previously been referred to as AgfD (thin aggregative
fimbriae gene D).

Based on the homology of the N-terminal activation do-
main of CsgD with the activation domains of BvgA in
Bordetella pertussis and NarP in E. coli, CsgD is classi-
fied as a member of the UhpA (FixJ) family of response
regulators. FixJ family members are part of prokaryotic
signalling systems known as two-component systems,
which use phosphor transfer for signal transduction. The
N-terminal activation domain of response regulators, also
called the receiver domain, is usually phosphorylated at
a conserved aspartate at position 58 by a cognate sensor
kinase located in the cytoplasmic membrane. CsgD con-
tains an unconventional receiver domain; although Asp58
is present, only two of the five amino acids involved in
phosphorylation are conserved. Thus, the mode of CsgD
activation remains unknown and a cognate sensor kinase
has not been identified.

There are few CsgD homologues encoded by sequenced
genomes of microorganisms. Environmental bacteria such
as Microbulbifer degradans 2-40, Shewanella oneidensis
MR-1 and Magnetococcus sp. MC-1 harbour one ho-
mologous gene product. More than one homologue per
genome is found in different Vibrio species that are hu-
man pathogens, and which have their reservoir in the
aquatic environment. Vibrio vulnificus and Vibrio para-

haemolyticus have three copies of a CsgD homologue and
Vibrio cholerae has two copies. V. cholerae vpsT encod-
ing a CsgD homologue on chromosome II exhibits en-
hanced biofilm formation and transcriptional activation
of genes required for the production of the VPSELTOR ex-
opolysaccharide [28]. In V. parahaemolyticus the CsgD
homologue CpsS acts as a repressor that downregulates
transcription of the operon encoding capsular polysac-
charide genes [29].

In S. Typhimurium the csgD gene is an integral part of
the curli biosynthesis operon csgDEFG-csgBAC (fig. 2).
CsgD is expressed in the stationary phase of growth,
when phosphorous, nitrogen and other (unknown) trace
elements are scarce, but sufficient carbon is provided
[4, 30]. It has been implicated, but never shown, that CsgD
binds to the promoter and activates transcription of the
divergently transcribed csgBAC operon, which encodes
the structural genes required for the formation of curli
[27, 31, 32]. On the other hand, CsgD stimulates cellu-
lose biosynthesis indirectly via transcriptional activation
of AdrA [31, 33]. Putative conserved CsgD binding se-
quences of 11 bps have been identified upstream of the
csgBAC and adrA transcriptional start sites, which sup-
ports a direct role of CsgD in the transcriptional activa-
tion of these two coding regions. Yet CsgD might activate
csgBAC and adrA by distinct mechanisms, since the
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putative CsgD binding sites are differentially arranged
and the distance of the CsgD binding site(s) from the
transcriptional start site is different for these two coding
regions [34].

Activation of the biogenesis of the extracellular matrix
components curli and cellulose is not the only function of
CsgD. CsgD also transforms the cellular physiology, thus
favoring biofilm formation and expression of curli.
DNA array analysis in an E. coli K-12 strain showed that
CsgD strongly downregulated two genes: pepD, which
encodes a broad-spectrum dipeptidase [35], and yagS,
which codes for the molybdopterin-binding subunit of an
oxidoreductase protein complex encoded by yagTSRQO
[34]. In accordance with the repressive function of CsgD,
putative CsgD binding sites were found downstream of
the transcriptional start sites of the two genes. Once ex-
pressed, the two gene products prevented biofilm forma-
tion. How biofilm formation is inhibited by pepD and
yags is not yet clear, although it has been speculated that
both genes are involved in the degradation of different
kinds of signalling molecules that are required for the for-
mation of biofilms [34]. In S. Typhimurium, CsgD does
not target these two genes since pepD does not contain a
putative CsgD binding site [unpublished observations],
while the yagTSRQ genes are not at all present on the
chromosome. Whether S. Typhimurium harbours genes
besides csgBAC and adrA that are directly regulated by
CsgD remains to be shown. It is important to note that the
genome-wide search for CsgD regulated genes in E. coli
had its drawbacks. The array analysis did not identify
yaiC, the E. coli homologue of adrA as a target regulated
by CsgD, although subsequent analysis of transcriptional
fusions to yaiC confirmed the findings previously carried
out in S. Typhimurium [31, 34]. Thus it cannot be ex-
cluded that there are more genes that may be directly reg-
ulated by CsgD.

