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Bacteria form architecturally complex communities known as biofilms in which cells are held together
by an extracellular matrix. Biofilms harbor multiple cell types, and it has been proposed that within
biofilms individual cells follow different developmental pathways, resulting in heterogeneous populations.
Here we demonstrate cellular differentiation within biofilms of the spore-forming bacterium Bacillus subtilis,
and present evidence that formation of the biofilm governs differentiation. We show that motile,
matrix-producing, and sporulating cells localize to distinct regions within the biofilm, and that the
localization and percentage of each cell type is dynamic throughout development of the community.
Importantly, mutants that do not produce extracellular matrix form unstructured biofilms that are deficient in
sporulation. We propose that sporulation is a culminating feature of biofilm formation, and that spore
formation is coupled to the formation of an architecturally complex community of cells.
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Spatiotemporal regulation of gene expression is essential
for the development of multicellular organisms. Mount-
ing evidence indicates that the majority of bacteria have
the capacity to form multicellular surface-associated as-
semblages referred to as biofilms (O’Toole et al. 2000;
Stoodley et al. 2002). A hallmark of biofilms is that bac-
teria within them display increased resistance to antibi-
otics and environmental stresses, making them particu-
larly problematic in clinical and industrial settings (Wat-
nick and Kolter 2000; Kolter and Greenberg 2006). It has
been proposed that biofilms comprise a heterogeneous
population of individual cells that have followed differ-
ent developmental pathways (Lazazzera 2005; An and
Parsek 2007). However, there is limited direct evidence
for cellular differentiation within biofilms, and the pos-
sible impact of biofilm architecture on differentiation
has not been previously explored. We chose Bacillus sub-
tilis as a model organism to study differentiation within
a biofilm because it undergoes several well-characterized
developmental pathways (Dubnau and Losick 2006;
Smits et al. 2006).

In order to grow in multicellular biofilm communities,

bacteria often produce an extracellular matrix that holds
the community together. In B. subtilis, extracellular ma-
trix production is governed by the transcriptional repres-
sor SinR, which directly binds to the promoters of the
epsA-O and yqxM-sipW-tasA operons (Kearns et al.
2005) (henceforth eps and yqxM, respectively). These op-
erons encode the exopolysaccharide (EPS) and major pro-
tein (TasA) components of the matrix (Branda et al.
2006). At the initiation of biofilm formation, SinR is se-
questered by its antagonist SinI, resulting in the produc-
tion of the extracellular matrix (Kearns et al. 2005).
While sinR is expressed constitutively, sinI is under the
positive control of the phosphorylated form of the tran-
scription factor Spo0A (Shafikhani et al. 2002).

Spo0A is phosphorylated in response to conditions of
nutrient limitation via a complex phosphorelay (Burbu-
lys et al. 1991; Stephenson and Hoch 2002) and directly
or indirectly regulates the transcription of genes in-
volved in matrix production, motility, and sporulation
(Fig. 1A; Fujita et al. 2005). Inherent noise in gene ex-
pression and a positive feedback loop result in a bimodal
distribution in which some cells attain high levels of
Spo0A activity (Spo0A-ON cells) and other cells a rela-
tively low level (Spo0A-OFF cells) (Chung et al. 1994;
Gonzalez-Pastor et al. 2003; Dubnau and Losick 2006;
Veening et al. 2006b). Interestingly, this is not a simple
ON/OFF switch in that the level of the phosphoprotein
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rises gradually in cells that ultimately attain a high level
of Spo0A activity (Fujita and Losick 2005). As a conse-
quence of being regulated by Spo0A, SinI expression and
activity are also bimodal in liquid cultures (Chai et al.
2007). While the regulatory processes controlling B. sub-
tilis differentiation have been extensively characterized
in dispersed populations, little is known about how dis-
tinct cell types arise in multicellular biofilm communi-
ties.

B. subtilis biofilms develop on an agar surface as ar-
chitecturally complex colonies (Branda et al. 2001). Fig-
ure 1B (left panel) shows the development of a typical
biofilm over the course of 72 h. Mature biofilms form
aerial projections described as “fruiting body-like” be-
cause they serve as preferential sites for sporulation (Fig.
1B, right panel; Branda et al. 2001; Veening et al. 2006a).
In this paper, we analyze the spatial and temporal regu-

lation of gene expression within biofilms. We use fluo-
rescence reporters under the control of cell-type-specific
promoters, coupled with microscopy, to visualize the lo-
calization of three distinct physiological states within a
biofilm. We demonstrate that gene expression is spa-
tially and temporally regulated, and that at least three
cell types (motile, matrix-producing, and sporulating) co-
exist in a mature biofilm. Furthermore, we show that the
spatial and temporal regulation of gene expression is de-
fective in mutants that cannot produce extracellular ma-
trix and do not display complex architecture.

