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Stability and resilience against environmental perturbations are critical properties of medical and environ-
mental biofilms and pose important targets for their control. Biofilm stability is determined by two mutually
exclusive processes: attachment of cells to and detachment from the biofilm matrix. Using Shewanella oneidensis
MR-1, an environmentally versatile, Fe(III) and Mn(IV) mineral-reducing microorganism, we identified
mxdABCD as a new set of genes essential for formation of a three-dimensional biofilm. Molecular analysis
revealed that mxdA encodes a cyclic bis(3�,5�)guanylic acid (cyclic di-GMP)-forming enzyme with an unusual
GGDEF motif, i.e., NVDEF, which is essential for its function. mxdB encodes a putative membrane-associated
glycosyl transferase. Both genes are essential for matrix attachment. The attachment-deficient phenotype of a
�mxdA mutant was rescued by ectopic expression of VCA0956, encoding another diguanylate cyclase. Inter-
estingly, a rapid cellular detachment from the biofilm occurred upon induction of yhjH, a gene encoding an
enzyme that has been shown to have phosphodiesterase activity. In this way, it was possible to bypass the
previously identified sudden depletion of molecular oxygen as an environmental trigger to induce biofilm
dissolution. We propose a model for c-di-GMP as a key intracellular regulator for controlling biofilm stability
by shifting the state of a biofilm cell between attachment and detachment in a concentration-dependent
manner.

Most microbes in nature are assumed to exist as surface-asso-
ciated communities in biofilms (10, 11, 50). Biofilms greatly affect
their environment, whether that environment is a human host, a
wastewater treatment plant, or pristine soils and sediments, and
significant research has focused on understanding and controlling
the resilience and stability of such biofilms (12, 35). From a mi-
crobe’s point of view, the decision either to remain associated
with or to sever ties to and exit a biofilm confers profound con-
sequences to its lifestyle. Stability and resilience of a three-dimen-
sional biofilm are controlled by two diametrically opposed states:
attachment and detachment. These mutually exclusive states have
in common a change in how cells associate with the biofilm ma-
trix. The biofilm matrix consists of exopolymeric substances, such
as polysaccharides, DNA, and proteins, but also of biofilm cells
(for a review, see reference 45). Despite extensive research over
the past decade on biofilms, on adhesion of microbial cells to a
substratum surface during initial contact, and on the biofilm ma-
trix, the molecular mechanisms of how biofilm cells stick to a
biofilm and how such cells detach are largely unknown. For the
purpose of this discussion, we define “adhesion” as the binding of
a cell to a substratum, while the term “attachment” is used to
indicate the binding of a cell to a biofilm matrix.

Although biofilm disintegration is observed frequently and
considered part of a developmental biofilm program, only re-
cently have systematic investigations provided some insights

into the molecular events involved in detachment (16, 41, 48).
Environmental cues, such as changes in oxygen or carbon sub-
strate concentration, pH, or other chemical parameters have
been reported to induce detachment of mature biofilms (15,
41, 48). Consequently, detachment could be an active process
where an environmentally controlled, direct activation of a
“detachase” initiates severing of bonds between cells and the
biofilm matrix. Indeed, exopolysaccharide lyases and DNases
have been implicated in cell dispersal from biofilms (2, 7, 13,
23, 24, 34, 54). Alternatively, detachment could be a passive
process. In this case, the opposite of detachment, i.e., attach-
ment, could require constant (enzymatic) activity, and a sud-
den cessation of such attachment activity could result in instant
detachment. It is also conceivable that a combination of “attach-
ment activity” and of detachase might be involved in physiologi-
cally controlled detachment. Recently, quantitative, high-resolu-
tion confocal laser scanning microscopy (CLSM) in conjunction
with a mutant analysis has provided some insights into the de-
tachment process (16, 41, 47, 48).

Previously, we reported a genetic analysis of surface adhe-
sion and biofilm formation, as well as a physiological and
molecular characterization of detachment in Shewanella oneiden-
sis MR-1, which is a facultative Fe(III) and Mn(IV) min-
eral-reducing soil bacterium and plays a critical role in mineral
dissolution, heavy-metal (im)mobilization, and pollution deg-
radation (31, 33, 47, 48, 52). In a genetic screen for biofilm
defective mutants, we identified type IV pili as critical in me-
diating the initial adhesion of cells to the substratum during
surface colonization (47). Furthermore, and similar to other
biofilm microbes, flagellum motility was found to be important
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in controlling the architecture of biofilms (47). We also dis-
covered that rapid detachment of individual S. oneidensis cells
could be initiated by a sudden decrease in molecular oxygen
but not in electron donor concentration in a hydrodynamic
flow chamber system (48). Single-cell resolution CLSM re-
vealed that detachment occurs as the separation of individual
cells and of cells in small groups throughout all layers in a
biofilm. Such oxygen-dependent detachment can be induced
simply by stopping the flow of an aerobic, oxygen-limited
growth medium in the hydrodynamic biofilm system (48). No-
tably, a stop of flow of only 5 min releases up to 50% of the
detachable cell mass. Here, we report the identification of a
new, putative exopolysaccharide synthesis gene cluster that
links the attachment and detachment of a single cell to the
biofilm matrix.

