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Bacteria have developed an exclusive signal transduction system
involving multiple diguanylate cyclase and phosphodiesterase
domain-containing proteins (GGDEF and EAL/HD-GYP, respectively) that modulate the levels of the same diffusible molecule,
3ⴕ-5ⴕ-cyclic diguanylic acid (c-di-GMP), to transmit signals and
obtain specific cellular responses. Current knowledge about c-diGMP signaling has been inferred mainly from the analysis of
recombinant bacteria that either lack or overproduce individual
members of the pathway, without addressing potential compensatory effects or interferences between them. Here, we dissected
c-di-GMP signaling by constructing a Salmonella strain lacking all
GGDEF-domain proteins and then producing derivatives, each
restoring 1 protein. Our analysis showed that most GGDEF proteins
are constitutively expressed and that their expression levels are
not interdependent. Complete deletion of genes encoding GGDEFdomain proteins abrogated virulence, motility, long-term survival,
and cellulose and fimbriae synthesis. Separate restoration revealed
that 4 proteins from Salmonella and 1 from Yersinia pestis exclusively restored cellulose synthesis in a c-di-GMP– dependent manner, indicating that c-di-GMP produced by different GGDEF proteins can activate the same target. However, the restored strain
containing the STM4551-encoding gene recovered all other phenotypes by means of gene expression modulation independently
of c-di-GMP. Specifically, fimbriae synthesis and virulence were
recovered through regulation of csgD and the plasmid-encoded
spvAB mRNA levels, respectively. This study provides evidence that
the regulation of the GGDEF-domain proteins network occurs at 2
levels: a level that strictly requires c-di-GMP to control enzymatic
activities directly, restricted to cellulose synthesis in our experimental conditions, and another that involves gene regulation for
which c-di-GMP synthesis can be dispensable.
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ecently, a signal transduction network has been recognized
that so far is restricted to bacteria. This network uses a cyclic
dinucleotide, 3⬘-5⬘-cyclic diguanylic acid (c-di-GMP), to relay the
signal (1–6). In c-di-GMP signaling, the sensor protein domain
seems to react to the stimulus by activating an output domain,
usually fused in the same polypeptide, that triggers changes in
c-di-GMP levels. The only known effector domain that synthesizes c-di-GMP (designated as diguanylate cyclase activity,
DGC) is the GGDEF domain. Two domains, EAL and HDGYP, hydrolyze c-di-GMP (designated as phosphodiesterase
activity, PDE) into linear 5⬘-phosphoguanylyl-(3⬘-5⬘)-guanosine
(pGpG) or guanosine monophosphate (GMP), respectively (7–
13). Many DGC proteins also contain an RxxD conserved motif
5 amino acids upstream from the GGDEF motif. The RxxD
motif binds c-di-GMP and provides allosteric control of DGC
(14, 15).
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0812573106

The mechanisms of c-di-GMP recognition and subsequent
regulation are only beginning to be characterized. Several binding devices for c-di-GMP, apart from c-di-GMP metabolic
enzymes, have been identified recently. These binding devices
are the proteins that contain the PilZ domain (16–22), the PelD
protein (23), which contains the RxxD motif, the c-di-GMP–
responsive transcriptional regulator FleQ (24), and a first class
of widely distributed riboswitches (25).
Finding the biochemical connection between a sensor and the
proteins it regulates is a major challenge for understanding signal
transduction, especially in the c-di-GMP signaling system, because all sensor GGDEF- and EAL/HD-GYP–domain proteins
apparently use the same diffusible molecule, c-di-GMP, to
transmit the signal. Thus, the specificity of c-di-GMP action may
require selected temporal expression of GGDEF- and EAL/
HD-GY–domain proteins, co-localization of such proteins with
their targets, and/or activation of these enzymes under specific
environmental or intracellular stimuli (2).
The importance of the c-di-GMP signaling system is suggested
by the abundance of proteins containing GGDEF and EAL/
HD-GYP domains in bacterial genomes (26) and by the wide
range of cellular processes it regulates: exopolysaccharide biosynthesis, cell–cell signaling, developmental transitions, biofilm
formation, motility, and virulence of animal and plant pathogens
(for reviews, see refs 1–3, 5, and 27). Overall, it appears that high
levels of c-di-GMP promote sessility, biofilm formation, and
aggregative behavior, whereas low c-di-GMP levels promote
motility and synthesis of virulence factors. However, all conclusions about c-di-GMP signaling have been inferred from analysis
of recombinant bacteria that either lack or overproduce individual members of the c-di-GMP metabolic pathway. Compensatory effects or interferences from the remaining members of
the system have not been addressed. In this context, we have
studied c-di-GMP signaling through a genetic strategy requiring
2 sequential steps: (i) construction and analysis of a bacterial
strain lacking genes for all known proteins that make c-di-GMP
to determine the biological processes regulated by c-di-GMP
signaling, and (ii) chromosomal restoration of individual genes
encoding GGDEF-domain proteins for analysis of the specific
contribution of each GGDEF-domain protein to the signaling
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Fig. 1. Consequences of total removal of GGDEF-domain proteins. Biofilm
formation capacity in (A) LB medium conditions and (B) adherence test
medium (ATM) conditions. (C) Cellulose production on calcofluor agar plates.
(D) Cellulose and fimbriae production on Congo red agar plates. (E) Swarming
motility. (F) Swimming motility.

