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Summary

Biofilms are consortia of bacteria that are held
together by an extracellular matrix. Cyanobacterial
biofilms, which are highly ubiquitous and inhabit
diverse niches, are often associated with biological
fouling and cause severe economic loss. Information
on the molecular mechanisms underlying biofilm for-
mation in cyanobacteria is scarce. We identified a
mutant of the cyanobacterium Synechococcus elon-
gatus, which unlike the wild type, developed biofilms.
This biofilm-forming phenotype is caused by inacti-
vation of homologues of type Il secretion /type IV
pilus assembly systems and is associated with
impairment of protein secretion. The conditioned
medium from a wild-type culture represses biofilm
formation by the secretion-mutants. This suggested
that the planktonic nature of the wild-type strain is a
result of a self-suppression mechanism, which
depends on the deposition of a factor to the extracel-
lular milieu. We also identified two genes that are
essential for biofilm formation. Transcript levels of
these genes are elevated in the mutant compared with
the wild type, and are initially decreased in mutant
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cells cultured in conditioned medium of wild-type
cells. The particular niche conditions will determine
whether the inhibitor will accumulate to effective
levels and thus the described mechanism allows
switching to a sessile mode of existence.

Introduction

Biofilms are structured bacterial communities that are
enclosed by a self-produced extracellular matrix. Natural
cyanobacterial populations often reside in biofilms, which
inhabit a wide range of niches (Crispim and Gaylarde,
2005; De Los Rios etal, 2007; Gorbushina, 2007;
Boomer et al., 2009; Gorbushina and Broughton, 2009;
Cuzman et al., 2010; Stal et al., 2010; Klatt et al., 2011).
Contrary to the wealth of knowledge on mechanisms
involved in biofilm formation, maintenance and dispersal
in heterotrophs [see Reviews (Costerton et al., 1995; Hall-
Stoodley etal, 2004; Stanley and Lazazzera, 2004;
Branda et al., 2005; Parsek and Greenberg, 2005; Kolter
and Greenberg, 2006; Karatan and Watnick, 2009; Monds
and O’Toole, 2009; Landini et al., 2010; McDougald et al.,
2011; Elias and Banin, 2012; Rendueles and Ghigo, 2012)
and references therein], information on the molecular
basis of these processes in cyanobacteria is scarce,
despite the industrial implications and environmental
prevalence of phototrophic biofiims (Wagner and Loy,
2002; Ivnitsky et al., 2007; Egan et al., 2008; Roeselers
et al., 2008). Studies of the filamentous cyanobacterium,
Nostoc commune, which exhibits extreme resistance to
desiccation, UV irradiation and oxidation, established the
role of the extracellular matrix protein, WspA in its resist-
ance to harsh environmental conditions (Wright et al.,
2005). It has been suggested that this protein, which
binds the UV-absorbing pigment, scytonemin, allows this
cyanobacterium to cope with an adverse environment. An
additional study identified a glycoprotein that mediates
cell-cell interactions in Microcystis aeruginosa (Zilliges
etal, 2008), and provided important insight into the
mechanism of cell clustering in this cyanobacterium.
Synechococcus elongatus PCC7942 (hereafter,
S. elongatus) is a common model unicellular cyanobacte-
rium that exhibits a planktonic phenotype while grown
under bubbling or agitation. A single report documented
an isolate of this cyanobacterium that exhibits biofilm for-
mation; however, the nature of the molecular modification
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leading to biofilm development and the mechanism of
biofilm formation were not investigated (Jiang and
Ohtaguchi, 2006). Here, we report a self-suppression
mechanism of biofilm formation in S. elongatus and show
that components of a type Il protein secretion system
(T2S)/type IV pilus assembly system are essential for the
inhibitory process. Furthermore, we identified two genes,
the products of which are required for biofilm formation,
and demonstrated that their expression is governed by a
substance present in the extracellular milieu of wild-type
cells.