A molecular system, which was first discovered and studied for
the control of extracellular cellulose biosynthesis in Gluconaceto-
bacter xylinus, formerly Acetobacterium xylinum (38, 39), has been
implicated in autoaggregation of planktonic cells and in biofilm
formation in several microorganisms (27, 43, 49). In G. xylinus,
the membrane-bound cellulose synthase is allosterically acti-
vated by the secondary messenger molecule, cyclic di-GMP
cyclic-bis(3�,5�)guanylic acid (cyclic di-GMP, abbreviated here
c-di-GMP) (38). c-di-GMP is synthesized by diguanylate cy-
clase and degraded by phosphodiesterase activities, respec-
tively (9, 38, 46). The recent discoveries of (i) cellulose pro-
duction in many different biofilm-forming bacteria (27, 43), (ii)
numerous GGDEF domain or EAL domain-containing pro-
teins with diguanylate cyclase or phosphodiesterase activities
(1, 36, 43, 49), and (iii) aggregation and biofilm defects in
mutants defective in these proteins suggest that exopolysac-
charide production relevant to biofilm formation may be allos-
terically controlled by c-di-GMP. Cellular c-di-GMP signaling
in processes other than polysaccharide production has been
reported as well. For example, virC in Vibrio anguillarum is
involved in fish infection (30), and pleD is involved in Cau-
lobacter crescentus in swarmer-to-stalk cell differentiation (1,
36). Cell cycle signals in this microorganism were suspected to
control the activity of PleD, a GGDEF-containing, polarly
localized response regulator, which is required for polysaccha-
ride production of the holdfast (1). Notably, Simm et al. re-
ported a decreased or dramatically increased flagellum-depen-
dent swarming motility in adrA-expressing (GGDEF domain) and
yhjH-expressing (EAL domain) Salmonella enterica serovar Ty-
phimurium, respectively, which led the authors to suggest that
c-di-GMP regulates the transition between sessility and motility
(43). However, detachment of S. oneidensis cells from the biofilm
matrix is independent of flagellum motility and proceeds within a
few minutes after application of the environmental cue. In this
work, we present data that single-cell attachment to and detach-
ment from the biofilm matrix are linked by c-di-GMP.

MATERIALS AND METHODS

Growth conditions and media. Escherichia coli strains (Table 1) were grown in
Luria-Bertani (LB) medium at 37°C, and Shewanella oneidensis MR-1 strains
were grown at 30°C in LB, lactate medium (LM) (47), or mineral medium (MM)
with the following final composition: 485 �M CaCl2 · 2H2O, 5 �M CoCl2, 0.2 �M
CuSO4 · 5H2O, 57 �M H3BO3, 1.27 mM K2HPO4, 0.73 mM KH2PO4, 1.0 mM
MgSO4 · 7H2O, 1.3 �M MnSO4, 67.2 �M Na2EDTA, 3.9 �M Na2MoO4 · 2H2O,
1.5 �M Na2SeO4, 150 mM NaCl, 2 mM NaHCO3, 5 �M NiCl2 · 5H2O, 1 �M
ZnSO4, 9 mM (NH4)2SO4, 15 mM lactate, and 5 mM HEPES, pH 7.4 (modified

after reference 31). If required, the medium was solidified with 1.5% (wt/vol)
agar and supplemented with 30 �g/ml chloramphenicol, 10 �g/ml gentamicin, 25
�g/ml kanamycin, and/or 20 �g/ml tetracycline. Gene induction from the pARA
and pLacTac vectors was achieved by addition of 0.2% (wt/vol) L-arabinose or 1 mM
isopropyl-�-D-thiogalactopyranoside (IPTG), if not indicated otherwise.

Strain constructions in S. oneidensis MR-1. All genetic work was carried out
according to standard protocols or following the manufacturer’s instructions.
Kits for the isolation and/or purification of plasmid and chromosomal DNA or
PCR fragments were obtained from QIAGEN (Valencia, CA), and enzymes
were purchased from New England Biolabs (Beverly, MA), if not indicated
otherwise.

In-frame deletion mutants were constructed in S. oneidensis MR-1 AS93 es-
sentially as previously reported (48). Briefly, DNA fragments of the N- and
C-terminal regions of the selected genes were amplified by PCR, introducing
suitable restriction sites. The fragments were digested with BamHI and SalI,
respectively, and subsequently ligated. An aliquot of the ligation mixture was
used as a template in a second PCR amplification reaction with the forward
primer of the upstream fragment and the reverse primer of the downstream
fragment of the corresponding genes to generate the mutant allele. The products
were purified, digested with NcoI and SacI, and ligated into the suicide vector
pGP704-Sac28-Km. The resulting plasmids (pGP704-Sac28-Km-mxdA to -mxdD)
were introduced into S. oneidensis MR-1 AS93 by mating with E. coli S-17I �pir,
and mutants generated by single-crossover events were selected on LB plates
containing kanamycin and gentamicin. To select for double recombinants, single
colonies were grown overnight in the absence of antibiotics and plated on LB
containing 8% (wt/vol) sucrose. Kanamycin-sensitive mutants were then screened
for the gene deletion by colony PCR using primers up- and downstream of the
deletion’s location. The resulting mutants with mutations in mxdABCD were lacking
amino acids (aa) 25 to 447, 7 to 274, 111 to 379, and 35 to 107, respectively.

To construct a system for controlled gene induction in S. oneidensis MR-1,
genes of interest (gfp [for green fluorescent protein], VCA0956, and yhjH) were
amplified by PCR using DNA from the corresponding chromosomal DNA
(Vibrio cholerae ElTor N16961) (19), for VCA0956 and E. coli K12-MG1655 (5)
for yhjH. Introduced NheI and PstI restriction sites were used to clone the
products into pBAD42 (J. Beckwith, unpublished data). A fragment containing
the repressor encoding gene araC, the corresponding inducible promoter region,
and gfp, VCA0956, or yhjH was then released by NsiI and PstI restriction. The
fragment was gel purified and ligated into vector pME6041 digested with PstI,
resulting in plasmids pARA-gfp, pARA-VCA0956, and pARA-yhjH. Orienta-
tion of the fragment relative to the transcriptional terminator flanking the mul-
tiple cloning site of pME6041 was ensured by restriction analysis. A second
inducible system was constructed based on the lacIq1-Ptac promoter system. A
fragment containing the lacIq gene and the tac promoter was amplified from the
vector pMAL-c2 (New England Biolabs), introducing BamHI and PstI restriction
sites at the 5� and 3� ends, respectively. Additionally, the primer design yielded
a mutation in the �35 region of the lacIq promoter, to obtain a higher expression
of the repressor and thus a tighter repression of the system (17). The fragment
was digested with BamHI and PstI and ligated into the broad host range vector
pME6031 that was treated with the same enzymes, resulting in vector pLacTac.
Genes to be cloned into this vector were amplified by PCR using chromosomal
DNA of the corresponding microorganism, introducing PstI and EcoRI restriction
sites at the 5� and 3� ends, respectively. Plasmids were introduced by electroporation
(32). Functionality of both inducible systems was tested in the S. oneidensis MR-1
wild-type strain by induction of gfp in planktonic cultures (data not shown).