Apart from transcriptional activation, CsgD also exerts
other functions. Chirwa and Herrington [36] showed that
when overexpressed, the first 70 N-terminal amino acids of
the 216-amino acid long CsgD in combination with chro-
mosomally encoded CsgD enabled an E. coli K-12 labora-
tory strain not capable of producing curli to restore curli
biosynthesis. In this strain the transcription of g/y4 encod-
ing serine hydroxymethyltransferase (SHMT), which is
the major source of glycine in the cell, was enhanced.
Thus, limited glycine production restricted the biogenesis
of curli, which are mainly composed of CsgA subunits
containing a glycine-rich N-terminus, but enhancement of
the activity of SHMT could relieve repression in this labo-
ratory strain. The authors suggested that a small molecular
weight compound binds to the N-terminus of CsgD, which
is titrated out by overexpression of the N-terminus, thus
enabling enhanced transcription of g/y4 [36].

DNA arrays revealed that CsgD caused a genome-wide
up- and downregulation of the transcription of several

Review Article 1237

genes in E. coli [34], although no putative CsgD binding
site could be found up- or downstream of the respective
promoters, suggesting an indirect role for CsgD in the
regulation of those genes. The indirect role of CsgD could
be exerted through the putative binding function of its
N-terminal domain [36] or the activity of the gene prod-
ucts regulated by CsgD [26, 31]. Alternative explanations
include an altered cell physiology, which would channel
resources into the production of extracellular matrix com-
ponents or an altered access to oxygen or nutrients caused
by the production of extracellular matrix components,
which would cause expression of the biofilm phenotype,
such as cell clumping and surface adherence.

In conclusion, CsgD regulates the expression of the rdar
morphotype by stimulating expression of the extracellular
matrix components, curli and cellulose, and transforms
cellular physiology in favour of biofilm formation and
expression of extracellular matrix components. In accor-
dance with its role as a major switch for the multicellular
rdar morphotype behaviour, expression of CsgD itself is
controlled by a complex network of globally regulatory
proteins on a transcriptional and post-transcriptional level
[32, and unpublished observations].

Regulation of cellulose biosynthesis in
S. Typhimurium by AdrA and c-di-GMP

Cellulose is an exopolysaccharide consisting of glucose
monomers connected by a 1-4-p-glycosidic bond. The
individual linear glucan chains self-assemble to crys-
talline fibers, macromolecular structures that display the
particular properties of cellulose [37]. Two divergently
transcribed operons, yhjRQObcsABZC-bcsEFG, encode
the structural genes required for cellulose biosynthesis.
In S. Typhimurium (and E. coli) the operon bcsABZ en-
codes the structural genes required for cellulose biosyn-
thesis. Sequence homologues to the bcs4ABZ region are
common to all bacteria which harbour a homologue of the
bacterial-like cellulose synthase [38]. BcsA and BesB
form the cellulose synthase complex, while BesZ is a cel-
lulase [39]. BesA, the catalytic subunit of the cellulose
synthase, is highly conserved, especially in the cytoplas-
mically located catalytic domain of 350 amino acids,
which contains six conserved amino acid motifs clustered
around highly conserved positively or negatively charged
amino acids [39]. The other genes of the cellulose biosyn-
thesis operon might be required for accessory features of
the cellulose synthase protein complex or the cellulose
macromolecule.

Regulation of cellulose biosynthesis by CsgD is indirect.
Once CsgD is expressed in the stationary phase of growth,
it activates transcription of adr4 (AgfD regulated gene)
and subsequently leads to cellulose biosynthesis [4, 31].
This regulatory network has been validated under various
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environmental conditions such as different oxygen ten-
sions and temperatures. Besides activation of adrA tran-
scription, CsgD lacks an additional role in cellulose
biosynthesis, since subsequent analysis showed that ex-
pression of AdrA in a csgD knockout background is
sufficient to activate cellulose biosynthesis [33]. These
results demonstrate that AdrA is the protein crucial for
cellulose biosynthesis.

