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Bioﬁlms represent the predominant mode of microbial growth in the
natural environment. Bacillus subtilis is a ubiquitous Gram-positive
soil bacterium that functions as an effective plant growthpromoting agent. The bioﬁlm matrix is composed of an exopolysaccharide and an amyloid ﬁber-forming protein, TasA, and
assembles with the aid of a small secreted protein, BslA. Here
we show that natively synthesized and secreted BslA forms surface layers around the bioﬁlm. Biophysical analysis demonstrates
that BslA can self-assemble at interfaces, forming an elastic ﬁlm.
Molecular function is revealed from analysis of the crystal structure of BslA, which consists of an Ig-type fold with the addition of
an unusual, extremely hydrophobic “cap” region. A combination
of in vivo bioﬁlm formation and in vitro biophysical analysis demonstrates that the central hydrophobic residues of the cap are
essential to allow a hydrophobic, nonwetting bioﬁlm to form as
they control the surface activity of the BslA protein. The hydrophobic cap exhibits physiochemical properties remarkably similar
to the hydrophobic surface found in fungal hydrophobins; thus,
BslA is a structurally deﬁned bacterial hydrophobin. We suggest
that bioﬁlms formed by other species of bacteria may have evolved
similar mechanisms to provide protection to the resident bacterial
community.
bioﬁlm surface protein
bioﬁlm hydrophobicity
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ioﬁlms are communities of microbial cells encased in a selfproduced extracellular matrix (1–3). They are implicated in
the majority of chronic infections (4) but conversely have critical
roles in bioremediation (5) and biocontrol processes (6, 7).
Bioﬁlms are also thought to be one of the main repositories of
bacteria in natural environments such as soil and water (8). It is
well established that bioﬁlm formation and disassembly are
tightly regulated. The genetic pathways responsible, and the
corresponding impact on bioﬁlm structure, have been elucidated
for many species of Gram-positive (9–11) and Gram-negative
bacteria (12, 13). A deﬁning feature common to bioﬁlms from
different species is the production of the extracellular matrix
that is typically composed of proteins, exopolysaccharides, and
nucleic acids (1, 14). Little is known about the 3D organization
of components of the matrix, how they interact with the cells in
the bioﬁlm, and how they interact with each other (1). However,
recent examination of the “microanatomy” of Escherichia coli
rugose colonies has started to elucidate the organization and
architecture of the matrix components in these bioﬁlms (15, 16).
Many bacterial species reside in the rhizosphere in direct
contact with plant roots. In this environment bacteria can be
either pathogenic or symbiotic (17). The Gram-positive soil bacterium Bacillus subtilis is one such symbiont. It produces compounds that stimulate plant growth and defense mechanisms, as
well as more traditional antibacterial compounds (as reviewed in
refs. 7 and 18). Furthermore, it seems that the ability of B. subtilis
to function as a biocontrol agent in the rhizosphere and reduce
infection by fungal and bacterial pathogens is dependent on its
bioﬁlm formation capability (18, 19). In the laboratory, B. subtilis
has the ability to form different types of bioﬁlms: complex colonies
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on the surface of agar plates and ﬂoating bioﬁlms (pellicles) at the
air-to-liquid interface. The bioﬁlm matrix produced by B. subtilis is
needed for each bioﬁlm type and has two main components: an
exopolysaccharide (EPS) and an amyloid ﬁber-producing protein,
TasA. The matrix assembles with the aid of a small protein, BslA
(previously called YuaB) (20–23). The complex colony bioﬁlms
formed by B. subtilis have been shown to be highly hydrophobic
(24), evidenced by the nonwetting nature that is observed upon
the addition of a water droplet. This behavior extends to wetting
by aqueous solutions of organic solvents, including 60% ethanol
(24), suggestive of a protective role of the bioﬁlm matrix against
environmental threats. The hydrophobicity of the colony has been
attributed to both the EPS (24) and BslA (22) components that
are needed for bioﬁlm formation. It has also been proposed that
surface hydrophobicity may play a role in the protective nature of
the B. subtilis bioﬁlm formed on plant roots (24).
Here we show that native BslA forms an elastic ﬁlm at the
interfaces of the B. subtilis bioﬁlms and that puriﬁed BslA can
spontaneously self-assemble at interfaces in vitro. We reveal that
the structure of BslA contains an unusual type of Ig-like fold and
possesses a striking hydrophobic “cap” with physiochemical properties reminiscent of the hydrophobic surfaces found in fungal
hydrophobins. A combination of in vivo genetic analysis and in
vitro biophysical analyses demonstrates that the hydrophobic
domain of BslA is responsible for the hydrophobicity of the colony
bioﬁlms by inﬂuencing the stability of the surface layer structures.
Taken together, the data presented herein deﬁne BslA as a
member of a unique class of bacterially produced hydrophobins.
Results
BslA Coats the Air–Cell and Agar–Cell Interfaces of a Complex Colony.