RNA extraction and reverse transcription-PCR (RT-PCR). S. oneidensis MR-1
cells were grown in 50 ml MM for 7, 24, and 40 h, respectively, before 25 ml of
culture was centrifuged for 5 min at 4°C and 4,000 � g. The cell pellet was
resuspended in 1 ml ice-cold AE buffer (20 mM sodium acetate, 1 mM EDTA,
pH 5.2) and centrifuged again for 5 min at 4°C and 15,000 � g. After resuspen-
sion of the pellet in 500 �l ice-cold AE buffer, 900 �l of phenol-chloroform-
isoamylalcohol (25:24:1) preheated to 60°C and 10 �l of a 25% (wt/vol) sodium
dodecyl sulfate solution were added and incubated for 10 min at 60°C. Following
centrifugation at 4°C and 15,000 � g, the aqueous phase was transferred into a
fresh tube, 62.5 �l of a 2 M sodium acetate solution (pH 5.2) and 500 �l
phenol-chloroform-isoamylalcohol were added, followed by another centrifuga-
tion. This step was repeated until no interphase was visible. RNA was precipi-
tated by the addition of 2.5 volumes of ethanol (96% vol/vol), incubation for 30
min at �80°C, and centrifugation at 4°C and 15,000 � g. Following two washing
steps with 75% (vol/vol) ethanol, the RNA was dried at room temperature. Prior
to the reverse transcriptase (RT) reaction, the RNA was subjected to a DNA
digest. The RNA sediment was resuspended in 400 �l water, and 50 �l DNase
buffer (40 mM Tris-HCl [pH 8], 10 mM NaCl, 6 mM MgCl2, and 10 mM CaCl2),
and 5 �l DNaseI (10 U/�l) was added. The reaction mixture was incubated for
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1 h at 37°C. Subsequently, the RNA was precipitated as described above; this
step was repeated three times.

The RT reaction was carried out using the SuperScriptIII kit (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions at 25°C for 5 min, 1 h
at 50°C, and 15 min at 70°C using 1 �g RNA in a 20-�l final volume. The product
was used in a PCR using suitable primers, and RNA without RT treatment was
used as a negative control.

Biofilm cultivation and image acquisition. Biofilms were cultivated at 30°C in
LM medium in three-channel flow cells with individual channel dimensions of 1
by 4 by 40 mm. Microscope coverslips (Fisher Scientific, Pittsburgh, PA) were
used as a colonization surface, glued with silicone (GE Sealants and Adhesives,
Hunterville, NC) onto the channels, and left to dry for 24 h at room temperature
prior to use. Assembly, sterilization, and inoculation of the flow system were
carried out essentially as previously described (47). Experiments were carried out
in triplicate in at least two independent experiments.

For switching medium, the flow was arrested briefly, and the medium was
exchanged in the bubble trap and the upstream tubing. This process took no
longer than 1 min, and control channels, where the medium flow was stopped in
parallel without changing the medium, ensured that the observed effects were not
due to that short arrest. CLSM was performed at defined spots close to the inflow
before and after the treatment.

Stop-of-flow-induced detachment was carried out as described previously (48).
Briefly, the medium flow was arrested for 15 min and subsequently resumed for

the same amount of time. CLSM images were taken immediately before the stop
of flow and after 15 min of flow.

Microscopic visualization and image acquisition of biofilms were conducted at
the Stanford Biofilm Research Center using an upright Zeiss LSM510 confocal
laser scanning microscope (Carl Zeiss, Jena, Germany) equipped with the fol-
lowing objectives: 10�/0.3 Plan-Neofluar, 20�/0.5 W Achroplan, and 40�/1.2 W
C-Apochromat. For displaying biofilm images, CLSM images were processed
using the IMARIS software package (Bitplane AG, Zürich, Switzerland) and
Adobe Photoshop. Biofilm parameters such as biomass and average biofilm
thickness were quantified with the COMSTAT program (20).

For complementation studies, biofilm experiments were carried out with 96-
well microtiter plate assays using crystal violet, essentially as previously described
(47). Strains were allowed to grow for 16 h prior to processing and spectro-
photometrical quantification at 570 nm with a VERSAmax tunable microplate
reader (Molecular Devices, California).