ological levels of different GGDEF-domain proteins can regulate the same target and that, of all cellular processes studied,
only the activation of cellulose synthesis depends strictly on the
presence of c-di-GMP. Moreover, our results unveiled a strain
containing a single GGDEF-domain protein-encoding gene,
stm4551, that recovered all deleted phenotypes caused by the
total removal of the c-di-GMP signaling system in Salmonella,
with the exception of cellulose synthesis, in a c-di-GMP–
independent manner.
Results and Discussion
Consequences of Removing all GGDEF-Domain Proteins in a Single
Strain. Because most GGDEF domain proteins were constitu-

tively expressed under all conditions tested (SI Text and Fig.
S1 A), we reasoned that the only way to evaluate the role of
c-di-GMP signaling in Salmonella biology was to construct a
strain in which all genes encoding for putative DGCs were
deleted. Accordingly, we developed a markerless gene replacement method that permitted us to delete sequentially all 12 genes
encoding GGDEF-domain proteins in a single clinical S. Enteritidis strain. The resulting strain, ⌬XII, displayed levels of
c-di-GMP that were undetectable by reversed-phase HPLC and
MALDI-TOF analysis (data not shown). ⌬XII exhibited growth
rates indistinguishable from the wild type under all environmental conditions tested, including acidic conditions, high osmolarity, and starvation. However, ⌬XII showed a drastic reduction in
long-term survival during desiccation in the absence of nutrients
(Fig. S2).
Next, we analyzed phenotypes typically associated with c-diGMP production (Figs. 1 and S3). ⌬XII lost the capacity to form
a biofilm, did not fluoresce on calcofluor agar plates, and formed
smooth, white colonies on Congo red agar plates, indicating the
inability to produce cellulose and fimbriae (28, 29). Surprisingly,
and contrary to the accepted idea that low c-di-GMP levels
promote motility, our results showed that complete absence of
GGDEF-domain proteins negatively and severely affected cell
motility.
We compared the virulence of the ⌬XII and the wild-type
strain by performing survival assays in BALB/c mice, ileal loop
co-infection experiments, and colonization and invasiveness
tests. ⌬XII was totally avirulent. None of the mice infected
with up to 109 cfu of ⌬XII died during the course of an oral
infection model (Fig. 2A). ⌬XII also showed a significantly
reduced capacity to adhere and invade the intestinal epithelium (Fig. 2C) and a drastic reduction in the degree of
7998 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0812573106