Results

Biofilms comprise heterogeneous populations

Our first goal was to determine the temporal dynamics
of cellular differentiation within a biofilm. Prior studies
have reported differential gene expression during biofilm
development; however, population heterogeneity has
not been taken into account in these analyses (Lazazzera
2005; An and Parsek 2007). We focused our studies on
three distinct cell types: motile, matrix-producing, and
sporulating. These cell types can be distinguished by
monitoring gene expression; hag encodes flagellin and is
essential for motility (Mirel and Chamberlin 1989), the
yqxM operon encodes the major protein component of
the extracellular matrix (Branda et al. 2006; Chu et al.
2006), and sspB encodes a small acid-soluble protein
found only in sporulating cells (see Fig. 1A; Setlow 1988).
The expression of these genes was followed by monitor-
ing fluorescence after fusing their promoters to genes
encoding fluorescent proteins. The fluorescence reporter
constructs were integrated into the amyE locus, a neu-
tral site on the B. subtilis chromosome (Guerout-Fleury
et al. 1996).

We determined the population dynamics of a B. sub-
tilis biofilm as a function of time by harvesting samples
from biofilms expressing Phag-yfp, PyqxM-yfp, or PsspB-yfp
reporters at 12, 24, 48, and 72 h of development. After
dispersing the biofilms, we used flow cytometry to quan-
tify the subpopulations expressing each reporter. Our re-
sults showed that at 12 h, early in biofilm formation, the
majority of the cells were motile. However, this popula-
tion diminished as the biofilm matured (Fig. 2A). Analy-
sis of cells expressing the matrix-specific promoter
showed a peak of expression at 24 h (Fig. 2B), while
sporulation did not commence until 48 h of biofilm for-

Figure 2. Flow cytometry analysis of cells expressing
Phag-yfp reporters (motility, blue shading) (A), PyqxM-yfp
reporters (matrix-production, red shading) (B), or PsspB-yfp
reporters (sporulation, orange shading) (C). Expression
was followed over a period of 72 h. In gray is the peak
for control cells with no yfp reporter. The Y-axis repre-
sents cell counts for each strain (30,000 cells were
counted) at 12-, 24-, 48-, and 72-h time points. The X-
axis is arbitrary units (AU) of fluorescence in a logarith-
mic scale.

Figure 1. (A) Working model of the regulation of differentia-
tion. Intracellular changes in the concentration of Spo0A∼P
regulate differential gene expression. While sporulation requires
high Spo0A∼P levels, the expression of SinI is achieved at lower
levels of Spo0A∼P. When expressed, SinI antagonizes SinR,
which directly represses genes involved in extracellular matrix
production. Spo0A∼P is also involved in repressing motility.
Solid lines indicate known regulatory mechanisms while the
dashed line indicates an unknown mechanism. The sspB, hag,
and yqxM genes are expressed in sporulating, motile, and
matrix-producing cells, respectively. (B) Top view of biofilm
development over time. The right panel is magnified to high-
light the aerial structures observed at 72 h. The boxed region
indicates the portion of the biofilm displayed later in Figure 3.
Bars, 1 mm.
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mation (Fig. 2C). These data indicate that gene expres-
sion is dynamic throughout biofilm development, and
that at least three distinct cell types coexist within a
mature biofilm.

Cells within a biofilm display spatiotemporal
organization

It is thought that biofilm structure results in microenvi-
ronments due to gradients of nutrients, oxygen, and self-
generated signals (Werner et al. 2004; Rani et al. 2007).
These microenvironments, coupled with the bistable
states described for many differentiation processes, have
been proposed to ultimately lead to different cell types in
specific regions of the biofilm (Raser and O’Shea 2005;
Kolter and Greenberg 2006). To determine if the motile,
matrix-producing, and sporulating cells localize to dis-
tinct regions of the biofilm, we used thin sectioning
coupled with fluorescence microscopy. It was necessary
to use thin sections because B. subtilis biofilms can have
a height of up to 1 mm, which is too thick to visualize
using live microscopy techniques. Analysis of vertical
sections of biofilms using fluorescence microscopy re-
vealed well-defined zones of gene expression for each of
the three cell types analyzed (Fig. 3). Consistent with our

flow cytometric analyses of disrupted biofilms, the im-
ages obtained showed that in young biofilms (12 h) the
majority of cells were motile. As time progressed, the
proportion of motile cells in the population was dramati-
cally reduced and the remaining cells expressing Phag-yfp
appeared to move to the base and edge of the biofilm (Fig.
3A). This localization was likely due to directed motility
because cells expressing a Phag-cfp reporter in mutant
strains that lack flagella or are defective in chemotaxis
remained dispersed throughout the biofilm (Fig. 4).