To evaluate the mechanism by which AdrA activates cel-
lulose biosynthesis, transcriptional analysis of the struc-
tural genes for cellulose biosynthesis, bcs4 and besC,
was performed. However, transcription of the bcs operon
was constitutive and not dependent on CsgD, and conse-
quently AdrA [33], indicating that AdrA acts on a post-
transcriptional level to activate cellulose biosynthesis.
AdrA is a modular protein of 371 amino acids with two
domains: an N-terminal MASE2 domain [40] and a
C-terminal GGDEF domain, also called DUF1 (domain
of unknown function 1) domain in the database. The
N-terminal MASE2 domain, which has been suggested
to be a sensor domain for an unknown stimulus, consists
of six trans-membrane helices. The MASE2 domain is
only occasionally found in other bacteria and is restricted
to the branch of y-proteobacteria. The GGDEF domain
is approximately 175 amino acids long. It received its
name from the characteristic GGD(E)EF motif, but high-
ly conserved amino acids are found throughout the do-
main [41].

Subsequent in vivo studies demonstrated that the expres-
sion of AdrA enhanced the intracellular concentration of
the novel nucleotide c-di-GMP [26, 42]. c-di-GMP is made
up of two molecules of GMP linked 3’ — 5" by a phospho-
diester bond. Diguanylate cyclase activity has previously
been shown to be mediated by three GGDEF/EAL domain
proteins (see below) in vitro and in vivo [43]. Lateron,
sequence and structural homology between the GGDEF
domain and eukaryotic adenylate cyclase has indicated
that the GGDEF domain could function as a nucleotide
cyclase [44]. On the basis of these previous investigations
diguanylate cyclase activity could be directly assigned to
AdrA. Replacement of the two glycine residues in the
GGDEF motif by alanine resulted in an inactive enzyme.
As a consequence, the mutant protein did not enhance the
intracellular level of c-di-GMP and did not stimulate
cellulose biosynthesis. These in vivo studies showed that
c-di-GMP is the effector molecule through which the
GGDEF domain-containing protein AdrA activates cellu-
lose biosynthesis in S. Typhimurium.

More than 15 years ago, the group of Benziman identified
c-di-GMP as an allosteric activator of cellulose synthase
in the fruit-utilizing bacterium Gluconacetobacter xyli-
nus, using a combination of chemical and biochemical
methods [25]. Our recent findings in S. Typhimurium
have shown that c-di-GMP is a general activator of cellu-
lose biosynthesis in bacteria.

rdar morphotype of Salmonella

General role of GGDEF domain proteins
in the activation of cellulose biosynthesis

The activation of cellulose biosynthesis in S. Typhimuri-
um is not restricted to AdrA. When overexpressed, a panel
of other GGDEF domain-containing proteins encoded in
the S. Typhimurium chromosome (fig. 3) activated cel-
lulose biosynthesis. Activation occurred under growth
conditions optimal for rdar morphotype expression [rich
laboratory medium (Luria broth agar plates without the
salt component)] as well as alternative growth conditions
where the rdar morphotype is usually not expressed
[26, 45]. The GGDEF domain protein STM1987 was
required for the activation of cellulose biosynthesis at
37°C in a starvation medium. This medium was devoid
of trace elements, and therefore did not support active
growth of the bacteria, but was rich in glucose as an
energy source. Surprisingly AdrA was not able to com-
plement a STM 1987 knockout under these conditions, al-
though other GGDEF domain proteins were functional
[45]. Since more detailed studies on AdrA expression and
function were not reported, any speculation about the sig-
nificance of this finding would be premature.
Furthermore, activation of cellulose biosynthesis by
GGDEF domain proteins is not unique to S. Typhimurium.
In fact, three highly homologous GGDEF domain-con-
taining proteins gradually activated cellulose biosynthe-
sis in G. xylinus [43]. Several other bacterial species also
require a GGDEF domain protein for the production of
cellulose or a cellulose-like polymer [31, 46, 47]. It has
also been shown that proteins from different species,
with only the GGDEF domain in common, can activate
cellulose biosynthesis in bacteria such as Rhizobium le-
guminosarum and S. Typhimurium, thus demonstrating a
universal role of the GGDEF domain in the activation of
cellulose biosynthesis in different bacteria [26, 48].
When YcdT (in some databases called YhcK) from E. coli
was expressed in S. Typhimurium, c-di-GMP production
was shown in accordance with activation of cellulose
biosynthesis [26]. On the other hand AdrA is a promiscu-
ous protein that is capable of producing c-di-GMP and
subsequently activating exopolysaccharide biosynthesis
in bacteria such as Pseudomonas aeruginosa and Yersinia
pestis which do not harbour a cellulose biosynthesis
operon [26, 49], but have other operons that may be
involved in the biosynthesis of exopolysaccharides. Al-
though production of the secondary messenger molecule
c-di-GMP by GGDEF domain proteins has been experi-
mentally proven in only a few cases [26, 42, 50], the
available data can be extrapolated to suggest that several
of the more than 1300 GGDEF domain proteins in the
database have the ability to produce c-di-GMP or related
compounds.