Results

Inactivation of the Synpcc7942_2071 gene results in
biofilm formation

We isolated a biofilm-forming mutant of S. elongatus in
the course of a screen for strains resistant to oxidative
stress. Molecular analysis indicated that the biofilm-
forming phenotype results from inactivation of the
gene, pcc7942_2071 (Experimental procedures), which
encodes a homologue of protein E of type Il secretion
systems (T2SE) or PilB of type IV pilus assembly apparati
[components of these complexes are homologous
(Peabody et al., 2003; Filloux, 2004; Cianciotto, 2005;
Johnson et al., 2006)]. Analysis of conserved domains
revealed that the protein encoded by this gene possesses

Fig. 2. Cryo-SEM reveals biofilms of T2SEQ.
A and B. Biofilms of the T2SE-mutant of Synechococcus elongatus.
C. Wild-type cells. Samples shown in B and C were chemically fixed prior to cryo-fixation (see Experimental procedures).

Fig. 1. Impairment of a homologue of subunit
E of type Il protein secretion systems (T2SE),
. results in a sessile phenotype.
M Wildtype A The T2SE-mutant (T2SEQ) adheres to the
B T2SEQ growth tube, in contrast to the wild-type strain,
which is characterized by planktonic growth.
Cultures shown are 7 days old.
B. Percentage of chlorophyll in the suspended
cells. Bars indicate average of four
independent cultures (+ standard deviation).

10

a P-loop NTPase domain, which is found in diverse pro-
teins including T2SE and PilB. Insertional inactivation of
pcc7942_2071 impaired protein secretion (see below)
and the gene is referred to as {2sE.

The T2SE null mutant (T2SEQ) showed a planktonic
phenotype at the exponential stage of growth; however,
once reaching the stationary phase, the cells adhered
to the glass tube, in contrast to the wild type, which
remained planktonic under the same conditions (Fig. 1A
and B). Some of the mutant cells (5—20%) remained
planktonic in stationary phase (Fig. 1B). This is not due
to heritable change, as the progeny of these planktonic
cells exhibited the typical phenotype of a T2SEQ culture
(Fig. S1A). The mechanism underlying this phenotype of
T2SEQ is, as yet, unknown. Inactivation of T2SE did not
affect biomass accumulation as measured by total chlo-
rophyll content (Fig. S1B).

Cryo-scanning electron  microscopy (cryo-SEM)
revealed that T2SEQ cells were encased in filamentous,
multi-layered networks (Fig. 2A and B), which in their
hydrated state, assumed a gelatinous appearance, as
indicated by environmental SEM (Fig. S2).

T2SE and PilC of S. elongatus are involved in
protein secretion

As noted above, the gene impaired in T2SEQ,
pcc7942_2071, encodes a homologue of subunit E of the
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Fig. 3. Conditioned medium of wild-type culture inhibits biofilm
formation. Chlorophyll in suspended cells following 14 days of
growth of wild-type (WT) or T2SEQ inoculated into fresh medium or
into cell-free conditioned medium from 8-day-old cultures (CM).
Conditioned medium was supplemented with nutrients. Asterisk
indicates that the medium was not replaced.

bacterial type Il protein secretion system. We therefore
examined the conditioned medium of the wild-type and
T2SEQ strains for the presence of extracellular proteins.

The results shown in Fig. S3A indicate that T2SE is
indeed involved in protein secretion. The two genes
present immediately downstream of t2sE (Fig. S3C)
encode homologues of components of type Il secretion or
type IV pilus assembly systems (as noted, subunits of
these complexes exhibit high similarity). The protein
encoded by pcc7942_2070 is annotated as PilT and the
product of pcc7942_2069 exhibits motif of T2SF and is
annotated as PilC. In order to examine possible involve-
ment of these genes in protein secretion and biofilm for-
mation we constructed and characterized the relevant
mutants. Inactivation of pcc7942_2069 resulted in a
sessile phenotype and impaired protein secretion, similar
to inactivation of t2sE (Fig. S3A and B; PilCQ). In contrast,
inactivation of pcc7942_2070 affected neither protein
secretion nor the planktonic nature of the culture (Fig.
S3A and B, PilTQ). This may be explained by functional
redundancy, since S. elongatus possesses two additional
genes encoding homologues of PilT (pcc7942_0847 and
pcc7942_2349).