Extraction and quantification of c-di-GMP from Shewanella oneidensis. Cells
were grown at 30°C in 30 ml LM supplemented with 40 mM lactate and 0.2%
L-arabinose to an optical density at 600 nm of 0.45, centrifuged, and washed with
phosphate-buffered saline. The pellets were then resuspended in phosphate-
buffered saline. c-di-GMP was extracted by heat and ethanol in triplicate (3, 43).
Cells were heated at 100°C for 5 min, and then ethanol was added to a final
concentration of 65%. Samples were centrifuged, the supernatant was retained,
and the extraction was repeated. Combined supernatants were dried using a

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype and phenotype Reference or source

Strains
E. coli

DH5�-�pir 	80dlacZ
M15 
(lacZYA-argF) 29
U196 recA1 hsdR17 deoR thi-1 supE44 gyrA96 relA1/�pir

S17-�pir thi pro recA hsdR [RP4-2Tc::Mu-Km::Tn7] �pir Tpr Smr 44
HB101 Smr; recA thi pro leu hsdRM� 26

S. oneidensis
MR-1 Shewanella oneidensis MR-1 wild type 51
AS93 S. oneidensis MR-1 tagged with enhanced GFP in a mini-Tn7

construct; Gmr Cmr
47

AS140 AS93 
mxdA; Gmr Cmr This work
AS141 AS93 
mxdB; Gmr Cmr This work
AS142 AS93 
mxdC; Gmr Cmr This work
AS143 AS93 
mxdD; Gmr Cmr This work
AS145 AS93 pARA-yhjH; Gmr Cmr Kmr This work
AS146 AS93 pARA-VCA0956; Gmr Cmr Kmr This work
AS147 AS93 pME6041; Gmr Cmr Kmr This work
AS151 AS141 pLacTac-VCA0956; Gmr Cmr Tcr This work
AS152 AS140 pLacTac-SO4180(mxdA); Cmr Tcr Gmr This work
AS154 AS140 pLacTac-VCA0956; Gmr Cmr Tcr This work
AS160 AS140 pME6031; Gmr Cmr Tcr This work

Plasmids
pGP704-Sac28-Km mobRP4� ori-R6K sacB; suicide plasmid for in-frame deletions; Kmr Chengyen Wu, unpublished data
pGP704-Sac28-Km-mxdA mxdA in-frame deletion fragment in pGP704-Sac28-Km This study
pGP704-Sac28-Km-mxdB mxdB in-frame deletion fragment in pGP704-Sac28-Km This study
pGP704-Sac28-Km-mxdC mxdC in-frame deletion fragment in pGP704-Sac28-Km This study
pGP704-Sac28-Km-mxdD mxdD in-frame deletion fragment in pGP704-Sac28-Km This study
pSM2360 mob�, delivery plasmid for mini-Tn7-lacIq-Plac-gfp; Gmr Cmr Apr Søren Molin, unpublished data
pUX-BF13 mob� ori-R6K; helper plasmid providing the Tn7 transposition

functions in trans; Apr
4

RK600 ori-ColE1 RK2-mob� RK2-tra�; Cmr helper plasmid in matings 26
pMal-c2 ColE1 ori lacIq malE lacZ�; Apr New England Biolabs, Massachusetts
pBAD42 araC; PBAD promoter; Cmr J. Beckwith, unpublished data
pME6031 repA oriVpVSI oriVp15A oriT; Tcr 18
pME6041 repA oriVpVSI oriVp15A oriT; Kmr 18
pARA-VCA0956 VCA0956 under control of araC-PBAD in pME6041 This work
pARA-yhjH yhjH under control of araC-PBAD in pME6041 This work
pLacTac lacIq1-Ptac in pME6031; Tcr This work
pLacTac-VCA0956 VCA0956 in pLacTac; Tcr This work
pLacTac-SO4180(mxdA) Cmr Tcr This work
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Speed-Vac and then stored for subsequent liquid chromatography-mass spec-
trometry (LC-MS) analysis of the c-di-GMP.

For LC-MS analysis, dried samples were resuspended in 50 �l of 10 mM
ammonium acetate buffer, vortexed, ultrasonicated, and centrifuged, and the
supernatant was retained. This was repeated, and the supernatants were com-
bined.

Samples were analyzed at the Stanford Mass Spectrometry Facility. An Agilent
1100 high-performance liquid chromatography system equipped with an auto-
sampler and degasser was used for solvent delivery and sample introduction.
Samples (10 �l or 20 �l) were injected into a reverse-phase C18 Targa column
(2.1 by 40 mm; Dp, 3 �m). The column was eluted at 30°C at a flow rate of 0.5
ml/min with the following gradient: 0 to 0.3 min, 0% B; 1.5 min, 90% B; 1.6 to
2.0 min, 0% B; 3.0 min, 90% B; 4.0 to 8.0 min, 0% B (A, 20 mM ammonium
acetate; B, acetonitrile).

The Quattro Premier (MicroMassWaters) triple-quadrupole mass spectrom-
eter equipped with electrospray ion source was used for peak detection. The
collision energy was 30 eV, and the cone voltage was 35 V. c-di-GMP was
detected in the multiple-reaction monitoring mode with the following transitions:
691.13151.9, 691.13248.0, and 691.13539.8.

c-di-GMP was synthesized as previously described (21) and used as an aqueous
solution in 10 mM ammonium acetate as an external authentic standard. A
calibration curve was plotted for concentrations of 0, 31.25, 62.5, 125.0, 250.0,
and 500.0 fmol/�l in triplicate; the graph was linear in this range, with a corre-
lation coefficient, R2, of �0.99. The limit of detection of this method was 10 to
15 fmol.

RESULTS

Identification of an EPS biosynthesis operon in S. oneidensis
MR-1. To elucidate the connection between attachment and
detachment, we focused on components controlling attach-
ment of S. oneidensis cells to biofilms. Based on the S. onei-
densis genome sequence, no genes encoding enzymes for ex-
opolysaccharide (EPS) biosynthesis with significant similarity
to those in Pseudomonas aeruginosa, E. coli, or Vibrio cholerae
were obvious. With a genetic analysis using Tn5 mutagenesis
coupled to a 96-well-based screen, we previously identified
several mutants defective in biofilm formation (47). Among the
mutants isolated were five with transposon insertions mapping
to five independent positions of the gene cluster designated
SO4180-4177, which we subsequently named mxdABCD (for
“biofilm matrix deficient”) because of the mutants’ biofilm
phenotype (see below). Two insertions were found in mxdA,
one in the promoter region of mxdA, one in the intergenic
region between mxdA and mxdB, and one in mxdC (Fig. 1).
Analysis of the amino acid sequences of these open reading
frames revealed that MxdA is predicted to be a 462-aa protein
containing a C-terminal region (aa 321 to 461) with weak
homology to a GGDEF domain. MxdB is predicted to be a
membrane-associated 403-aa protein with homology to glyco-
syl transferases of the family GT 2 type, and MxdC is predicted