To gain functional insight regarding the role of BslA, the native
protein was localized in situ within the colony bioﬁlm using an
immunoﬂuorescence-based detection method (SI Materials and
Methods). Strikingly, the majority of BslA formed a discrete layer
at both the agar–cell and air–cell interfaces, surrounding the cells
within the bioﬁlm colony (Fig. 1). These ﬁndings are consistent
with recent studies investigating the localization of puriﬁed ﬂuorescently labeled BslA after heterologous addition to the colony
bioﬁlm (22). The BslA “coat” seems more compact at the top
air–cell edge of the colony compared with the base of the colony
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Fig. 1. In situ analysis of BslA localization in the
complex colony bioﬁlm. Confocal scanning laser microscopy images of cross-sections through complex
colonies formed by either (A and C) wild-type cells
(3610, sacA::Phy-spank-gfp; NRS1473) or (B and D) the
bslA mutant strain (3610, bslA::cat, sacA::Phy-spank-gfp;
NRS3812). The smaller images show the region highlighted by the white box at higher magniﬁcation.
Fluorescence from the GFP within the cells is shown in
green in the large panels and in the merged images
and the ﬂuorescence associated with DyLight594,
representing immuno-labeled BslA staining, is shown
in red. (Scale bar, 50 μm.)

BslA Is Localized at the Liquid–Cell Interface in a Floating Bioﬁlm. The
in situ immunoﬂuorescence technique used above was modiﬁed
to analyze the localization of BslA in the pellicle bioﬁlm. The
mature pellicle was immobilized on a microscope coverslip using
concanavalin A (25) and immunoﬂuorescence analysis revealed a
distinctive pattern of BslA-speciﬁc staining at the base of the
pellicle structure (i.e., at the liquid–cell interface). BslA-speciﬁc
staining was seen from 0.4 μm below the ﬁrst layer of cells in the
pellicle to a height of 4 μm into the pellicle biomass (Fig. 2 and
quantiﬁcation in Fig. S1A). BslA was found within the intercellular spaces and associated with the outer surface of the
cells (Fig. 2B). Typically 25% of the surface area at the base of
the pellicle was composed of BslA (Fig. S1B). Control experiments without the primary antibody showed no speciﬁc staining,
indicating that the antibodies are not trapped in the bioﬁlm
matrix and/or accumulating at the base of the pellicle as a result
of the experimental procedure (compare Fig. S1 B and C).
Similarly, limited background ﬂuorescence staining was observed
in the bslA mutant pellicles (Fig. S1D) and a staining pattern
similar to that in the wild type was observed in the complemented bslA mutant, indicating speciﬁcity of the labeling reaction (Fig. S1E). The abundance of the BslA-speciﬁc ﬂuorescent
staining at the base of the ﬂoating pellicle implies that BslA may
form a protein raft carrying the bioﬁlm mass and is suggestive of

Fig. 2. In situ analysis of BslA localization in the ﬂoating bioﬁlm. Confocal
scanning laser microscopy images of xy sections through a typical pellicle of
wild-type strain NRS1473 (3610, sacA::Phy-spank-gfp) after immunoﬂuorescence staining. (A) −0.2 μm, (B) 0 μm, and (C) 0.4 μm into the height of the
pellicle. Fluorescence from the GFP within the cells is false-colored green and
ﬂuorescence associated with DyLight594, representing immuno-labeled BslA
staining, is false-colored red in the merged image. (Scale bar, 5 μm.)
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formation of higher-order structures by BslA in speciﬁc locations
within the bioﬁlm.
BslA Localization Is Not a Consequence of Site-Speciﬁc Transcription.