The planktonic nature of the pilT-mutant and in con-
trary, biofilm formation obtained by inactivation of the
downstream gene pilC, negate the possibility of polar
effect of inactivation of pilT on pilC. Thus, it is inconceiv-
able that insertional inactivation of the further upstream
gene, t2sE, has a polar effect on pilC (see physical map
in Fig. S3C).

Interestingly, inactivation of t2sE rendered the mutant
non-transformable, contrary to the parental strain that
naturally takes up externally applied DNA. This phenotype
of the mutant may be explained in light of the similarity

between DNA uptake systems and type |l secretion/type
IV pilus assembly systems (Chen and Dubnau, 2004).

An inhibitory factor for biofilm formation is present in the
extracellular milieu of the wild type

As shown thus far, the genetic programme that underlies
biofilm formation is not manifested in the wild-type strain
under standard growth conditions. Since the biofilm-
forming mutants of S. elongatus are impaired in protein
secretion, we hypothesized that the wild-type strain
secretes a substance that inhibits biofilm formation. To
test this, we inoculated T2SEQ into cell-free conditioned
medium from an 8-day-old wild-type culture (hereafter
conditioned medium); under these conditions the mutant
did not form biofilms (Fig. 3). We also inoculated T2SEQ
cells into 8-day-old cell-free conditioned medium from a
T2SEQ culture to test if the manipulation of the T2SEQ
culture (centrifugation and resuspension) interferes with
the ability of this strain to form biofilms. Such conditioned
medium did not prevent biofilm formation (Figs 3 and
S4A), supporting the conclusion that at this stage of
growth, conditioned medium from the wild-type strain
contains an inhibitory compound not secreted by the
mutant. This substance is effective in prevention of
biofilm formation, but does not disperse a preformed
biofilm (Fig. S4B).

Conditioned medium of older cultures of T2SEQ (14
days) inhibited biofilm formation (Fig. S4A). This suggests
that T2SEQ is capable of synthesizing the inhibitory com-
pound at sufficiently high levels for inhibition of biofilm;
inactivation of {2sE either retards, but does not entirely
block, the secretion of the negative factor. Alternatively,
cell lysis in late stationary phase may allow for the release
of internal stores of this inhibitor.

Initial characterization indicated that the biofilm-
inhibiting substance is a heat stable compound, which is
resistant to protease treatment (Table 1). Furthermore,
this factor is of low molecular weight (< 3 kDa), thus, the

Table 1. Effect of various treatments of conditioned medium on
biofilm formation.

Biofilm
Growth conditions Treatment formation
Fresh medium None +

Conditioned medium None -
Autoclave (120°C, 45 min) -
Protease mixture -
3 kDa-filtrate -

Protease-treatment was performed using Pronase E from Sigma-
Aldrich (0.5%, 20 h, 37°C) following autoclave treatment for inactiva-
tion of the proteases. Minus symbol (-) indicates lack of biofilm
formation.
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Fig. 4. The genes pcc7942_1134 and
pcc7942_1133 are essential for biofilm
formation.

A. Physical map of the genomic region of
pcc7942_1134 and pcc7942_1133. The

domains of the pcc7942_1133 protein are
indicated. Asterisk denotes the putative
cleavage site of the pcc7942_1134 protein,
whereas ‘C’ designates the position of the
cysteine residue typically involved in
processing of a double-glycine containing
substrate.

B. Chlorophyll in suspended cells following 14
days of growth in wild-type culture (WT), and
cultures of the mutants T2SEQ, 1134Q,
1133Q, and the double mutants,
T2SEQ/1134Q and T2SEQ/1133Q.