Fig. 2. Complete absence of GGDEF-domain proteins in ⌬XII renders the cell
avirulent, whereas ⌬XII⫹stm4551 restores wild-type virulence. (A) Comparative lethality between wild-type (white circles) and ⌬XII (black squares) strains
in an oral infection mouse model. Inoculum administered was 109 cfu/mouse.
(B) Comparative lethality in wild-type strain (white circles), ⌬XII⫹stm4551
(white triangles), the rest of the strains containing a single GGDEF-domain
protein (white stars), and ⌬XII (black squares) in an oral infection mouse
model. Inoculum was 105 cfu/mouse. Multiple comparisons of survival curves
showed that the findings were statistically significant (P ⫽ 0.040) when curves
corresponding to ⌬XII and strains containing a single GGDEF-domain protein
but ⌬XII⫹stm4551 (P ⫽ 0.141) were compared with the wild-type curve. (C)
Adhesion and internalization rates of wild-type (white bars) and ⌬XII (gray
bars) strains using an ileal loop co-infection experiment in mice. (D) Colonization and invasiveness of spleens and livers from mice i.p. co-inoculated with
103 cfu/mouse of wild-type (white bars) and ⌬XII (gray bars) strains. Bacterial
counts were performed 72 h after infection. Bars represent the median, and
error bars represent the interquartile range.

multiplication inside the spleens and livers of i.p. infected mice
at 72 h after infection (Fig. 2D).
Together, these results demonstrate that the GGDEF-domain
protein signaling network is not essential for cell viability.
However, this network is crucial for long-term survival of
Salmonella in the environment, for cell motility, and for all
phenotypes involved in multicellular behavior. Furthermore, our
results reveal that 1 or several GGDEF-domain proteins are
essential for virulence of Salmonella at several stages of the
infection process in mice.
GGDEF-Domain Protein Signaling Regulon. We next questioned

whether the phenotypes displayed by ⌬XII were associated with
a specific modification in the global transcriptional profile.
Microarray expression data (Table S1) and subsequent validation by RT-PCR (Fig. S4) showed that the incapacity of ⌬XII to
produce a biofilm under LB conditions and to fluoresce on
calcofluor plates, along with colony morphology and color on
Congo red plates, correlated with lower mRNA levels of the
transcriptional regulator CsgD, which controls cellulose and
fimbriae production (29). In addition, the attenuation of virulence in ⌬XII also correlated with lower transcription levels of
the plasmid-encoded spvAB genes. Contrary to expectation,
reduced motility of ⌬XII coincided with increased mRNA levels
of flagellar body genes. Despite such overexpression, ⌬XII
presented a severe defect in the exportation of flagellin out of
the cell, as established by Western blot analysis (data not shown).
Taken together, global transcriptional data indicate that the
GGDEF-domain protein signaling network directly or indirectly
regulates mRNA levels of genes essential for cellular processes
such as virulence, motility, and multicellular behavior.
One GGDEF Protein, One Strain Strategy. We created a collection of

12 strains, derivatives of ⌬XII, each of which contained the
chromosomal copy of a single gene encoding GGDEF-domain
Solano et al.

Fig. 3. Phenotypic analyses of the wild-type strain, ⌬XII, and strains containing a single GGDEF-domain protein. (A) Cellulose production on calcofluor
agar plates (CF). (B) Cellulose and fimbriae production on Congo red agar
plates (CR). (C) Swimming motility (MT). (D) Biofilm formation capacity in LB
media and ATM conditions: (1) AdrA; (2) STM1987; (3) YeaJ; (4) YciR; (5) YegE;
(6) YfiN; (7) YhdA; (8) STM3388; (9) YhjK; (10) STM4551; (11) YfeA; and (12)
STM2503.
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protein in the original wild-type genomic location. Because the
c-di-GMP synthesis then would depend on a single GGDEFdomain protein, analysis of these strains gave insight into the role
and specificity of action of each protein in the c-di-GMP
signaling network. We generated this collection in duplicate. In
1 set, each of the 12 ⌬XII derivative strains was constructed to
produce a single GGDEF-domain protein tagged with a 3xFlag
epitope, facilitating analysis of the expression of each protein in
the absence of the rest of the members of the system. Western
blot experiments showed that, with the exception of AdrA,
expression levels were not interdependent (Fig. S1B).
These results validated experiments with the next collection of
strains, constructed using the markerless gene replacement
method. In this second set, each of the 12 ⌬XII derivative strains
contained a chromosomal copy of a single gene encoding for 1