One mechanism by which BslA could occupy a spatially deﬁned
position in the bioﬁlm is through localized transcription in the
cells located at the bioﬁlm surfaces. To test whether this was the
case, the PbslA-gfp transcriptional reporter fusion was introduced
into NCIB3610 and the ﬂuorescence generated was analyzed by
both single-cell microscopy and ﬂow cytometry of cells isolated
from an entire colony bioﬁlm. These analyses showed homogenous expression from the bslA promoter in the population (Fig. 3
A and C), which is consistent with previous results (26, 27) and is
in contrast to a PtapA-gfp reporter fusion that was used as a positive control for heterogeneous gene expression in the bioﬁlm
(Fig. 3 B and D) (27). Thus, we demonstrate that the localization
of the mature BslA protein is not the result of localized transcription, but how BslA self-segregates in the bioﬁlm remains
unknown and most likely depends on the innate properties of the
mature protein that are discussed below.
BslA Spontaneously Self-Assembles into a Protein Film in Vitro. BslA
forms a distinct layer at bioﬁlm surfaces (Figs. 1 and 2) (22) and
has been shown to ﬂoc in vitro (22). It was therefore investigated
whether BslA could self-assemble into a protein layer in vitro or
whether this higher level of protein organization was dependent
on a protein or carbohydrate partner within the bioﬁlm matrix.
Recombinant BslA42–181 protein, puriﬁed from E. coli, has been
shown to be biologically active when added to the B. subtilis
bioﬁlm (22). To assess self-assembly into a protein sheet at the
interface recombinant BslA42–181 protein was subjected to analysis by the pendant droplet method (28, 29) (Fig. S2). For this
a 40-μL droplet of BslA42–181 at 0.2 mg/mL in aqueous solution
was expelled into an oil bath of glyceryl trioctanoate (Fig. 4A).
Under these conditions a surface-active protein partitions to the
oil/water interface. Upon retraction of 5 μL from the initial 40-μL
droplet of BslA42–181 it was observed that BslA42–181 formed an
elastic skin at the protein–oil interface (Fig. 4A and Movie S1).
This is evidenced by the wrinkles in the zone surrounding the
neck of the drop (Fig. 4A) that can be more clearly observed
following retraction of more liquid (Fig. S2C). Analysis of the
wrinkles in the protein ﬁlm revealed that no relaxation occurred
over a period of 10 min after compression (Fig. 4B, Movie S1,
and Fig. S2), suggesting this surface layer is stable. These ﬁndings
demonstrate that BslA is capable of self-assembly into a stable,
complex higher-order ﬁlm without the aid of a protein or
carbohydrate partner.
Structural Analysis of the BslA Protein Reveals High Levels of Surface
Hydrophobicity. To understand the function of BslA at the mo-

lecular level the crystal structure of BslA was determined. Residues 48–172 of BslA [corresponding to the ordered region of
BslA as assessed by JPred (30)], was overexpressed as a GST
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(Fig. 1 A and C). On the top surface, only small protrusions of
ﬂuorescence from the BslA staining were found to penetrate
deeper into the colony, whereas at the base of the colony BslA
was slightly more diffuse, but still more prevalent at the surface
(Fig. 1 A and C). The distinctive surface-associated BslA labeling
was not visible upon analysis of the bslA mutant, indicating
speciﬁcity of the labeling reaction (Fig. 1 B and D).

patch observed in the crystal structure of the hydrophobin HFBII
(35) (Fig. 5F). Fungal hydrophobins are known for their high
surface activity (36), with exposed hydrophobic amino acids
forming 12% of the surface of the HFBII protein (e.g., leucines,
valines, and isoleucines, as shown in Fig. 5F).