WT  T2SEQ 1134Q 1133Q T2SEQY T2SEQY

1134Q

proteins detected in the extracellular milieu of the wild
type, which are absent in the case of the mutant (Fig. S3,
days 2 and 4), do not correspond to this inhibitor. Taken
together, it may be suggested that the inhibitor is a non-
peptide compound or a modified short peptide that
escaped the protease treatment.

Biofilm formation in S. elongatus requires the genes
pcc7942 1134 and pcc7942_1133

Thus far, we presented evidence for self-suppression of
biofilm development in S. elongatus. In addition, we
attempted to identify genes essential for the process of
biofilm formation once it is derepressed. A bioinformatics
approach aimed at identification of secreted peptides
revealed that the product of pcc7942_1134 is character-
ized by an N-terminus ‘double-glycine motif’ (Fig. S5).
Such a motif, which occurs just upstream of the cleavage
site of precursor peptides, was initially characterized in
secreted peptides of Gram-positive bacteria, but was later
shown to be present in Gram-negative bacteria as well
(Dirix et al., 2004). Importantly, a recent comprehensive
genome mining approach indicated the widespread
occurrence of such a secretion motif in cyanobacteria
(Wang et al., 2011). The putative precursor product of the
gene pcc7942_1134 is of 102 amino acids and cleavage
after the glycine motif should yield a short protein of 60
amino acids; however, further processing yielding a much
smaller active compound should not be excluded. The
gene immediately downstream of pcc7942_1134 encodes
a putative component of transporters, which process their
designated substrates by cleaving off the N-terminal
glycine-motif. The product of pcc7942_1133 possesses

11330

an N-terminal peptidase C-39 domain exhibiting the puta-
tive catalytic cysteine residue followed by a transmem-
brane binding domain and an ATP binding domain
(Fig. 4A).

Insertional inactivation was used to examine possible
involvement of the products of pcc7942_1134 and
pcc7942_1133 in biofilm formation. Inactivation on a wild-
type genetic background did not change the planktonic
nature of growth of the parental strain; however, biofilm
formation was abolished in the double T2SEQ/1134Q
mutant, as well as in T2SEQ/1133Q (Fig. 4B). To test for a
possible polar effect of the insertional inactivation of
pcc7942_1134 on the downstream gene (pcc7942_1133),
we constructed a T2SEQ/1134Q mutant possessing
pcc7942_1134 in trans. This strain formed a biofilm
(Fig. S6), demonstrating that both pcc7942_1134 and
pcc7942_1133 are required for biofilm formation.

Conditioned medium affects the transcript levels of
pcc7942 1134 and pcc7942_ 1133

RT-PCR analysis was used to follow changes in transcript
level from the genes pcc7942_1134 and pcc7942_1133
over time. Examination of pcc7942_1134 revealed that
T2SEQ cells, at a growth stage prior to biofilm formation,
exhibited a ~ 2.5-fold increase in transcript level com-
pared with wild type (Fig 5, day 1, Fresh Medium). High
transcript abundance from this gene (four- to fivefold
increase) was observed in both the suspended and the
sessile cells of T2SEQ (Fig 5).

Conditioned medium prevented biofiim formation
(Fig 3); thus, we tested its effect on transcript abundance
of these biofilm-essential genes. Initially, T2SEQ cultured
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Fig. 5. Transcript level of pcc7942_1134 and
pcc7942_1133 as affected by fresh or
conditioned-medium. Wild-type (WT) and
T2SEQ cultures were analysed. Transcript
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level of psbC, encoding CP43, a chlorophyll
binding protein of photosystem I, served to
normalize the data. ‘Induction fold’ indicates
transcript abundance relative to the level in
wild-type cells on the first day of growth in
fresh medium (depicted by the dashed
horizontal line). In cases where biofilm was
formed, the transcript level is shown for
suspended cells (S) and cells in the biofilm
(BF).