GGDEF-domain protein without the 3xFlag tag to avoid possible undesirable effects of the tag upon protein activity. Phenotypic analysis of the second collection showed that only 1 strain,
⌬XII⫹stm4551, partially recovered the wild-type phenotypes
shown on calcofluor and Congo red plates, indicating that this
strain produces fimbriae and not cellulose (Fig. 3 A and B). In
addition, ⌬XII⫹stm4551 fully recovered the level of survival of
the wild-type strain during desiccation in the absence of nutrients (Fig. S2). Three strains, ⌬XII⫹stm1987, ⌬XII⫹yegE, and
⌬XII⫹yfiN, recovered the capacity to produce a biofilm under
ATM conditions and thus were able to synthesize cellulose under
this condition (Fig. 3D, Bottom) (30). Motility assays revealed
that the swimming capacity of ⌬XII reached wild-type levels
when restored with STM4551, YfeA, and STM2503 (Fig. 3C),
the latter 2 containing a degenerate catalytic GGDEF site and
a conserved EAL site (14).
We also investigated the role of each GGDEF-domain protein
in the virulence process of Salmonella. Survival experiments
using BALB/c mice, orally infected with each of the 12 strains
containing a single GGDEF-domain protein were performed
(Fig. 2B). ⌬XII⫹stm4551 was the only member of the collection
that recovered the virulence of the wild-type strain. Further
analysis showed that ⌬XII⫹stm4551 recovered the capacity to
adhere and invade the intestinal epithelium and to multiply
within spleens and livers of i.p. and orally infected mice (Fig. 4).
Together, these 1-protein, 1-strain data show, first, that the
expression of most GGDEF-domain proteins is regulated neither by c-di-GMP nor by the activity of other GGDEF-domain
proteins. The only exception is AdrA, which previously has been
shown to be transcriptionally activated by CsgD in a process that
depends on the activity of 2 other DGCs (31). Second, the data
stand in opposition to the model in which localized modification
of c-di-GMP levels confers functional specificity on GGDEFdomain proteins, because different GGDEF-domain proteins
are able to restore the same cell processes, namely cellulose
biosynthesis and motility. Third, a unique strain, ⌬XII⫹stm4551,
restores most of the phenotypes missing in ⌬XII (virulence,
motility, fimbriae synthesis, and long-term survival), suggesting
that a variety of biological processes can be regulated by the
activity of a single GGDEF-domain protein.
Alternatively, the phenotypes missing in ⌬XII might result from

Fig. 4. Restoration of virulence in ⌬XII⫹stm4551 occurs independently of the production of c-di-GMP. (A) Comparative lethality in an oral infection mouse
model in the wild-type (white circles), ⌬XII (crosses), ⌬XII⫹stm4551 (white squares), ⌬XII⫹stm4551 GGGSF (black squares), and ⌬XII⫹P4551adrA (black
triangles) strains. Inoculum administered was 105 cfu/mouse. Multiple comparisons of survival curves showed that they were statistically significant (P ⫽
0.0016) when curves corresponding to ⌬XII and ⌬XII⫹P4551adrA were compared with curve of the wild type strain. (B) Adhesion and internalization rates
with respect to the wild-type strain using ileal loop co-infection experiments in mice. (C) Colonization and invasiveness of spleens and livers from mice
i.p. co-inoculated with 104 cfu/mouse. Bacterial counts were performed 72 h after infection. (D) Colonization and invasiveness of spleens and livers from
mice orally inoculated with 105 cfu/mouse. Bacterial counts were performed 5 days (Left) and 8 days (Right) after infection. Bars in C and D represent the
median, and error bars represent the interquartile range (n ⫽ 4).
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c-di-GMP Independent Phenotypes in ⌬XIIⴙstm4551. Because

Fig. 5. Phenotypic assays showing activation of cellulose synthesis by heterologous GGDEF-domain proteins and cell processes related and unrelated to
c-di-GMP synthesis. (A) Cellulose production on calcofluor agar plates (CF). (B)
Cellulose and fimbriae production on Congo red agar plates (CR). (C) Swimming motility (MT). Strains studied were the wild-type strain, ⌬XII, restored
strains ⌬XII⫹stm4551 (1), ⌬XII⫹P4551adrA (2), ⌬XII⫹P4551hmsT (3), their respective bcsA mutants (4, 5, and 6), and their respective GGGSF derivatives (7, 8,
and 9).