The mechanism by which c-di-GMP activates the biosyn-
thesis of cellulose and other polysaccharides needs to be
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studied in detail. The only study undertaken to address this
issue showed binding of c-di-GMP to a 67-kDa fragment
derived by proteolytic cleavage of BesB [51]. The c-di-
GMP binding protein BesB together with the catalytic
subunit BesA forms the core of the cellulose synthase
complex in all prokaryotes that harbour bacterial-like
cellulose synthases [38, 39].

The role of elevated c-di-GMP concentrations
on bacterial behaviour

As mentioned earlier, the function of c-di-GMP is not
restricted to the activation of cellulose biosynthesis. In
S. Typhimurium and E. coli the expression of AdrA (and
other GGDEF domain proteins) and the resulting increase
in the levels of c-di-GMP also stimulate the expression of
curli [unpublished observations]. Thus, the enhancement
of biofilm formation, and the rdar morphotype that is ob-
served when AdrA is expressed, is due to increased cellu-
lose as well as curli biosynthesis [26]. Whether c-di-GMP
acts post-transcriptionally on the curli biosynthesis genes
or stimulates curli expression via CsgD, thus providing a
positive feedback loop remains to be established.

On the other hand, motility was inhibited by the expres-
sion of AdrA and high levels of c-di-GMP [26]. This
holds true for swimming as well as swarming motility.
Thus, in conclusion, high c-di-GMP levels favoured bac-
terial sessility and production of adhesive matrix mole-
cules, and repressed all known modes of motility in
S. Typhimurium.

Role of EAL domain proteins in c¢-di-GMP
metabolism and bacterial behaviour

Since high levels of c-di-GMP promoted sessility and
repressed motility, low c-di-GMP levels were expected to
lead to the opposite behaviour. A putative phosphodi-
esterase for the breakdown of c-di-GMP was thought to
indicate this correlation between c-di-GMP levels and
bacterial behaviour. An obvious candidate for such a phos-
phodiesterase was found in the EAL domain, also called
domain of unknown function 2 (DUF2). EAL domains are
functionally coupled to GGDEF domains since they are

-«
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frequently found C-terminal of a GGDEF domain in the
same protein (fig. 4). In fact, the six highly homologous
diguanylate cyclases and phosphodiesterases required for
c-di-GMP synthesis and degradation in G. xylinus each
contain both effector domains. This finding has made the
functional assignment of distinct enzymatic functions to
the GGDEF and EAL domains inconclusive [43].

The EAL domain is approximately 250 amino acids in
total, with the characteristic EAL motif at the N-terminal
end. However, other motifs, such as the DDFGTG motif,
which are more conserved and may therefore be more in-
dicative of the function of the domain, are found through-
out the domain.

Expression of YhjH (STM3611), a 255-amino acid protein
which consists solely of an EAL domain (fig. 5) mediated
degradation of c-di-GMP and repression of cellulose bio-
synthesis in vivo. To achieve high c¢-di-GMP levels within
the cell, the GGDEF domain protein AdrA was overex-
pressed. Subsequent expression of YhjH resulted in a
significantly decreased c-di-GMP concentration [26]. In
this experimental setup, it is possible that the EAL domain
requires cooperation with the GGDEF domain to degrade
c-di-GMP. The replacement of the highly conserved glu-
tamate at position 136 by alanine resulted in abolished
phosphodiesterase activity of YhjH in vivo.

The reduction of the c-di-GMP level following expres-
sion of YhjH not only affected cellulose biosynthesis, but
also the whole rdar morphotype behaviour including
biofilm formation was abolished. On the other hand, both
modes of motility, swimming as well as swarming, were
enhanced by YhjH overexpression. Thus expression of
the EAL domain has precisely the opposite effect on
sessility, expression of adhesive matrix components and
motility compared with the GGDEF domain. The role of
the EAL domain in c-di-GMP degradation was shown to
be a general mechanism by the expression of another EAL
domain protein from S. Typhimurium, STM1827, which
triggered the same phenotypes [26]. Comparison of the
phenotypes mediated by YhjH and STM1827 indicated
that STM 1827 was more effective in the degradation of
c-di-GMP than YhjH under these growth conditions, al-
though a precise analysis of the enzymatic activity of the
two proteins is required to show this formally.