A. Gel image of PCR products of a
representative experiment.

B. Averages + standard deviations of data

Strain WT T2SEQ T2SEQ from three independent biological
experiments. In each bar-graph, different
Time, days 1 3 6 1 3% 3B8F g5 @gBF 1 3 6 letters assign statistical significance [One-way

B o 3 9

ANOVA multiple comparisons (Duncan’s test)
was employed. For 1134: P < 0.001. For 1133:
P < 0.00001].

Induction fold

in conditioned medium exhibited transcript levels compa-
rable to the wild type (Fig 5, day 1). Growth in conditioned
medium for a longer time resulted in increased transcript
abundance (compare days 3 and 6 with day 1), although
these culture conditions did not support biofilm formation
(Figs 3 and 5). Similar trends of changes in transcripts
abundance were observed for pcc7942_1133 (Fig 5).

Taken together, these data suggest that an increase
in transcript level of the genes, pcc7942_1134 and
pcc7942_1133, is required but not sufficient for biofilm
formation. Conditioned medium of wild-type cells inter-
feres with the initial accumulation of transcripts of these
essential genes, and thus prevents the formation of a
biofilm (Figs 3 and 5). Though accumulation of transcripts
of these genes is required to promote biofilm formation,
their presence may not be sufficient, as indicated by the
high transcript level in the subpopulation of T2SEQ that
grow in suspension.

Discussion

This study demonstrates a process of self-suppression of
biofilm development, which depends on an extracellular

biofilm inhibiting factor, thereby suggesting intercellular
communication as part of this mechanism. Possibly, the
inhibitory pathway of S. elongatus evolved to prevent
aggregation and thereby to maximize light absorption for
photosynthesis. Such a ‘community escape response’
was reported for the photosynthetic bacterium Rhodo-
bacter sphaeroides (Puskas et al., 1997). On the other
hand, biofilm formation may at times be advantageous
(e.g. cells in biofilms can withstand harsh conditions, and
metabolic cooperation within multispecies consortia is
beneficial). Thus, diverse cyanobacteria, including various
Synechococcus species, are found in microbial mats in
their natural habitats (Miller et al., 1998; Becker et al.,
2004; Kilian etal., 2007; Gorbushina and Broughton,
2009; Becraft et al., 2011). Possibly, in such open growth
niches the inhibitor may diffuse and thus may not reach an
effective concentration for prevention of biofilm develop-
ment. Additionally, the possibility that laboratory strains of
S. elongatus were selected for elevated secretion of the
inhibitor should not be excluded. Taken together, cyano-
bacteria exhibit a mechanism enabling them to control
their mode of existence, either in a sessile or in a plank-
tonic form of growth.

© 2012 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology, 15, 1786—-1794
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We suggest that a type Il system, in which T2SE and
PilC participate, is involved in secretion of an inhibitory
factor. As noted above, this substance is of low molecular
weight (< 3 kDa) and therefore, it may be suggested that
the T2S system directly secretes a small peptide that
prevents biofilm development, though typically, T2S appa-
rati secrete proteins. An additional possibility involves the
transport of an enzyme that is anchored to the outer cell
surface, which is required for the formation of the inhibi-
tory substance. Support for the latter scenario is gained
from a study implicating the second type Il secretion
system (stt) of the phytopathogen Dickeya dadantii, in
deposition of pectin lyase on the cell surface (Ferrandez
and Condemine, 2008).

The possibility that T2SE and PilC take part in pilus
assembly should not be excluded. Impairment of pili for-
mation or pilus retraction may promote biofilm formation
by hampering motility, thereby interfering with cell detach-
ment after the initial adherence to the surface (Burrows,
2012).