alterations in the cell envelope that could be restored in the
presence of Stm4551. We tested this hypothesis by performing
membrane stability assays assessing the detergent susceptibility
(Triton X-100 treatment and deoxycholate sensitivity assays) of the
wild-type strain and ⌬XII. Both strains were equally resistant to
these compounds, supporting the existence of specific regulatory
mechanisms in the ⌬XII⫹stm4551 strain (data not shown).
To gain further insight into the functional specificity of
c-di-GMP produced by each GGDEF-domain protein, the
AdrA-encoding gene and the hmsT gene from Yersinia pestis
were inserted in the chromosome of ⌬XII, downstream from the
stm4551 promoter so that gene expression was obtained (Fig.
S5). Both genes were selected because their products have been
demonstrated to possess DGC activity at 28 °C (12, 32). Results
indicated that ⌬XII⫹P4551adrA and ⌬XII⫹P4551hmsT exclusively
recovered the capacity to synthesize cellulose in a process strictly
dependent on DGC activity, because ⌬XII⫹P4551adrA and
⌬XII⫹P4551hmsT strains containing a degenerate GGGSF motif
lost their capacity to activate cellulose synthesis. This recovery
was confirmed further by mutating the bcsA gene responsible for
cellulose synthesis in these strains. The mutation resulted in
phenotypes identical to those shown by ⌬XII (Fig. 5 A and B).
Interestingly, restoration of ⌬XII with AdrA and HmsT blocked
motility in a c-di-GMP–dependent manner, because a change of
the consensus GG[D/E]EF to a degenerate GGGSF motif in
both proteins resulted in the recuperation of the level of motility
shown by ⌬XII (Fig. 5C). In contrast, survival assays, ileal loop
co-infection experiments, and colonization and invasiveness
tests demonstrated that ⌬XII⫹P4551adrA was as avirulent as the
⌬XII strain (Fig. 4). Altogether, 4 GGDEF-domain proteins of
Salmonella, specifically STM1987, YegE, YfiN, and AdrA, and
also a heterologous GGDEF-domain protein, HmsT, when
individually present in the chromosome of the cell under
activating environmental conditions, are all able to trigger
c-di-GMP–dependent cellulose synthesis. These results demonstrate that c-di-GMP can activate the same cellular process,
regardless of the GGDEF-domain protein responsible for its
synthesis.
8000 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0812573106