to be a 351-aa membrane-associated protein with homology to
efflux pump proteins. MxdD is oriented in the same direction
as the previous genes and is predicted to be a 118-aa mem-
brane-associated protein without homology to any known pro-
tein. The MxdB amino acid sequence was 25% identical and
42% similar to that of AcsAB, the cellulose synthase of G.
xylinus, over a range of 192 amino acids. The orientation and
sequences of the mxd genes were highly similar and homologous,
respectively, only to the Vibrio parahaemolyticus RIMD genes
VPA0392 to -94.

To examine the function of these genes in biofilm formation,
we constructed in-frame deletion mutants of all genes and
analyzed their phenotype in biofilms grown under hydro-
dynamic conditions (47). As Fig. 2A shows, deletion mutants of
mxdA, mxdB, and mxdC exhibited strong defects in biofilm
formation and were severely impacted in developing a three-
dimensional architecture. The initial adhesion of these mu-
tants appeared to be similar to the wild type (data not shown).
The mutant biofilms were arrested at the stage of a cell mono-
layer or few cell layers and did not seem to progress from this
stage even after 48 h of incubation (Fig. 2A). The most severe
phenotype was visible for the 
mxdA mutant (Fig. 2A). Quan-
tification of biofilm biomass revealed that biofilms of 
mxdA,

mxdB, and 
mxdC had between 84 and 94% less biomass
than wild-type biofilms (Fig. 2B) after 48 h. Deletion mutant

mxdD showed a delayed phenotype but progressed to a wild-
type-like architecture after 48 h. The in-frame deletion of
mxdA but not of mxdB could be complemented by VCA0956,
a known c-di-GMP-forming diguanylate cyclase (Fig. 2C). The
wild-type biofilm phenotype of both mutants could be restored
by wild-type gene expression in trans (see Fig. 4) or by knock-in
gene reconstructions with the wild-type alleles (data not
shown). These data, together with the sequence analysis, sug-
gested that the mxd genes might encode a gene cluster essen-
tial for biofilm matrix formation in S. oneidensis.

The transcriptional organization of the mxdABCD genes was
examined by RT-PCR. When RNA prepared from cells grown
to late exponential phase in MM containing 40 mM lactate (see
Materials and Methods) was used as a template, RT-PCR
products were obtained for primer pairs probing for a contig-
uous mRNA between mxdA and mxdB and between mxdB and
mxdC (Fig. 1 and results not shown). The reading frames of
mxdB and mxdC overlapped by one base and were therefore
not probed. No RT-PCR product was observed from the
primer pair combination SO4181 (upstream of mxdA) and
mxdA. Preliminary transcriptional analysis revealed that

FIG. 1. Organization of the mxdABCD genes in S. oneidensis MR-1. Horizontal arrows indicate the positions of primers used in transcription
analyses, and vertical arrows mark the positions of transposon insertions that led to the identification of the gene cluster. Hatched areas indicate
the in-frame deletions generated (see Materials and Methods). The mxdABCD genes correspond to the SO gene annotations designated
SO4180-4177 (The Institute for Genomic Research).
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mxdABCD mRNA was present in cells in late exponential and
stationary phases but not in early or mid-exponential-growth
phases (data not shown).

The role of c-di-GMP in biofilm formation and detachment.
The finding of a potential GGDEF protein (MxdA) in the
vicinity of a putative glycosyl transferase (MxdB) was intrigu-
ing; we speculated that in S. oneidensis the activity of an EPS
synthase, such as MxdB, might also be regulated by c-di-GMP,
which is synthesized by GGDEF domain proteins, conceivably,
MxdA. To examine this hypothesis, we tested whether the biofilm
phenotype of 
mxdA could be rescued by expressing VCA0956 in
trans from an IPTG-inducible promoter. VCA0956 was previ-
ously shown to have c-di-GMP-forming diguanylate cyclase activ-

ity (see below) (49). As evident from Fig. 2C, ectopic expression
of this GGDEF protein complemented the 
mxdA mutation to
wild-type levels. However, VCA0956 did not complement a

mxdB mutation, suggesting that the diguanylate cyclase activity
or any other activity associated with VCA0956 is not sufficient for
rescue of the biofilm phenotype.

We then tested whether MxdA might encode a diguanylate
cyclase by examination of the intracellular level of c-di-GMP.
LM-grown cells of strain AS152, which were induced with
arabinose, were harvested; c-di-GMP was extracted and quan-
tified by LC-MS analysis as described in Materials and Meth-
ods. Authentic c-di-GMP was used as a standard. As Fig. 3
shows, S. oneidensis strains carrying overexpressed VCA0956