The extracellular milieu of certain bacteria was shown
to contain compounds that inhibit biofilm formation by
other, often distantly related bacteria (Kolodkin-Gal et al.,
2010; 2012; Rendueles and Ghigo, 2012). Some of these
compounds also cause self-inhibition of biofilm develop-
ment, specifically, capsular polysaccharides of particular
uropathogenic strains of Escherichia coli (Valle et al.,
2006), and D-amino acids (Kolodkin-Gal et al., 2010) and
norspermidine (Kolodkin-Gal et al., 2012) produced by
Bacillus subtilis. The biofilm inhibitors of B. subtilis also
lead to dispersal of an existing biofilm, in contrast to the
inhibitor of S. elongatus that was active only in preventing
biofilm development (Figs S4 and 3).

We also identified two genes, pcc7942_1133 and
pcc7942_1134, the products of which are essential for
biofilm formation (Fig. 4). The product of pcc7942_1134
possesses a glycine-motif shared by secreted small
proteins (Fig. S5), whereas, as suggested by its homology
(Fig. 4A), the product of pcc7942_1133 may take part
in secretion and processing of the pcc7942_1134 pro-
duct. Transcript abundance of both of these genes is
increased in the T2SEQ mutant (Fig. 5), whereas cultur-
ing the mutant in wild-type conditioned medium initially
decreased expression of these transcripts, although their
increase at later time points apparently does not allow
biofilm formation (Figs 3 and 5).

Our results are consistent with a mechanism of self-
suppression of biofilm development by an extracellular
substance that affects expression of genes essential for
biofilm formation. Conceivably, a T2S system secretes a
factor, which eventually leads to reduction in the transcript
level of the genes essential for biofilm development,
pcc7942_1134 and pcc7942_1133. Under these inhibitory
conditions, the gene products are not present at sufficient

levels to support biofilm development, and thus the wild-
type remains planktonic. Inactivation of the T2S system
releases the cell from the suppression imposed by the
extracellular inhibitor. Accordingly, elevated expression of
the genes pcc7942_1134 and pcc7942_1133 allows the
production, secretion and concomitant processing of the
pcc7942_1134 protein, yielding a product that is required
for biofilm development.

Experimental procedures

Strains, culture conditions and initial isolation of the
t2sE mutant

Synechococcus elongatus PCC7942 and all derived strains
were cultured in Pyrex tubes containing BG11 medium
(Stanier et al., 1971) buffered to pH 8.0 with 20 mM HEPES
(N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid) under
bubbling with 5% CO; in air. Incandescent light producing a
flux of 20 umole photons m?s™' was used as a light source.
The initial biofilm forming strain was isolated in the course
of a screen for mutants resistant to oxidative stress. This
mutant did not reproducibly exhibit the elevated resistance
to H,O, that was initially detected; thus, we did not continue
characterization of this aspect of the phenotype. The library
of mutants used for screening was raised by random trans-
poson insertion, as previously described (Sendersky et al.,
2005). Identification of the transposon insertion site in the
biofilm forming mutant was performed as follows: Genomic
DNA was digested with Pstl and ligated to pBluescript KS.
Transformants of E. coli (DH50) were selected in the pres-
ence of kanamycin; only clones containing the insert were
resistant to the antibiotic due to nptl/l included in the trans-
poson. The sequence of the genomic regions neighbouring
the transposon was determined using the transposon-
specific primers provided with the EZ::TNTM insertion Kit.
The transposon was found to be inserted 1072 nucleotides
after the beginning of the open reading frame (ORF) of
T2SE.

Molecular manipulations of cyanobacterial cells

Gene disruption by insertional inactivation was performed
by PCR-amplification of the relevant fragment, cloning
into pPGEM®T Easy vector (Promega), and insertion of an
antibiotic-resistance cassette. The resulting construct was
transformed into S. elongatus, and clones resistant to the
particular antibiotic were selected. PCR on genomic DNA
confirmed double homologous recombination and complete
chromosome segregation. Additional cloning information is
provided in Table S1 (see legend for details).

Inactivation of {2SE impaired the natural DNA competence
characterizing S. elongatus; thus, to obtain T2SEQ strains
with additional genetic changes, we initially introduced the
other molecular modifications and subsequently inactivated
t2skE. For example, to obtain the double mutant T2SEQ/
1134Q we transformed the 1134Q strain with a plasmid for
inactivation of t2sk. PCR was employed at each stage to
verify the desired genotype.