Fig. 3. Analysis of bslA expression by cells forming complex colonies. (A and
B) Flow cytometry analysis of expression of (A) bslA (NRS2289; 3610, sacA::
PbslA-gfp) and (B) tapA-sipW-tasA (NRS2394; 3610, sacA::PtapA-gfp) in cells
isolated from complex colonies after 18 h of growth at 37 °C. The grayshaded zone represents the ﬂuorescence observed for wild-type NCIB3610
containing no gfp. (C and D) Single-cell microscopy of cells isolated from
complex colonies carrying either the (C) PbslA-gfp (NRS2289) or (D) PtapA-gfp
(NRS2394) transcriptional reporters. (Scale bars, 10 μm.)

fusion in E. coli. Mutation of leucine 98 to methionine was introduced to aid structure determination by incorporation of additional selenomethionine. This mutation does not affect protein
function in vivo (Fig. S3). To reduce self-assembly and aid protein
crystallization, surface lysine residues were reductively methylated
after cleavage of BslA from GST (31). Methylated BslA48–172-L98M
formed crystals in lithium sulfate solutions. Crystals of BslA
formed in space group P212121 with 10 molecules in the asymmetric unit (Table S1). The structure was determined by a selenomethionine single-wavelength anomalous dispersion experiment
to 1.9 Å resolution, and reﬁned to an R factor of 16.5 (Rfree = 19.9)
with good stereochemistry (Table S1).
The structure of BslA consists of one 310 helix and 13 β-strands
that form two distinct faces on opposite sides of the molecule,
with strands A, B, E, and D forming one β-sheet and strands C,
F, and G creating the opposing β-sheet face (Fig. 5 A and C).
Strikingly, despite low primary sequence homology, the overall
fold clearly identiﬁes BslA as a member of the Ig superfamily
(Fig. 5 B and D) (32). Structural homology searches using secondary-structure matching (33) reveal several members of the Ig
family that share structural features with BslA. One of the most
similar structures is the β-2 microglobulin (34) with a Z-score of
4.9 and a root mean square deviation of 2.7 Å over 84 equivalent
Cα atoms. The structure and topological organization of BslA
and β-2 microglobulin are compared in Fig. 5.
An additional, albeit smaller, three-stranded β-sheet (β-strands
CAP1, CAP2, and CAP3) straddles the two main β-sheet faces
and is positioned above the Ig fold (Fig. 5 A and C), forming an
almost ﬂat surface. The third β-strand (CAP3) is a transient
β-strand because it only forms part of the β-sheet in some of the
monomers in the asymmetric unit (PDB ID code 4bhu). Comparison with other Ig proteins reveals that this β-sheet cap is
unique to BslA. Strikingly, this region displays numerous solventexposed hydrophobic amino acids (Fig. 5 C and E). These unusual exposed hydrophobic amino acids are masked from the
solvent in the crystal structure by virtue of the crystal packing
with the other nine molecules of BslA that form the asymmetric
unit (Fig. S4). This protein packing arrangement is reminiscent
of a micelle, with the hydrophobic cap orientated toward the
center of the decamer and thus excluding solvent molecules (Fig.
S4). The total surface area of BslA is ∼6,670 Å2, and the estimated area of the hydrophobic patch is about 1,620 Å2 (24% of
the total surface area) (Fig. 5E). Although the BslA fold is not
similar to that of the fungal hydrophobins, the hydrophobic cap
bears remarkable physiochemical similarity with the hydrophobic
13602 | www.pnas.org/cgi/doi/10.1073/pnas.1306390110