FIG. 2. Involvement of the mxdABCD genes in cell attachment and three-dimensional biofilm architecture. (A) Biofilm phenotypes of (from
top to bottom) AS93 (wild-type control), 
mxdA, 
mxdB, and 
mxdC in hydrodynamic flow chambers. Images display shadow projections of
biofilms formed after 48 h. x-z and y-z cross-sectional images at selected positions in the biofilm are shown at the bottom and right side, respectively.
Scale bar, 70 �m. (B) Quantification of biomass of the 
mxdABCD mutants. CLSM images of the experiments shown in panel A were quantified
by COMSTAT (20). (C) Complementation of 
mxdA and 
mxdB by GGDEF-encoding VCA0956. Biofilm formation in 96-well microtiter plates
was measured by crystal violet staining of cells attached to the walls, as described in Materials and Methods.
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(AS146) or mxdA (AS152) contained intracellular c-di-GMP
levels that were about fivefold higher than those in empty
vector carrying wild-type control strain (AS160) or the yhjH-
overexpressing strain (AS145) (see below). A truncation anal-
ysis of mxdA was conducted and revealed that the region with
the most critical function, based on rescue of the mxdA biofilm
phenotype, was a C-terminal region containing a NVDEF se-
quence at positions 358 to 362, which appears to resemble a
modified GGDEF domain. Truncation of the first 230 amino
acids resulted in intermediate complementation of the mxdA
biofilm phenotype in a 96-well titer plate (Fig. 4). However, a

mxdA allele where only the C-terminal NVDEF domain was
deleted (
332-462) was unable to rescue the mutant pheno-
type. On the other hand, expression of the NVDEF domain
alone was sufficient to partially confer rescue (Fig. 4). These
data strongly suggest that MxdA can function as a diguanylate
cyclase with an essential, modified GGDEF-like NVDEF do-
main. Moreover, these data provide the first indication that
domains with a consensus motif significantly different from
GGDEF, e.g., NVDEF can act as diguanylate cyclase in vivo.

To test directly whether manipulation of the intracellular
c-di-GMP concentration affects attachment and detachment of

FIG. 3. Intracellular content of c-di-GMP. c-di-GMP content in planktonically grown cells were determined as described in Materials and
Methods and is expressed per milligram (wet weight) of cells. The strains assayed included AS145 (AS93 plus pARA:yhjH), AS146 (AS93 plus
pARA:VCA0956), AS147 (AS93 plus empty vector), AS152 (AS140 plus pLacTac:mxdA), and AS160 (AS140 plus empty vector). Error bars
represent one standard deviation.

FIG. 4. Truncation analysis of MxdA. 5� and 3� deletions were introduced in mxdA, and strains expressing these alleles in a 
mxdA genetic
background were tested for biofilm formation by rescuing the 
mxdA phenotype. Rectangles on the left indicate the size and region of the
expressed protein relative to the wild type; bars on the right indicate biofilm biomass formed in a 96-well plate assay. The MxdA NVDEF region
spans amino acids at positions 358 to 362.
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S. oneidensis, we constructed two strains with altered intracel-
lular c-di-GMP concentration, strain AS146, which carried
VCA0956, and AS145, which carried yhjH, an S. enterica sero-
var Typhimurium gene encoding an EAL domain-containing
enzyme with c-di-GMP-hydrolyzing phosphodiesterase activity
(43), under the control of an inducible PBAD promoter. We
examined the phenotypes of these strains, including the empty
vector-containing (pME6041) wild-type strain AS147, in the
hydrodynamic biofilm system. Inoculum cells were grown in
LB medium containing 25 �g/ml kanamycin, diluted in LM to
an optical density at 600 nm of 0.01, and injected into the flow
chambers to seed the glass surface. After a 40-min incubation,
flow was initiated with LM containing 25 �g/ml kanamycin and
0.2% arabinose as an inducer. Figure 5 displays representative
images of 24-h-old biofilms. AS146 biofilms displayed a dra-
matically increased thickness compared to AS147. Strain
AS146 was determined to have a growth rate nearly identical
to that of AS147 in planktonic culture. It is therefore likely that
the increased thickness observed in the AS146 biofilms was due
to increased retention of cells in the biofilm. S. oneidensis
wild-type cells constantly shed from biofilms to a small extent
during normal growth (data not shown). Cessation or reduc-
tion of such shedding could retain cells in the biofilm, as
observed here. In contrast, analysis of biofilms formed by cells
of yhjH-expressing strain AS145 resulted in a dramatically dif-
ferent phenotype. After the 40-min incubation period follow-
ing the injection of AS145 cells into the flow chamber, the cell
density on the glass surface was indistinguishable from that of
the control (AS147) or AS146 strain (data not shown). How-
ever, 30 min after the flow of the arabinose-containing medium
was started, the adhering cells began to separate from the
surface. As a result, practically no biofilm of AS145 had
formed after 24 h under inducing conditions (Fig. 5). This
observation cannot be explained by the slightly lower growth
rate of induced AS145 cells (ca. 70% of that of AS147 in
planktonic culture). Rather, this unexpected finding indicates
that induction of yhjH and, by inference, of lower c-di-GMP
levels dramatically interferes with the maintenance of cell ad-

hesion to the glass substratum. On the other hand, an in-
creased level of cellular c-di-GMP leads to growth of a thick
biofilm.

So far, our results collectively suggest a strong correlation be-
tween c-di-GMP levels and cellular attachment to the biofilm
matrix. This control might be mediated through the putative gly-
cosyl transferase MxdB. This hypothesis predicts that lowering of
cellular c-di-GMP level might be sufficient to induce detachment
of biofilms in the absence of an external environmental cue. We
had previously shown that a decrease in molecular oxygen con-
centration functions in S. oneidensis biofilms as an external signal
for detachment (48). To test this prediction, we grew biofilms of
AS145 and AS146 in the hydrodynamic flow chamber in the
absence of the inducer arabinose. After 20 h of growth, the
flowthrough medium was amended with 0.2% arabinose, and
biofilms were monitored by CLSM (Fig. 6). In contrast to
AS147 and AS146, cells of AS145 began to detach from the
biofilms in the absence of a stop of flow at 60 to 70 min after
induction. After 90 min, 18% of the biofilm biomass was lost;
and after 120 min, 38% of the biomass was lost. In contrast,
wild-type biofilms harboring the empty plasmid (AS147) and
biofilms of AS146 continued to increase in thickness after
induction. A subsequent stop-of-flow treatment of AS146 bio-
films induced detachment of only 50% of the wild type, while
the same treatment released twice as much biomass from
AS145 biofilms (Fig. 6). These observations suggest that not
only attachment but also detachment are controlled by c-di-
GMP. Furthermore, induction of a gene encoding an EAL-
containing protein with c-di-GMP-hydrolyzing phosphodies-
terase activity can bypass the requirement for an external
environmental cue as the physiological signal and induce de-
tachment.