© 2012 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology, 15, 1786—-1794
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Analysis of secreted proteins, collection of
conditioned medium and chlorophyll measurement for
biofilm quantification

Media from 30 ml cultures was collected after centrifugation,
desiccated, and resuspended in 300 ul TE buffer supple-
mented with a protease inhibitor cocktail (Sigma). Samples
equivalent to 3 ml of the original media were boiled for 5 min,
separated on a Tris-Tricine gel (Schagger et al., 1988) and
detected using silver staining.

For collection of conditioned medium, cultures were centri-
fuged (5000 g, 10 min) at room temperature, and the super-
natant was removed and passed through 0.22 um filter. This
conditioned medium was supplemented with nutrients by
addition of medium stock solutions as in the preparation of
fresh growth medium.

For assessment of biofilm formation, cultures were initiated
at optical density (750 nm) of 0.5. The suspended fraction
was sampled for chlorophyll determination by extraction in
80% acetone (final concentration). Determination of chloro-
phyll in the biofilm was performed following removal of the
suspended fraction and addition of 80% acetone to the
sessile cells. Chlorophyll in the suspended cells as percent of
total chlorophyll served as a measure for biofilm formation.

RNA preparation and RT-PCR

RNA was prepared as previously described (Tu et al., 2004)
and treated with DNase (TURBO DNase, Ambion). Random
hexamers (Promega) were used to prime cDNA using 1.5 ug
RNA and reverse transcriptase (RevertAid, Fermentas). PCR
amplification was performed using specific primers (as indi-
cated in Table S1) and DNA polymerase (DreamTag, Fermen-
tas). Gel images were quantified using ImageJ. PCR samples
were diluted to meet the linear range of the signal.

Electron microscopy

For cryo-SEM analyses of the T2SEQ, Aclar slides were
placed into growth tubes containing the T2SEQ cultures (for
6 days) so that biofilms were formed on the slide. The slides
were then immersed into fixation buffer (3% paraformalde-
hyde, 2% gluteraldehyde, 1% sucrose, 5 mM CaCl,, 0.1 M
CaCO buffer), shaken for 1 h at room temperature and then
placed overnight at 4°C. Alternatively, biofilms of T2SEQ on
Aclar discs were cryo-fixed without prior chemical fixation.

Wild-type cells, which grow planktonically, could not be
grown directly on the slide; hence, the culture was mixed with
an equal volume of 2x fixation buffer and incubated as
described for T2SEQ. The cells were then concentrated
10-fold and adhered to slides that were pretreated with
poly-lysine.

All samples were washed in double-distilled water and
were plunged into liquid ethane using a custom made spring-
loaded plunger. The frozen samples were mounted on a
holder and transferred to a BAF 60 freeze fracture device
(Bal-Tec) using a VCT 100 Vacuum Cryo Transfer device
(Bal-Tec). Samples were freeze-dried at a temperature of
—100°C for 30 min and coated with 3 nm Pt/C by double axis
rotary shadowing. An additional backing layer of 5 nm carbon
was evaporated perpendicularly. Samples were transferred to

an Ultra 55 SEM (Zeiss, Germany), using a VCT 100 and
were observed using a secondary electron in-lens detector at
2-5 kV at a temperature of —120°C.

For analysis by environmental SEM, 8 mm diameter round
cover glass slides were placed into growth tubes containing
the T2SEQ cultures so that biofilms were formed on the
slides. The slides were then immersed into fixation buffer (3%
paraformaldehyde, 2% gluteraldehyde, 1% sucrose, 5 mM
CaCl2, 0.1 M CaCO buffer), shaken for 1 h at room temp then
placed overnight at 4°C. The specimen, immersed in water,
was placed in a holder and kept at 5°C on the Peltier stage of
the SEM chamber. The chamber was flooded three times at
pressures between 9.4 and 6 Torr, and then the excess water
was slowly evaporated near the dew point. After the Wet
Mode was completed, the slide was left overnight on the
bench for drying, then sputtered with gold to form a 15 nm
thick cover and observed again using the SEM.