In marked contrast to the defined localization of mo-
tile cells, matrix-producing cells were present in patches
throughout the biofilm (Fig. 3B). These cells are respon-
sible for producing the extracellular matrix that holds
the community together and their random distribution
could facilitate maximal dispersal of the matrix through-
out the colony. While the flow cytometry data indicated
an overall decrease in matrix-producing cells in the en-
tire biofilm (from 65% at 48 h to 38% at 72 h), the den-
sity of matrix-producing cells was greater toward the
edge of the colony at 72 h (Fig. 3D). This difference ac-
counts for the seeming discrepancy between the quanti-
tative and visual data in Figure 3B, where only the edge
of the colony is shown.

Consistent with what has been reported previously
(Branda et al. 2001; Veening et al. 2006a), image analysis

Figure 3. Spatiotemporal analysis of differentiation within a biofilm. Vertical thin sections of biofilms harboring the indicated
reporter fusions. (Left) Biofilms were frozen at the indicated times of development prior to cryosectioning and fixation. Images
represent only partial colonies approximately encompassing the region magnified in Figure 1B. The edge of the colony is shown at the
left of the image, the agar surface is at the bottom. Transmitted light images (cells appear gray on the black background) were overlaid
with fluorescence images that were false-colored blue for motility (A), red for matrix production (B), and orange for sporulation (C). The
percentage of fluorescent cells was obtained by flow cytometry, and is indicated in the top left of each image. Percentages represent
the average obtained from three independent experiments. (D) Image of 72-h thin section from B encompassing the edge to the center
of the colony. Bars, 50 µm.
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of PsspB-yfp showed that sporulation occurs late and pref-
erentially in the aerial structures (Fig. 3C). While this
distribution might suggest that spores, or the process of
sporulation, contribute to both the architecture and spa-
tiotemporal organization of the biofilm, this is not the
case, as mutants unable to form spores (e.g., sigF) still
displayed wild-type architecture and spatiotemporal or-
ganization (data not shown). It should be noted that the
sspB gene, whose expression we used for quantification,
is expressed late in sporulation but not in mature spores.
Because spores are dormant cells in which there is little
or no gene expression, the PsspB-yfp gene is not expressed
to a visible level. Therefore, the percent of cells express-
ing PsspB-yfp is an underrepresentation of the percent of
cells that have undergone sporulation in the biofilm.

A defined cell lineage exists in biofilm development

Knowing that different cell types coexist within the bio-
film prompts questions regarding cell lineage. What is
the developmental history of individual cells that leads
to discrete subpopulations in the biofilm? To address
this question, we introduced pairwise combinations of
the transcriptional reporters described above into an in-
dividual strain. Fluorescence is used as a proxy for tran-

scription of the cell-type-specific promoters. The fluo-
rescent proteins we use are unstable under these condi-
tions since we are able to observe the loss of fluorescence
within as little as a 1-h period. As outlined in Figure 1A,
in the absence of SinI, SinR represses matrix production.
As levels of Spo0A∼P increase, SinI is produced and an-
tagonizes SinR resulting in matrix production. At the

Figure 5. Developmental history of cells within a biofilm.
Time-lapse images of cells harboring dual reporter fusions. (A)
Images of cells harboring Phag-cfp (motile cells, blue) and PyqxM-yfp
(matrix-producing cells, red) were taken every 1 h. Arrow indi-
cates a motile cell transitioning to matrix-producing cell. (B)
Images of cells harboring PyqxM-cfp (matrix-producing cells, red)
and PsspB-yfp (sporulating cells, green) were taken every 2 h.
Arrow highlights a cell initiating matrix production and then
transitioning to a sporulating cell. (C) Images of cells harboring
Phag-cfp (motile cells, blue) and PsspB-yfp (sporulating cells, or-
ange) were taken every 2 h. The majority of the sporulating cells
arise from nonmotile cells, indicated by the white arrow. The
arrowhead highlights an example of the minority of motile cells
that initiate sporulation. (D,E) Thin sections of 48-h colonies
from cells harboring dual reporters. Images formatted as in Fig-
ure 3. In D, motile cells (blue) appear in distinct regions relative
to sporulating cells (orange), whereas in E, matrix-producing
cells (red) overlap with the region of sporulating cells (green).
Bars: A–C, 5 µm; D,E, 50 µm.