⌬XII⫹stm4551 recovered most of the phenotypes missing in
⌬XII, and because 5 GGDEF-domain proteins containing a
consensus catalytic active GG[D/E]EF site, when active, stimulated cellulose synthesis, we reasoned that either the c-di-GMP
produced by STM4551 was dedicated to numerous cellular
processes or that this protein might possess activities unrelated
to c-di-GMP synthesis. To test this possibility, we first assayed
the DGC activity of STM4551 by reversed-phase HPLC and
MALDI-TOF analysis. We analyzed nucleotide extracts from
cells overproducing either the STM4551 protein or a modified
STM4551 protein with a degenerate GGGSF motif from a
low-copy plasmid (Fig. S6). The DGC activity of STM4551 was
shown to depend on the presence of a catalytic active site.
Second, we generated a ⌬XII derivative restored with a modified
version of the stm4551 gene encoding for a STM4551 protein
with an inactive GGGSF motif. The resulting strain,
⌬XII⫹stm4551 GGGSF, displayed in vitro phenotypes identical
to ⌬XII⫹stm4551 (Fig. 5) and equal virulence restoration (Fig.
4). RT-PCR assays confirmed the relationship between phenotypes associated with the presence of STM4551 and recovery of
csgD, csgA, and spvAB expression to levels similar to those
displayed by the wild-type strain. Similar results were obtained
in the ⌬XII⫹stm4551 GGGSF strain, indicating that an active
GGDEF domain is not required for regulation of target mRNA
levels (Fig. S4). Third, we generated a ⌬XII derivative encoding
for an STM4551 protein with an inactive I site (GxxE) to exclude
the possibility that an additional GGDEF protein hypothetically
present in the genome of the 3934 clinical isolate could potentially produce c-di-GMP and affect STM4551 activity. Against
this hypothesis, the resulting strain, ⌬XII⫹stm4551 GxxE, displayed in vitro phenotypes identical to ⌬XII⫹stm4551 (data not
shown). Finally, we examined the contribution of STM4551 to
Salmonella virulence by analyzing the pathogenicity of
⌬XII⫹stm4551 ⌬spvAB (data not shown). Its avirulent phenotype, identical to that shown by ⌬XII, indicated that reestablishment of the expression of SpvAB is responsible for
⌬XII⫹stm4551 virulent behavior.
Therefore, our results show first that restoration of virulence,
motility, fimbriae expression, and long-term survival in ⌬XII
containing the gene encoding STM4551 occurs through a mechanism that does not depend on c-di-GMP synthesis. These results
are consistent with 2 recent studies showing that regulatory
activities of 2 GGDEF domain proteins, CsrD from Escherichia
coli (33) and GdpS from Staphylococcus aureus (34), do not
require the synthesis of c-di-GMP. In contrast to STM4551,
however, these 2 proteins do not present DGC activity. Second,
our findings strongly suggest that, under the experimental conditions tested, cellulose synthesis is the only enzymatic activity of
the biological processes under study that strictly requires the
presence of c-di-GMP.
Motility assays showed the high level of complexity in GGDEF-domain protein-dependent regulation. On one hand, this
process is regulated independently of the production of c-diGMP, as demonstrated by the restoration of motility displayed
by the strains producing either STM4551 or STM4551-GGGSF
and also by 2 phosphodiesterase-like proteins containing a
degenerate GGDEF site (YfeA, and STM2503). However, a
c-di-GMP component that controls this process also exists,
because the individual presence of AdrA or HmsT in ⌬XII
blocked motility in a manner that depended on the presence of
an active GGDEF site. The latter finding is in agreement with
previous studies that correlate high levels of c-di-GMP and
sessility (12, 35–38).
In conclusion, in this study, we have dissected bacterial
c-di-GMP signaling by using a systematic approach that could be
used to elucidate the connectivity between a sensor and subsequent regulated proteins in any signal transduction pathway.
Solano et al.