Identification of a double glycine motif in ORF 1134

Multiple Expectation Maximization for motif Elicitation was
used to define a Position Specific Scoring Matrix based
on previously reported bacterial double-glycine motifs. The
matrix obtained was used to search the S. elongatus nucle-
otide database translated in six frames, using Motif Alignment
and Search Tool.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. A. Progeny of the planktonic cells of T2SEQ form
biofilms once re-inoculated into fresh medium. Chlorophyll
content in suspended cells following 14 days of growth of
wild-type (WT) or T2SEQ culture inoculated from suspended
cells.

B. Inactivation of T2SE does not affect biomass accumulation
as measured by total chlorophyll.

Fig. S2. Environmental SEM of T2SEQ. Hydrated sample
showing the gelatinous nature of the extracellular matrix sur-
rounding the cells (A), and sample following air drying over-
night (B).

Fig. S3. Impairment of protein secretion correlates with the
sessile phenotype.

© 2012 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology, 15, 1786—-1794

A. Conditioned media from wild-type (WT) and T2SEQ, PiITQ
and PilCQ cultures at different stages of growth, analysed by
gel electrophoresis followed by silver staining. Arrows indi-
cate molecular weight in kDa.

B. Percentage of chlorophyll in the suspended cells in WT,
T2SEQ, PIlTQ and PilCQ.

C. Physical map of pcc7942_2071 (encoding T2SE) and its
downstream genes (pcc7942_2070 and pcc7942_2069,
annotated as type Il secretion/type IV pilus assembly system
components, PilT and PilC). BamHI and HinDIll were used for
insertional inactivation of T2SE and PilC respectively. For
inactivation of PilT, the fragment between the Drall sites was
deleted, and replaced with a kanamycin resistance cassette.
Fig. S4. A. Biofilm inhibition by conditioned medium of the
T2SE-mutant (T2SEQ). Conditioned medium from 8-day-old
T2SEQ inhibits biofilm formation in contrast to conditioned
medium from 14-day-old mutant culture.

B. Conditioned medium from wild-type culture does not cause
dispersal of a preformed biofilm of T2SEQ. Biofilms of T2SEQ
(at the ninth day of growth) were re-suspended in either fresh
medium (FM) or conditioned medium of 14-day-old wild-type
culture (CM). The latter was confirmed to be active in pre-
vention of biofilm formation.

Fig. S5. Sequence of the double-glycine motif of the
product of pcc7942_1134 and selected secreted peptides.
Cerein7B of Bacillus cereus, EnterocinA and EnterocinB of
Enterococcus faceum, MicrocinE492 of Klebsiella pneumo-
nia, and Microcin24, MicrocinH47, and ColicinV of E. coli.
Black shading indicates the double-glycine or glycine-
alanine present just prior to the peptide cleavage site
(arrow). Positions typically occupied by hydrophobic or
hydrophilic amino acids are indicated by a circle and a
reversed triangle respectively.

Fig. S6. Biofilm formation in S. elongatus requires the genes
pcc7942_1134 and pcc7942_1133.

A. The genomic region of pcc7942_1134 and fragments used
for complementation of the double inactivated mutant,
T2SEQ/1134Q.

B. Biofilm formation by the different genotypes. Inactivation of
syn_PCC1134 in the T2SEQ mutant abolishes biofilm forma-
tion. A DNA fragment bearing pcc7942_1134 (EN2) comple-
ments the phenotype of the double mutant T2SEQ/1134Q
and restores capacity to form a biofilm. Deletion of most of
the coding sequence of pcc7942_1134 (EN4) yields a frag-
ment that does not support complementation of the T2SEQ/
1134Q strain.

Table S1. Summary of molecular manipulations.
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