Figure 4. Motility is required for proper localization of Phag-cfp-
expressing cells (blue). Vertical thin sections of biofilms har-
vested at 48 h of development. hag encodes flagellin, and cheA
and cheY are necessary for chemotaxis. Colony orientation is as
in Figure 3. Bar, 50 µm.
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same time, Spo0A∼P indirectly represses motility gene
expression and motility ceases. Thus, this model pre-
dicts that as an individual cell represses motility it
should begin to produce a matrix. To test this prediction,
we followed cell fate in live biofilms by monitoring the
expression of Phag-cfp and PyqxM-yfp using time-lapse
microscopy. Indeed, the prediction was confirmed and
we did not observe coexpression of the reporters in these
experiments. Rather, as time progressed, motile cells
switched to become matrix-producing cells (Fig. 5A).
This process is not irreversible, however, as we did ob-
serve a few cells transition from a matrix-producing state
back to a motile state (data not shown).

As biofilm development continues and sporulating
cells begin to arise, do they come from motile cells,
matrix-producing cells, or both? We analyzed this cell-
fate determination pathway using two strains, one with
PsspB-yfp and PyqxM-cfp and the other with PsspB-yfp and
Phag-cfp. We observed that most sporulating cells were
derived from matrix-producing cells (Fig. 5B) with very
few sporulating cells arising from motile cells (Fig. 5C).
Thus, under these conditions, motile cells differentiate
into matrix-producing cells, which in turn, give rise to
sporulating cells. This specific cell lineage was strikingly
evident when the spatial distribution of expression in
the double fusion strains was analyzed in mature bio-
films. In vertical thin sections motile and sporulating
cells were physically separated (Fig. 5D), while matrix-
producing and sporulating cells had a region of overlap
(Fig. 5E).

An extracellular matrix is required for differentiation
of cells within the biofilm

Given the cell lineage described above, we wondered if
arresting development by blocking extracellular matrix
production would also lead to an arrest in the develop-

ment of spores. In fact, blocking matrix production with
a deletion of tasA results in severely defective architec-
ture (Branda et al. 2006) and markedly reduced spore for-
mation within the biofilm (Fig. 6). Inspection of the
anatomy of a tasA mutant biofilm using the reporter
fusions and thin sectioning revealed dramatic alterations
in the amount and localization of the three cell types at
72 h. In the mutant biofilm, there was a massive de-
crease in the expression of the motility-specific reporter
relative to wild type (cf. Figs. 6A and 3A, bottom panels).
The few cells that did express Phag-yfp were not localized
to the base of the biofilm as was observed in wild-type
colonies. Instead, we observed that many cells in the
biofilm expressed PyqxM-yfp (Fig. 6B). Using flow cytom-
etry we analyzed the dynamics of gene expression over
the course of biofilm development and observed that
even early in biofilm formation (12 h) a subpopulation of
cells expressed the matrix-reporter PyqxM-yfp at high lev-
els in the tasA mutant relative to the wild type (Fig. 6E,
12-h trace). Concomitant with the increase of matrix-
producing cells, we observed a dramatic decrease in mo-
tility gene expression at the 12 h time point (Fig. 6D). A
subpopulation of cells expressing PyqxM-yfp highly was
maintained in the tasA mutant for all time points (Fig.
6E). Strikingly, in both thin-sectioning and flow cytom-
etry analyses, there were virtually no sporulating cells in
the matrix-deficient biofilm (Fig. 6C,F).

In order to better understand the nature of the sporu-
lation defect in the tasA mutant biofilm we assayed the
expression of genes that should be activated early in the
sporulation pathway. Specifically, we were interested in
determining if the decreased expression of PsspB

stemmed from decreased Spo0A activity. To this end, we
generated a GFP reporter under the control of the spoIIG
promoter and introduced it into wild-type or tasA mu-
tant cells. spoIIG is directly induced by high levels of
Spo0A∼P (Fujita et al. 2005). We harvested biofilm