In conclusion, recent genetic and analytical data have
shown that c-di-GMP has a general role in the regulation

<

Figure 3. Phylogram of the relationships between the 12 GGDEF domains of proteins encoded by the S. Typhimurium genome. On the
right, the domain structure of the GGDEF domain proteins are shown. Knockout of AdrA (STM0385) and STM 1987 abolished cellulose
biosynthesis in LB without salt and ATM medium, respectively [31, 45]. Four GGDEF domain proteins, STM1283, STM2123, STM3388
and STM4551, activated cellulose biosynthesis in S. Typhimurium ATCC14028, when overexpressed. However, no phenotypes were
reported for the knockout mutants [45]. GGDEF domains of proteins STM2410, STM2503, STM3375 and STM3615 do not show a
consensus GGDEF motif, as indicated in the figure by pale letters. Sequences were aligned in Clustalx using the default mode and
afterwards processed manually. The tree was constructed using the neighbourhood joining (NJ) method [65] and subjected to 1000 boot-
strap trials. Numbers on nodes indicate percentages of bootstrap values. The tree was drawn with TreeView [66]. Domain symbols were
taken from the SMART database [67] and modified.
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Figure 4. Phylogram of relationships between the 14 EAL domains of proteins encoded by the S. Typhimurium genome. On the right, the
domain structure of the EAL domain proteins are shown. Three subgroups of EAL domains can be discriminated. STM3611 and STM 1827
EAL domain proteins representing two different subgroups were shown to stimulate degradation of c-di-GMP and suppression of cellulose
biosynthesis [26]. The EAL domain proteins STM1344, STM2123 and STM3375 do not show a complete signature of conserved amino
acids, as indicated in the figure by pale letters. Sequences were aligned in Clustalx using the default mode and afterwards processed
manually. The tree was constructed using the neighbourhood joining (NJ) method [65] and subjected to 1000 bootstrap trials. Numbers on

nodes indicate percentages of bootstrap values. The tree was drawn with TreeView [66].

Figure 5. c-di-GMP concentrations in sessile and motile cells. In sessile cells c-di-GMP concentrations are high, thus triggering the
expression of adherent matrix components such as cellulose and curli. In motile cells, c-di-GMP concentrations are low. Those cells exist
either as single free-swimming (planktonic) cells or as highly differentiated swarmer cells. The signals which trigger the development into
either a swimmer or a swarmer cell have not yet been resolved.

of exopolysaccharide synthesis (for example cellulose),
biosynthesis of adhesive components (curli) as well as
swimming and swarming motility (fig. 5). In addition,
gene products with GGDEF and EAL domains play a role
in the synthesis and degradation of c-di-GMP, respec-
tively. Whether other gene products are directly involved

in ¢c-di-GMP metabolism remains to be shown. In G. xyli-
nus only 10% of the ¢-di-GMP is in the cytoplasm acces-
sible to the activity of phosphodiesterase, while 90% is
inaccessible through its binding to a membrane-located
¢-di-GMP binding protein, which is distinct from the cel-
lulose synthase subunit BesB [52].
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Complexity of c-di-GMP metabolism in
S. Typhimurium

In S. Typhimurium, 12 proteins with a GGDEF domain
and 14 proteins with an EAL domain were identified by
database searches: 7 of these proteins belong to both
groups, since they contain both domains (figs. 3, 4, 6).

rdar morphotype of Salmonella

The genome of E. coli encodes even more proteins with
these domains (19 GGDEF and 18 EAL domain proteins,
whereby 7 have both domains; fig. 7). One gene encod-
ing an EAL domain protein resides on the fertility plas-
mid. A significantly higher diversity of temperature and
expression variants of the rdar morphotype is observed in
E. coli in contrast to S. Typhimurium strains [6, unpub-
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Figure 7. Predicted sub-cellular localization of GGDEF and EAL domain proteins in E. coli K12. GGDEF and EAL domain proteins
present in E. coli, but not S. Typhimurium are drawn on a larger scale. Oxygen binding to the first PAS domain of DOS [58] is indicated

by a red dot.
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lished observations]. This may be a consequence of the
more complex c-di-GMP signaling network as suggested
by the increased numbers of GGDEF and EAL domain
proteins in E. coli.