Materials and Methods
Bacterial Strains, Plasmids, and Nucleotide Primers. Bacterial strains and
plasmids used in this work are listed in Table S2. The primers used are listed
in Table S3.
Phenotypic Assays. Cellulose production, qualitatively assessed by the level of
calcofluor binding, and biofilm formation in a nutrient-deficient medium,
ATM conditions, and in a rich-medium condition (LB) was determined and
visualized as previously described (28). Colony morphology and color on
Congo red agar plates (39) and swimming and swarming motility were tested
at 28 °C as described (12).
Desiccation Experiments. The desiccation experiment was adapted from a
described protocol (40). Briefly, 100 l from overnight cultures grown in LB
medium at 37 °C were tested immediately (initial numbers) or air dried and
stored in 24-well tissue culture plates at room temperature for 12 days.
After rehydration of bacteria in 500 l PBS, pH 7.4, the number of viable
cells remaining in each sample was determined by serially diluting cell
mixtures and plating in duplicate. The average and SD of 3 independent
assays was recorded.
Virulence Assays. The virulence of the wild-type strain and of mutant ⌬XII was
compared in an orophagic-infection mouse model as described (41) using
animals orally infected with 109 cfu Salmonella cells in 100 l of PBS. In the
comparison of the wild-type strain, ⌬XII, and the collection of mutant ⌬XII
1. Tamayo R, Pratt JT, Camilli A (2007) Roles of cyclic diguanylate in the regulation of
bacterial pathogenesis. Annual Review of Microbiology 61:131–148.
2. Romling U, Gomelsky M, Galperin MY (2005) C-di-GMP: The dawning of a novel
bacterial signalling system. Mol Microbiol 57:629 – 639.
3. Ryan RP, Fouhy Y, Lucey JF, Dow JM (2006) Cyclic di-GMP signaling in bacteria: Recent
advances and new puzzles. J Bacteriol 188:8327– 8334.
4. Romling U, Amikam D (2006) Cyclic di-GMP as a second messenger. Current Opinion in
Microbiology 9:218 –228.
5. Jenal U, Malone J (2006) Mechanisms of cyclic-di-GMP signaling in bacteria. Annu Rev
Genet 40:385– 407.
6. D’Argenio DA, Miller SI (2004) Cyclic di-GMP as a bacterial second messenger. Microbiology 150:2497–2502.
7. Paul R, et al. (2004) Cell cycle-dependent dynamic localization of a bacterial response
regulator with a novel di-guanylate cyclase output domain. Genes Dev 18:715–727.
8. Tal R, et al. (1998) Three cdg operons control cellular turnover of cyclic di-GMP in
Acetobacter xylinum: Genetic organization and occurrence of conserved domains in
isoenzymes. J Bacteriol 180:4416 – 4425.
9. Ryjenkov DA, Tarutina M, Moskvin OV, Gomelsky M (2005) Cyclic diguanylate is a
ubiquitous signaling molecule in bacteria: Insights into biochemistry of the GGDEF
protein domain. J Bacteriol 187:1792–1798.
10. Ryan RP, et al. (2006) Cell-cell signaling in Xanthomonas campestris involves an HD-GYP
domain protein that functions in cyclic di-GMP turnover. Proc Natl Acad Sci USA
103:6712– 6717.
11. Schmidt AJ, Ryjenkov DA, Gomelsky M (2005) The ubiquitous protein domain EAL is a
cyclic diguanylate-specific phosphodiesterase: Enzymatically active and inactive EAL
domains. J Bacteriol 187:4774 – 4781.
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derivative strains containing a single GGDEF-domain protein, a dose of 105 cfu
Salmonella cells in 100 l of PBS per animal was used. Ileal loop co-infection
experiments (42), modified as described (41), were performed. Organ colonization was determined as described (41).
Gene Disruption. For disruption of yeaJ, yfeA, and spvA genes, PCR-generated
linear DNA fragments were used as previously described (43). Mutants in bcsA
were obtained by transduction between an insertional mutant in bcsA (28)
and the recipient strain.
Detection of c-di-GMP. Synthesis of c-di-GMP was carried out at the 4-mol
scale on a NH2-Tentagel resin (RAPP polymere) using a described procedure
and the triisopropylsilyloxymethyl (TOM) group for the 2⬘-OH protection
(44, 45). The crude product (11% cyclization yield) was purified by reversedphase HPLC and characterized by MALDI-TOF MS, as discussed later. Reversed-phase HPLC analyses were carried out on Teknokroma C18 columns
(10 m, 250 ⫻ 4.6 mm), using a multistep gradient of 0.05 M aq ammonium
acetate, pH 7.0, and ACN/H2O (1:1) at 1 ml/min (12, 31). MALDI-TOF MS
analysis (Voyager-DERP, Applied Biosystems) was performed in the negative mode using ammonium citrate and either ␣-cyano-hydroxycinnamic
acid or trihydroxyacetophenone matrices: m/z 688.830 [M-H]⫺ (calc. monoisotopic mass for C20H23N10O14P2-: 689.087). With electrospray ionization
(ESI) MS, 2 major peaks were observed in the negative mode (10 V): m/z
344.4 and 171.2, corresponding to [(M–2H)/2]2⫺ (calc. mass: 344.04) and
[(M– 4H)/4]4⫺ (calc. mass: 171.52), respectively.
Real-Time PCR. Total RNA of the wild-type strain S. Enteritidis 3934, ⌬XII,
⌬XII⫹stm4551, and ⌬XII⫹stm4551 GGGSF was isolated after 72 h of incubation in LB under biofilm-forming conditions. The assay and statistical analysis
used were as described (30).
Descriptions of the identification of genes encoding for putative c-di-GMP
synthetases, analysis of GGDEF-domain protein expression patterns, construction of strains expressing a 3xFlag-tagged GGDEF domain protein, construction of ⌬XII, construction of a collection of strains containing a single GGDEFdomain protein, microarrays, and statistical analysis are provided in SI
Methods.
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