Figure 6. The effect of an altered extracellu-
lar matrix (tasA) on spatiotemporal regulation
of gene expression. (A–C) Thin sections of
72-h tasA mutant biofilms harboring the in-
dicated reporters. False coloring for each re-
porter and colony orientation is as in Figure 3.
The percent of cells expressing each reporter
obtained by flow cytometry is indicated in the
bottom left corner of each image. Bar, 50 µm.
(D–F) Dynamics of gene expression are altered
in a matrix-deficient mutant. Flow cytometry
analysis as in Figure 2. Wild-type (left panels)
versus tasA mutant (right panels) cells ob-
tained from biofilms harvested at 12, 24, 48,
or 72 h. Gray peak indicates fluorescence in-
tensity of cells with no fluorescent reporter.
Reporters used are Phag-yfp for motility (D),
PyqxM-yfp for matrix production (E), and
PsspB-yfp for sporulation (F). Dashed gray lines
bracket low fluorescence levels. To the left
are cells not expressing the reporters, and to
the right are cells expressing high levels of
fluorescence.
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samples at 12–48 h and observed that there was negli-
gible expression of PspoIIG-gfp in the tasA mutant for all
time points. Figure 7A shows expression of PspoIIG-gfp in
the tasA mutant compared with wild type at 36 h, the
time that we observe a peak of expression in wild-type
cells.

Does the reduced expression of sporulation-specific
genes in the matrix-deficient tasA mutant also result in
a decreased number of mature spores? Prior results show
that tasA mutants are not defective in sporulation in
liquid culture (Stover and Driks 1999). Thus, any de-
crease in the number of spores in a tasA mutant colony
would indicate that the defect was biofilm-specific. In-

deed, we found that after 72 h there was a dramatic de-
crease in the number of spores in the tasA mutant bio-
films, but not in liquid culture (Fig. 7B). This result in-
dicates that the matrix is not required for sporulation per
se, but rather that normal progression through the devel-
opmental pathway is essential for proper sporulation in
biofilms. Similar results were obtained with a mutant
that cannot produce exopolysaccharide (eps) (Fig. 7B).
Therefore, under these biofilm-forming conditions, pro-
gression through the developmental pathway is essential
not only for producing architecture, but also for sporu-
lation.

Sporulation can be restored by extracellular
complementation of the matrix

It has been shown previously that the extracellular ma-
trix is a resource that can be shared by the population
and that colony architecture can be partially restored by
coculturing tasA and eps mutant cells (Branda et al.
2006). To determine if sporulation could be restored in
the matrix-deficient mutant biofilms, we cocultured
tasA or eps mutant cells that do not produce an extra-
cellular matrix with sigF mutant cells that produce wild-
type matrix but are unable to sporulate. Mixing the wild
type (data not shown) or tasA, or eps mutant at a 1:1 ratio
with the sigF mutant resulted in colonies with wild-type
architecture (Fig. 7C). While the tasA and eps mutant
biofilms each displayed a dramatic sporulation defect on
their own, sporulation was restored by coculturing with
the sigF strain (Fig. 7B, gray bars). As a control, we con-
firmed that the spores obtained from coculturing were
resistant to the expected antibiotics for matrix-deficient
mutants (data not shown).

Discussion

The results presented in this work show that cellular
differentiation within a biofilm occurs with a high de-
gree of spatiotemporal organization. It has been proposed
that biofilms comprise heterogeneous populations that
are distinct from what is observed in dispersed popula-
tions, our results now provide direct evidence to support
this proposal. For example, it was recently shown that
only 2% of cells in a dispersed population express PyqxM

(Chai et al. 2007). Here we show that this population
distribution is dramatically altered in the structured en-
vironment of a biofilm, and that the spatiotemporal ex-
pression pattern is dynamic throughout biofilm forma-
tion. Furthermore, using time-lapse microscopy, we ob-
served that cells appear to follow a defined lineage as the
biofilm develops: Motile cells transition to matrix-pro-
ducing cells, which ultimately differentiate into sporu-
lating cells.

The requirement of a wild-type extracellular matrix
for sporulation to occur efficiently within a biofilm in-
dicates that the production of spores is somehow linked
to the formation of an architecturally complex commu-
nity. It was particularly interesting that the sporulation