Analysis of the Hydrophobic Cap. To investigate the role of the
extensive BslA hydrophobic cap, mutations were introduced in
the coding sequence that changed each of the exposed leucines
and isoleucines in the three β-strands (CAP1, CAP2, and
CAP3) in turn to lysine. These mutations should disrupt the
hydrophobic face at each position (Fig. 6 and Table S2). In vivo
analyses of the effects of these BslA mutations on bioﬁlm formation showed that the three leucines in the middle strand
(β-strand CAP1: L76, L77, and L79) individually had the
greatest effect on BslA function in the bioﬁlm. Heterologous
expression of these mutant alleles could not restore wild-type
bioﬁlm formation to the bslA mutant (Fig. 6D), as evidenced by
the ﬂat, unwrinkled bioﬁlms that formed. In the presence of the
L77K and L79K BslA mutant proteins the colony bioﬁlm
remained wettable by water (Fig. 6F and Table S2). The presence of BslA protein was conﬁrmed by Western blots of all of
the complex colonies (Fig. S5 A and B) and of pellicles formed
by the CAP1 mutants (Fig. S5C). The loss of colony hydrophobicity was not merely due to lack of colony complexity,
because the strain possessing the L76K mutation exhibited
a morphology near that of the bslA null mutant yet retained the
nonwetting, hydrophobic nature of the wild-type colony (Fig. 6
D and F). Of the hydrophobic residues on the outer strands
(β-strands CAP2 and CAP3), only mutating the amino acids in
the central parts of the strands (L121, L123, L153, and I155)
had any effect on BslA function. Those at the outer edges of the
strands (L119 and L124) had no observable effect on the bioﬁlm structure or hydrophobicity (Fig. 6 A–C). Thus, the three
hydrophobic residues along the middle CAP1 strand (L76, L77,
and L79) were selected for further analyses after recombinant
proteins containing these mutations were shown by CD spectroscopy to fold correctly (Fig. S6).
Mutant forms of BslA containing either a conservative change
(to isoleucine) or the introduction of an isosteric negative charge
(aspartic acid) were constructed for L76, L77, and L79 and the

Fig. 4. In vitro analysis of BslA self-assembly into an elastic protein ﬁlm.
Pendant droplet analysis of puriﬁed BslA42–181 protein shows elastic ﬁlm
formation at the protein–oil interface. (A) A 40-μL droplet of BslA42–181 (0.2
mg/mL in 25 mM phosphate buffer, pH 7) was expelled into glyceryl trioctanoate, and following 20 min of equilibration compressed by retraction
of 5 μL. Wrinkles formed in the neck of the drop, indicative of ﬁlm formation. (B) Film relaxation after droplet compression, as measured by loss of
surface wrinkles (expressed as the reduction in normalized grayscale values).
Wild-type BslA42–181 shown by black circles; also shown are BslA42–181 containing the amino acid substitutions L76K (red circles), L77K (green triangles), and L79K (yellow triangles).
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an aspartic acid at this position would perturb the local protein
structure and thus disrupt the hydrophobic cap β-sheet, because
this side chain would point toward the core of the cap domain
rather than the solvent. Together, these in vivo analyses have shown
that the hydrophobic cap of BslA is vital for full BslA functionality
within the bioﬁlm, being required for both the complexity of the
bioﬁlm morphology and for the production of the hydrophobic
surface layer. Moreover, it is the hydrophobic nature of the
amino acids within the cap that is most important, not the speciﬁc
amino acids themselves (because the leucine-to-isoleucine mutations had no effect on BslA function), and the central hydrophobic
residues are of greatest importance for BslA function.

Fig. 5. Structural analysis of BslA. (A and B) Topological representation of
(A) BslA and (B) the structurally similar β2-microglobulin (34) constructed
using TopDraw (44). Yellow and green β-strands represent conservation with
the canonical Ig fold and the hydrophobic cap, respectively. Blue β-strands
and the red α−helix represent secondary structure not part of the classical Ig
fold. (C and D) Ribbon representation of the structure of (C) BslA and (D)
β2-microglobulin using the same color scheme as in A and B. The surfaceexposed leucine, isoleucine, and valines are represented as sticks with magenta carbon atoms. (E and F) The hydrophobic regions of (E) BslA and (F)
HFBII (35). The hydrophobic region is shown in green, and surface-exposed
leucine, isoleucine, and valines are annotated.

colony and pellicle bioﬁlms analyzed in vivo (Fig. 6 D–F, Fig. S4
B and C, and Table S2). Of these, only two had an effect on the
function of BslA: L76D resulted in partial loss of morphological
complexity and L79D had a BslA-null morphology and was
wettable by water. Analysis of the localization of BslA in the
ﬂoating pellicle bioﬁlms (comparing pellicle and media fractions) revealed that in wild-type samples and those with wild-type
morphology (L76I, L77I, L77D, and L79I) BslA is predominantly
found in the pellicle (cell and matrix) fraction. In contrast, in
pellicles that are morphologically BslA-null, the mutant BslA
proteins were found in both the pellicle and media fractions, but
predominantly within the media fractions (Fig. S5C). The loss of
association of BslA from the cells in the bioﬁlm has previously
been reported for a G80D BslA mutation (22). Analysis of the
G80D mutation with regard to the crystal structure indicates that
Hobley et al.