DISCUSSION

In this work, we examined the connection between attach-
ment of biofilm cells to and detachment from the biofilm ma-
trix in S. oneidensis and provided data suggesting that both

FIG. 5. Effects of VCA0956 and yhjH expression on S. oneidensis biofilm architecture. Images display shadow projections of biofilms formed
after 24 h of AS147 (A), AS146 constitutively overexpressing VCA0956 (B), and AS145 constitutively overexpressing yhjH (C). The inocula were
grown in LB containing 25 �g/ml kanamycin, diluted to an optical density at 600 nm of 0.01, and injected into the flow chamber. After 40 min,
the flow of LM containing 25 �g/ml kanamycin and 0.2% arabinose as inducer was initiated. Scale bar, 200 �m.

VOL. 188, 2006 S. ONEIDENSIS MR-1 BIOFILMS 2687



processes are linked by the mxd genes and by c-di-GMP. Fig-
ure 7 summarizes the key components and their mode of in-
teraction in controlling the transitioning of biofilm cells be-
tween attachment and detachment.

With genetic experiments, we showed that a diguanylate
cyclase encoded by mxdA is essential for matrix attachment
and development of a three-dimensional biofilm architecture
(Fig. 2). The predicted MxdA gene product contains the es-
sential C-terminal sequence NVDEF with weak homology to a
GGDEF motif (Fig. 4); overexpression of mxdA increased the
cellular c-di-GMP level (Fig. 3); the 
mxdA biofilm phenotype
could be rescued by VCA0956, a gene encoding a GGDEF
domain-containing protein with c-di-GMP-forming diguany-
late cyclase activity (Fig. 2C) (49). For these reasons, we con-
cluded that MxdA contains diguanylate cyclase activity and
when activated increases the in vivo cellular c-di-GMP level.
This results in enhanced attachment and increased biofilm
formation (Fig. 5). We postulate that this positive c-di-GMP
signaling acts through MxdB, a putative membrane-associated
glycosyl transferase (Fig. 2C). The mxdB gene product is es-
sential for cell attachment to the matrix but not for cell adhe-

sion to the substratum surface (Fig. 2). Massive detachment,
which was qualitatively and quantitatively indistinguishable
from oxygen starvation-induced detachment (43), could be in-
duced by overexpression of yhjH encoding an EAL-domain
containing protein (Fig. 5 and 6). This protein was previously
shown to have phosphodiesterase activity towards c-di-GMP
(43). Thus, by simply modulating the intracellular c-di-GMP
pool via overexpression of a diguanylate cyclase or phospho-
diesterase, respectively, we were able to shift the state of biofilm
cells from attachment to detachment and vice versa under the
same experimental conditions. In addition, this manipulation
of the intracellular c-di-GMP pool allowed us to uncouple the
physiological detachment response from the external environ-
mental cue (Fig. 6) (48). We postulate that the mode of action
of c-di-GMP in attachment and detachment is not primarily via
control of gene regulation, as has been directly or indirectly
postulated for several other systems, but by a direct (e.g.,
allosteric) control, for example, of a polysaccharide-synthesiz-
ing enzyme such as the MxdB (Fig. 7) (R. M. Saville et al.,
unpublished data). This speculation is based on the apparent
functional similarity of the predicted mxdABCD gene products

FIG. 6. Effects of VCA0956 and yhjH expression on developed S. oneidensis wild-type biofilms. Displayed are the amounts of biomass detached
relative to the detached biomass of wild-type AS147 (set to 100%). Biofilms of strains AS147, AS145, and AS146 were grown in flow chambers
for 20 h prior to induction with 0.2% (wt/vol) L-arabinose. After 90 min of induction, detachment was induced by a stop of flow (gray bars). The
white bar indicates biomass detached from AS145 after 120 min without a stop of flow.
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to cellulose synthase from Gluconacetobacter xylinus, including
its activation by c-di-GMP. An alternative mode of action of
intracellular c-di-GMP could be in indirect control of detach-
ment and attachment by modulating cellular sensitivity to vari-
ation in local oxygen concentrations, where low c-di-GMP lev-
els render cells more susceptible to fluctuations in oxygen. In
light of these results, our previously identified dependence of
the detachability of S. oneidensis biofilms on CRP, ArcA, and
EtrA can therefore be attributed to an indirect role of these
transcriptional regulators. For example, they may be required
for controlling the expression of the molecular detachment/
attachment machinery or signal transduction components, as
we had previously suggested (48).

Cellular c-di-GMP levels have been implicated in bacterial
biofilm formation, in most cases, via control of exopolysaccha-
ride production (22, 27, 37, 43, 49). Recent work demonstrated
that diguanylate cyclase and phosphodiesterase activities of
GGDEF domain- and EAL domain-containing proteins con-
trol the intracellular concentrations of c-di-GMP in several
microorganisms, including G. xylinus, Salmonella enterica sero-
var Typhimurium, Yersinia, and Staphylococci (6, 8, 25, 40, 42,
43). The Vibrio cholerae EAL domain-containing protein VieA
negatively controls the expression of vpsABCDEFGHIJK and
vpsLMNOPQ genes by controlling expression of the regulator
VpsR (49). For VieS, which is hypothesized to control the
phosphodiesterase activity of VieA by transphosphorylation,
amino acids are thought to be the environmental trigger. How-
ever, no direct evidence has been reported (49). Previously,
Simm et al. (43) presented experiments with Salmonella en-
terica serovar Typhimurium, E. coli, and P. aeruginosa that
showed enhanced biofilm formation in adrA (GGDEF pro-
tein)-overexpressing strains and enhanced swarming motility in
yhjH-expressing strains (expressing an EAL domain protein).
These observations led the authors to conclude that c-di-GMP
signaling controls the transitioning between sessility and motility
and to infer that c-di-GMP might act by allosteric regulation.