Figure 7. The effect of an altered extracellular matrix on gene
expression, sporulation, and biofilm architecture. (A) Flow
cytometry analysis of PspoIIG-gfp expression as in Figure 2. Wild-
type (blue line) and tasA mutant (red line) cells obtained from
biofilms harvested at 36 h. Gray peak indicates fluorescence
intensity of cells with no fluorescent reporter. (B) Viable spore
counts comparing mutants in matrix production (tasA and eps)
to wild-type percent of spores in biofilms (black bars) or liquid
cultures (white bars). Sporulation was restored by coculturing
the different strains with a nonsporulating (sigF) mutant (gray
bars). Error bars indicate SEM. (C) Coculturing restores biofilm
architecture to matrix-deficient mutants. Top view of biofilms
from wild-type, tasA, and eps (top panels) and sigF and cocul-
tures of tasA or eps cells mixed at a 1:1 ratio with a sigF mutant
(bottom panels) after 72 h of incubation at 30°C. Bar, 1 cm.
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defect was only observed in the context of a biofilm and
not in dispersed culture. The molecular basis for this
difference is not known, but an appealing hypothesis is
that the energy required for the matrix production cre-
ates local regions (microenvironments) within the static
structure of the biofilm in which nutrients are severely
depleted. Nutrient depletion in these microenviron-
ments could stimulate the activation of Spo0A to high
levels and hence trigger spore formation. Perhaps within
the context of the biofilm the generation of local regions
of nutrient depletion serves as a developmental check-
point that ties an early step in sporulation (Spo0A acti-
vation) to the successful production of an extracellular
matrix. Under conditions that the extracellular matrix is
not produced the onset of sporulation would thus be de-
layed or halted.

While the mechanism by which this sporulation arrest
might occur is unknown, it is possible that, in the ab-
sence of a matrix, signals required for activating sporu-
lation-specific genes are either not produced or not
sensed. We observed a decrease in the expression of
spoIIG, a gene that is directly induced by high levels of
Spo0A∼P, in a tasA mutant biofilm relative to wild-type
cells. This suggests that the block in sporulation occurs
upstream of Spo0A phosphorylation. We hypothesize
that in the tasA mutant the Spo0A∼P concentration is
maintained at a low level and does not reach the high
level required for sporulation. This is consistent with the
observed increase of PyqxM expression, which is active at
lower levels of Spo0A∼P. Conceivably, matrix produc-
tion is a significantly important drain on the energy re-
sources, and hence the nutrient status of the commu-
nity, such that in the absence of TasA production nutri-
ents are insufficiently depleted to promote high level
accumulation of Spo0A∼P. If so, then exhaustion of nu-
trients by the production of matrix would be the cue that
triggers spore formation. In support of this hypothesis is
the fact that a SinR mutant (which overproduces both
the EPS and TasA components of the matrix) displays
early expression of the Spo0A-regulated gene spoIIA rela-
tive to wild type (Veening et al. 2006a).

The coupling of sporulation with multicellular devel-
opment has also been observed in other microorganisms.
For example, Myxococcus xanthus is a multicellular bac-
terium that sporulates when starved, but sporulation
only commences after the cells aggregate into macro-
scopic fruiting bodies (Sogaard-Andersen et al. 2003).
Likewise, the filamentous bacterium Streptomyces coe-
licolor produces spores in raised structures known as
aerial mycelia, and spore formation is normally depen-
dent on the formation of the upwardly projecting hyphae
(Chater 2001). Thus, mechanisms that tie sporulation
to the formation of intricate multicellular communities
appear to be a shared feature of otherwise unrelated de-
velopmental processes. This is not limited to prokary-
otes; in Basidiomycetes such as Coprinus cinereus, fruit-
ing bodies comprise raised mushroom structures that
harbor many different cell types including fungal sexual
spores (Kues 2000).

Phenotypic heterogeneity observed in dispersed clonal

populations of bacteria has been attributed to stochastic
gene expression (Dubnau and Losick 2006). These sto-
chastic processes may render the biofilm-associated cells
more responsive to subtle changes in external cues,
eventually leading to the observed spatiotemporal orga-
nization of cells within the biofilm. We propose that,
similar to eukaryotic development, a complex interplay
between stochastic gene expression and environmental
conditions functions to generate the morphologically
complex and differentiated structures observed in bio-
films.

Materials and methods

Strains, media, and culture conditions

Strains used in the study are listed in Supplemental Table 1.
The B. subtilis strain NCIB3610 was used as the wild-type
strain. For routine growth and spore quantification, cells were
propagated on Luria-Bertani (LB) medium. For biofilm assays,
cells were scraped from overnight growth on LB plates, resus-
pended in LB liquid medium to an A600 of 1, and 2 µL were
spotted on MSgg solid medium (Branda et al. 2001). Biofilms
were incubated at 30°C for the indicated times. Antibiotic con-
centrations (final) were as follows: MLS (1 µg mL−1 erythromy-
cin, 25 µg mL−1 lincomycin), spectinomycin (100 µg mL−1), tet-
racycline (10 µg mL−1), and kanamycin (10 µg mL−1).