Although it cannot be excluded that some of the GGDEF/
EAL domains have a slightly different function, my group
has shown that unrelated GGDEF and EAL domain pro-
teins in these two species are involved in c-di-GMP metab-
olism [26]. Additional proof for a general role of GGDEF
and EAL domain proteins in c-di-GMP metabolism comes
from the in vitro and in vivo activities of those proteins
in Caulobacter crescentus, P aeruginosa, V. cholerae and
Y. pestis [26, 42, 49, 50, 53, unpublished observations].
Thus, the evidence available at present suggests that me-
tabolism of c-di-GMP is surprisingly complex.

How could such a complex regulatory network have been
overlooked? EAL domain proteins have popped up occa-
sionally in the literature, some of these reports being
somewhat early in the era of molecular biology. They
were suggested to be involved in several phenotypes of
E. coli such as resistance to bacteriophages A and N14,
enhanced transposition of Tn21 and mercury resistance
[54-56]. However, from their sequence a function for
these proteins could not be assigned, and the abundance
of EAL proteins could not be recognized before the era of
whole-genome sequencing.

Besides their number and redundancy of function, there
is further complexity on the level of the individual
GGDEF/EAL protein sequences (figs. 3, 4). In S. Typhi-
murium, the proteins YhjH and STM1344 are made up
solely of an EAL domain. The other GGDEF and EAL
proteins have a modular structure with at least one up to
multiple N-terminal domains (figs. 4, 6, 7). Common are
integral membrane domains of which only the MASEI,
MASE2 and MHYT domains have been defined [40, 57].
A sensing function has been suggested for all these
domains. Membrane topology of the MHYT domain in-
dicated that it may be involved in the sensing of oxygen,
NO or CO [57]. Other N-terminal domains are predicted
to consist of large periplasmic loops with uncharacterized
sensing function. The PAS domain (first recognized in the
eukaryotic Per, ARNT and Sim proteins) that binds small
molecules is the only cytoplasmic sensing domain cou-
pled to the GGDEF/EAL domains in S. Typhimurium
(fig. 6). Indeed, the PAS domain of DOS, a GGDEF/EAL
domain containing E. coli protein is a heme-binding
oxygen sensor ([58], fig. 7). Extension of this line of
study had shown that oxygen binding to the respective
PAS domain of the homologous protein from G. xylinus
stimulated phosphodiesterase activity [59]. In E. coli the
spectrum of proteins containing cytoplasmic N-terminal
sensing domains is broader than in S. Typhimurium
(fig. 7). Besides PAS, GGDEF/EAL proteins have a GAF
domain [first recognized in mammalian cyclic GMP
(cGMP) binding, in Anabaena adenylyl cyclase, and F.

Review Article 1243

coli FhlA], which binds small molecules such as cGMP or
cyclic AMP (cAMP). YcgF has even a BLUF domain,
which senses blue light and the redox status [60, 61]. The
functional significance of a combined EAL domain and
N-terminal DNA binding domain with a LuxR type helix-
turn-helix motif remains to be explored. Thus, from the
domain structure it can be concluded that the activity of
GGDEF/EAL domain-containing proteins can be regu-
lated by the integration of environmental as well as physi-
ological signals, which are sensed by periplasmic, integral
membrane or cytoplasmic domains (figs. 6, 7).

Since a set of proteins contains a GGDEF as well as an
EAL domain, and the GGDEF domain is commonly
found N-terminal to the EAL domain (figs. 3, 4), then
domains of opposite function in the same protein might
ensure elevated concentrations of c-di-GMP to stay spa-
tially restricted. One might imagine a scenario in which
as soon as c-diGMP is produced, it will be degraded.
Another mechanism to create a spatial concentration gra-
dient for c-di-GMP is the localization or redirection of
GGDEF domain proteins to certain compartments within
the cell [42, 62].