Notably, biofilm formation and the swarming behavior were ob-
served under different physiological conditions (adherence to
glass tubes versus swarming agar plates), and no direct transition-
ing between sessility and motility was studied. In addition, cell
movement does occur in sessile biofilms (28), and motility is not
required for dissolution of a biofilm, as corroborated by the ob-
servation that flagellum-dependent motility is not required for
detachment in S. oneidensis (48). Other experiments in our lab-
oratory demonstrated a direct, nontranscriptional control of
detachment (R. M. Saville and A. M. Spormann, unpublished
data) and strongly suggest that this link is an allosteric control
based on c-di-GMP. The model of detachment proposed here
resembles that of Gjermansen et al. (16). Mutations suppress-
ing the carbon starvation-induced detachment of Pseudomonas
putida cells mapped to GGDEF-EAL domain-containing pro-
teins (16). These mutants carry an enhanced stickiness.

The apparent high abundance of GGDEF and EAL domain
proteins, as predicted from the genome sequence of S. onei-
densis (51 GGDEF, 27 EAL, and 20 GGDEF-EAL hybrid
proteins) and other environmental microorganisms (14, 37),
raises the question of how multiple diverse environmental cues
can be integrated into physiologically diverse output responses,
such as motility, exopolysaccharide biosynthesis, cell cycle events,
and biofilm detachment via a common intracellular c-di-GMP
pool. Formally, it is conceivable that c-di-GMP signaling re-
flects a global physiological state and that other additional
cellular signals are necessary to elicit a particular physiological
response. However, our overexpression experiments using
VCA0956 and yhjH demonstrated that altering c-di-GMP
levels was sufficient to induce an attachment or detachment
response. A model alternative to signaling via a general c-di-
GMP pool would be multiple, localized c-di-GMP signaling, as
considered by Simm et al. (43). c-di-GMP synthesis and hydro-
lysis in the immediate protein vicinity of c-di-GMP effector
proteins, such as MxdB, would assure specific signaling. In
support of this hypothesis is the finding of multiple proteins

FIG. 7. Model for control of attachment and detachment by c-di-GMP in S. oneidensis. An environmental cue is sensed by a sensor protein(s),
which modulates the enzymatic activity of a c-di-GMP-forming diguanylate cyclase(s), such as GGDEF domain-containing proteins and MxdA,
and/or of c-di-GMP-hydrolyzing phosphodiesterase(s), such as EAL domain-containing proteins. An altered general or localized c-di-GMP pool
allosterically affects the activity of proteins or enzymes involved in attachment and/or detachment, such as MxdB. MxdA is postulated to be a key
c-di-GMP-forming enzyme and to function in (structural) context with the putative glycosyl transferase MxdB. The c-di-GMP level (of a general
intracellular or a localized pool) can be controlled in several ways: via activation and/or inhibition of a diguanylate cyclase(s) or by inhibition and/or
activation of phosphodiesterases. Upon activation, MxdA catalyzes the formation of c-di-GMP, which stimulates the polysaccharide synthesis
activity of MxdB, resulting in increased attachment. Downregulation of MxdA or activation of a phosphodiesterase(s) and subsequent decreased
glycosyl transferase activity could result in decreased attachment (i.e., detachment). At this point, it is unclear whether detachment is due to the
activation of a detachase or the inhibition of an attachment activity such as MxdB by low c-di-GMP levels.
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containing GGDEF and/or EAL domains in S. oneidensis and
other microbes, which could enable a rapid, localized turnover
of c-di-GMP by environmental control of both enzyme activi-
ties. Such locally produced c-di-GMP molecules would ex-
change only minimally with a general cellular pool of free
c-di-GMP. Our results and those of others on overexpressing
GGDEF and EAL domain proteins do not rule out the possi-
bility of such localized signaling, since the cellular overexpres-
sion of such enzyme activities would presumably vastly change
the overall cellular c-di-GMP concentration, in turn affecting
localized signaling even by a minimal exchange. If confirmed, it
would also mean that microbial cells are more compartmen-
talized than previously thought. Another implication of our
results is that proteins with sequences other than the canonical
GGDEF sequence could act as diguanylate cyclases. As our
data showed, the NVDEF region of MxdA is essential for its
function.

Further implications of our model are that attachment per se
might be due to environmentally controlled exopolysaccharide
biosynthesis and that detachment might simply be a conse-
quence of a controlled cessation or reduction of such activity. Thus,
the molecular basis of biofilm stability and resilience could be an
exopolysaccharide-based biochemistry, which mediates the re-
versible interaction between a biofilm cell and the biofilm matrix.
Although polysaccharides have long been recognized as playing
an important role in biofilms (45), we hypothesize from this
work that the molecular basis for attachment could include a tight
association of the exopolysaccharide-producing cell with the ex-
creted polysaccharide, e.g., via a covalent bond to a exopolysac-
charide-producing enzyme, such as the membrane-associated gly-
cosyl transferase MxdB. The free, excreted polyalcohol end of the
exported polysaccharides could then associate with the biofilm
matrix via numerous hydrogen bonds to exopolysaccharides or
DNA released from other cells (45, 53). Experiments testing these
hypotheses are in progress. It is conceivable that such a mecha-
nism could also exist with modifications in other microorganisms,
such as Pseudomonas aeruginosa, Vibrio cholerae, and E. coli.
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