Strain and plasmid construction

The long-flanking homology PCR (LFH–PCR) technique was
used for creating deletion mutations. Primers used to create a
tasA�kan gene replacement constructs were as follows (5� to
3�): FtasADOb (GATGGAGCCGGAGTTCAATA), RtasADOb
(CCTATCACCTCAAATGGTTCGCTGAACCTGTTGCCAG
GTTTACAA), FtasAUPb (CGAGCGCCTACGAGGAATTTG
TATCGAAGGACGGCCCAGTATTCA), RtasAUPb (ACATT
GATTGGCCAGCGTAT). Primers used to create a hag�kan
gene replacement constructs were as follows (5� to 3�): FhagDOb
(GGGATCAACTTTGGGAGAGAGTTCCAAAACGTACTTC
AATTATTAC), RhagDOb (GAGTCCTCTATTACCTTTAC),
FhagUPb (CAATATTGACTATGGCAGAGC), RhagUPb (GA
GAACAACCTGCACCATTGCAAGAGTTAATTCTCATTG
TTTTGTTCC). For the sporulation-defective mutants, B. sub-
tilis PY79 mutant ZK2771 (sigF�kan) was used as donor strain
for transferring the mutant allele into the B. subtilis strain
NCIB3610 by means of SPP1-mediated generalized transduction
(Yasbin and Young 1974).

Plasmids were constructed using standard methods and am-
plified in Escherichia coli DH5�. PCR fragments were amplified
from NCIB3610 chromosomal DNA, using Pfu DNA polymer-
ase. Oligonucleotides primers were purchased from IDT. To
construct pHV115 (amyE�Phag-yfp spc), a 258-base-pair (bp)
DNA fragment containing the promoter sequence of hag was
amplified using the primers PhagF (CCGGAATTCGAATT
GACGCCCCAAAGCATATTG) and PhagR (GGCAAGCTTCT
GAATATGTTGTTAAGGCACGTC). The PCR fragment was
digested with EcoRI and HindIII, and cloned into pKM003, a cut
with the same enzymes. The same PCR fragment was cloned
into pKM008 to generate pHV101 (Phag-cfp). To construct
pHV100 (amyE�PsspB-yfp spc), a 240-bp DNA fragment contain-
ing the promoter sequence of sspB was amplified using the
primers PsspBF (CCGGAATTCCAAACGAGATACATGAACT
GATG) and PsspBR (GGCAAGCTTCTTTTTATTTAGTATG
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GTTGGG). The PCR fragment was digested with EcoRI and
HindIII, and cloned into pKM003, digested with the same
enzymes. To construct pCA100 (amyE�PyqxM-yfp spc), a 482-bp
DNA fragment containing the promoter sequence of the yqxM-
sipW-tasA operon was amplified using the primers PyqxMF (TG
GCGAATTCTCAGAGTTAAATGGTATTGCTTCACT) and
PyqxMR (GCCTAAGCTTGTAAAACACTGTAACTTGATAT
GACAA). The PCR fragment was digested with EcoRI and
HindIII and cloned into pKM003, digested with the same en-
zymes. The same PCR fragment was cloned into pKM008 to
generate pCA101 (PyqxM-cfp). For integration at the lacA locus,
promoter fusions were cloned into the vector pDR183 (Doan et
al. 2005). To construct strains with the amyE�PspoIIG-gfp con-
struct, cells were transduced with a SPP1 lysate from the donor
RL2453.

Gene replacement mutations and plasmids were transferred
to the 168 genetic background by transformation (Cutting and
Vander Horn 1990). Transformants were selected with the ap-
propriate antibiotics for a double crossover recombination at the
amyE or the lacA locus (Guerout-Fleury et al. 1996; Hartl et al.
2001). Promoter fusions were then transferred to NCIB 3610 by
SPP1-mediated generalized transduction (Yasbin and Young
1974).

Thin sectioning

A sample of biofilms and agar was harvested from MSgg plates
and transferred to a Tissue-Tek Cryomold biopsy disposable
vinyl specimen mold (#4565), overlaid with Tissue-Tek O.C.T
Compound (#4583), and fast-frozen in a dry-ice/ethanol bath.
The frozen samples were stored at −80°C. Frozen samples were
sliced into 8-µm-thick sections using an IEC Minot custom mi-
crotome set to −20°C equipped with a Lipshaw blade (3536).
Thin sections were placed on VWR Superfrost Plus (#48311-703)
electrostatically charged slides, air-dried, and fixed in 4% para-
formaldehyde in PBS (pH 7.4) for 15 min prior to adding aqueous
mounting medium (0.5% N-propyl gallate [Sigma], 50% glyc-
erol, PBS at pH 7.4) and covering with a no. 1.5 coverslip. Fixed
thin sections were stored at −80°C prior to imaging.