In S. Typhimurium the most complex protein with GGDEF/
EAL domains is STM2123, which has a MASE1 domain,
an integral membrane domain with eight transmembrane
helices, at the N-terminus, two PAS-PAC domains as
cytoplasmic sensory domains, and a GGDEF and an
EAL domain as C-terminal output domains (figs. 3, 4).
Although such a complex protein is the exception in
S. Typhimurium and E. coli, more complex GGDEF/EAL
domain proteins are found in free-living aquatic Gram-
negative bacteria such as P aeruginosa and V. vulnificus,
which contain relative to their genome size even more
GGDEF and EAL domain proteins.

Regulatory network for c-di-GMP in other
prokaryotes

The c-di-GMP signalling network seems to be present in
bacteria alone, since archaea lack homologues of GGDEF
and EAL domains. GGDEF and EAL domains are al-
ready present in the genomes of bacterial species located
in the deepest branches of prokaryotes, suggesting that
c-di-GMP is an ancient secondary messenger. However,
c-di-GMP signalling is not essential and has been subse-
quently reduced or lost in individual species. Although
there is the tendency that host-adapted bacteria have fewer
GGDEF/EAL domain proteins than free-living bacteria,
the factors that determine the abundance of GGDEF/EAL
domain proteins are not entirely clear. The -proteobacte-
ria Wolinella succinogenes, a commensal in the gastroin-
testinal tract of cattle, codes for 19 GGDEF and 13 EAL
domain proteins, yet its close relatives Helicobacter
pylori, a colonizer of the human stomach, and Campy-
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lobacter jejunii, a commensal of avians and human patho-
gen, either have none, or only one protein that does not
seem to be functional. Interestingly, W succinogenes has
a genome size of 2.1 Mbp, which is less than half the size
of the genomes of S. Typhimurium and E. coli. GGDEF/
EAL domain proteins are less abundant in Gram-positive
bacteria compared with Gram-negative bacteria. Few
prokaryotes, such as the obligate intracellular or highly
host-adapted bacteria such as Chlamydia, Haemophilus
influenzae and Streptococci, and the free-living cyano-
bacteria Gloeobacter violoceus and Prochlorococcus
marinus, the dominant photosynthetic organism in the
ocean, entirely lack GGDEF/EAL domain proteins.
Homologous proteins have rarely been found in prokary-
otes: as such the discovery of the c-di-GMP network
came as a surprise. Still, one can ask, what the precise
function of such a sophisticated regulatory network for
the regulation of c-di-GMP concentration is. Is the sys-
tem highly redundant, as some complementation data
suggest, or are there distinct functions for each of these
proteins? What is already evident is that different net-
works for the expression of GGDEF domain proteins ex-
ist since CsgD is only able to stimulate the transcription of
AdrA [45], at least under the standard conditions of rdar
morphotype expression. Thus there is a complex temporal
and spatial expression of individual proteins, the activity
of which can be further regulated by environmental cues.
As a consequence, cellulose biosynthesis can be uncou-
pled from the multicellular rdar morphotype behaviour
[45]. In any case, this highly abundant signalling pathway
has been overlooked in bacteriological research for more
than a century.

Conclusions and future perspectives

Studies of the regulation of multicellular behaviour in
S. Typhimurium, the rdar morphotype, led to the discov-
ery of the highly abundant c-di-GMP signalling and
sensing network that is present already in the oldest forms
of prokaryotes. This ancient signalling pathway, which reg-
ulates the transition between sessility and motility and
other morphological changes [61, 63, 64], was subse-
quently lost in highly host-adapted, but also some environ-
mental bacteria. There are striking similarities between the
prokaryotic regulatory network of c-di-GMP signalling
and the regulatory networks, which make use of the sec-
ondary messengers cAMP and cGMP in eukaryotic cells.
A variety of phenotypes such as cell morphology and
development are regulated by cyclic nucleotides in these
two branches of the tree of life. The proteins, which bal-
ance synthesis and breakdown of the cyclic nucleotides,
are representatives of large superfamilies of enzymes,
which show a modular structure, a distinct subcellular
location, tightly regulated temporal expression and acti-
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vation of enzymatic function by a variety of stimuli. In-
triguingly, these enzymes are associated with the same
sensing and activation domains such as PAS, GAF and
BLUF in both prokaryotes and eukaryotes. Although the
fundamental principles of the complex c-di-GMP sig-
nalling network in prokaryotes have been recognized, the
challenge remains to precisely define the diverse roles
of the c-di-GMP signalling network in the context of
prokaryotic cellular physiology and behaviour.
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