Image analysis

Whole colonies (Figs. 1B, 7B) were photographed at low magni-
fication (0.8×) using a Stemi SV6 stereomicroscope (Zeiss)
equipped with a 1.0× Achromat S objective lens, an AxioCam
charge-coupled device (CCD) video camera system (Zeiss), and a
computer interface. Data were captured using Axiovision suite
software (Zeiss). Aerial structures along the peripheral edges of
the colonies were photographed at higher magnification (5×)
using the same equipment.

Fluorescence images were obtained using a Nikon TE-2000U
inverted microscope equipped with a 20× Plan Apo objective
(Figs. 3, 4, 6A–C) or 60× Plan Apo oil objective (Fig. 5) with DIC
and fluorescence optics. Fluorescence images were collected us-
ing a CFP/YFP dual-band filter set (Chroma #52017). Images
were acquired digitally using a cooled, CCD camera (Hama-
matsu Corp.) and were analyzed with Metamorph 6.1 (Molecu-
lar Devices). All images were taken at the same exposure time,
processed identically for compared image sets, and prepared for
presentation using Photoshop 7.0 (Adobe Systems, Inc.).

Wild-type biofilms containing no fluorescent fusions were
analyzed in each experiment to determine the background fluo-
rescence for both CFP and YFP. The expression patterns of each
promoter were assessed in cells containing single reporters with
each promoter fused to cfp or yfp to control for possible varia-
tion introduced by the different reporter molecules. Addition-

ally, the expression of each fusion was assessed when inserted at
the amyE or lacA locus to control for potential variation of
expression due to differences in chromosome structure at the
different regions.

For time-lapse images, 2 µL of a cell suspension were pipetted
onto MSgg diluted 1:100 in water fortified with 1.5% agar and
allowed to dry prior to inverting onto the coverslip of a glass-
bottom culture dish (Mat Tek #P35G-1.5-14-C) and sealing with
parafilm. The 1:100 diluted MSgg was used in order to initiate
sporulation while cells were still in a monolayer. Images were
taken automatically using Metamorph 6.1 (Molecular Devices).
Transmitted light, CFP, and YFP images were acquired every 30
min for up to 24 h.

Flow cytometry

Biofilms were scraped from the surface of the agar plate and
resuspended in 500 µL of PBS buffer. Biofilms were then imme-
diately disrupted by repetitive passes through a 23g1 needle and
fixed in 4% paraformaldehyde for 7 min. After fixation, cells
were washed with PBS, resuspended in GTE buffer (50 mM Glu-
cose, 10 mM EDTA at pH 8, 20 mM Tris-HCl at pH 8), and
stored at 4°C. Prior to flow cytometric analysis, cells were sub-
jected to mild sonication in conditions that disrupt the cells
from the extracellular matrix, but that do not lyse cells at de-
tectable levels (Branda et al. 2006). This procedure gave a prepa-
ration of single cells, as confirmed by light microscopy.

For flow cytometric analysis, cells were diluted in PBS and
directly measured on a BD LSR II flow cytometer (BD Biosci-
ences) operating a solid-state laser at 488 nm. For each sample,
at least 30,000 events were analyzed. Data containing the fluo-
rescent signals were collected by a 505LP and a 530/30-bp filter,
and the photomultiplier voltage was set between 300 and 500 V.
Data were captured using FACS Diva software (BD Biosciences)
and further analyzed using FlowJo 8.5.2 software (http://www.
flowjo.com). Figures were prepared for publication using FlowJo
8.5.2 and Adobe Illustrator CS2 12.0.1.

Spore quantification

Cells were divided into two groups: The first group (liquid) was
grown in MSgg liquid medium with agitation, and the second
group (biofilm) was grown on MSgg medium fortified with 1.5%
agar. Samples of cells were taken after 72 h and subjected to
mild sonication conditions to obtain single cells as described for
flow cytometry preparation. The optical density of each prepa-
ration was normalized to OD600 of 1 after sonication. To kill
vegetative cells, the normalized preparations were incubated for
20 min at 80°C. To determine viable cell counts, serial dilutions
were plated from the normalized preparation before and after
the 80°C incubation.

For cocultured biofilms of matrix-deficient (tasA or eps) mu-
tants with the sigF sporulation-deficient mutant, starting cul-
tures were adjusted to an OD600 of 1 and mixed at a 1:1 ratio
prior to spotting 2 µL on MSgg medium fortified with 1.5% agar.
Sporulation was assayed as described for individual strains.
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