L76, L77, and L79 are important for the function of BslA in the
B. subtilis bioﬁlm, BslA42–181 protein containing each of the mutations L76K, L77K, and L79K was puriﬁed from E. coli to determine the impact of mutation on protein ﬁlm formation in vitro.
The pendant drop experiments were repeated for each of the
mutant proteins and both ﬁlm formation and relaxation of the
elastic ﬁlm after compression were compared with wild-type protein (Fig. S2, Fig. 4B, and Movies S2–S4). After 20 min of equilibration the 40-μL droplet of protein was compressed by removal
of 5 μL. The observation of wrinkles on the drop surface indicates
the formation of an elastic ﬁlm; any relaxation of these wrinkles
over time suggests the ﬁlm is not stable and that protein can be
released back into the aqueous reservoir (Fig. S2 and Fig. 7).
During the measurement period there was no relaxation in the
wrinkles formed by the wild-type protein (Fig. 4B). By comparison, the wrinkles in the ﬁlm formed by the L77K protein immediately began to relax, and were fully relaxed after 15 s. The
wrinkles in the ﬁlm formed by the L79K protein upon droplet
compression had an ∼45-s delay before relaxation started but were
fully relaxed within 2 min, whereas the wrinkles formed in the ﬁlm
produced by the L76K protein upon droplet compression had an
extended delay of ∼2 min before the start of relaxation but were
almost fully relaxed after 5 min (Fig. 4B). This suggests that the
surface activity of the monomers is decreased in each of the three
mutant proteins, such that under compression of the droplet the
decrease in surface activity allows release of the monomers from
the interface and subsequent relaxation of the wrinkles in the
protein ﬁlm, with the greatest decrease in surface activity seen in
the L77K protein (Fig. 7 shows a model).
Discussion
The unique properties of BslA reported herein allow BslA to be
deﬁned as a surface-active protein and, moreover, a hydrophobin. Surface-active proteins modify the chemical and physical
properties of an interface and are diverse in nature and function
(36). Other examples of surface-active proteins include latherin
from horse sweat (37), various amyloid proteins including bacterial curli (38), SapB, the chaplins and the rodlins from Streptomyces coelicolor (36, 39, 40), and the hydrophobins and repellents
from fungi (36). Hydrophobins are small proteins found in fungi
that confer water resistance to spores and prevent wetting after
assembly (41). Hydrophobins typically contain a surface-exposed
hydrophobic patch that is stabilized by the presence of disulphide
bonds and can be distinguished into two classes that are deﬁned
by the solubility of the monolayer ﬁlms (36). Comparative analysis
of the crystal structure of HFBII from Trichoderma reesei with that
of BslA identiﬁed physiochemical conservation of the hydrophobic
domains (Fig. 5 E and F) (35), although there are no disulphide
bonds present within the BslA protein for stabilization of its hydrophobic cap and the overall structures are entirely divergent.
This is suggestive of parallel evolution of functional homologs in
these two distantly related organisms. Based on both the physiochemical and functional homology with the hydrophobins of
fungi, BslA is deﬁned here as a “bacterial hydrophobin.”
Using in situ immunoﬂuorescence microscopy we have revealed
that natively produced and secreted BslA localizes to the interfaces
PNAS | August 13, 2013 | vol. 110 | no. 33 | 13603
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In Vitro Analyses of the Hydrophobic Residues on Polymerization
and Film Formation. Having shown that the hydrophobic residues

Fig. 6. In vivo bioﬁlm analysis of the hydrophobic
cap of BslA. (A) Complex colony morphologies of
strains containing leucine/isoleucine-to-lysine mutations in the β-sheets CAP2 and CAP3 alongside wildtype (NCIB3610), bslA− (NRS2097), and bslA+ (NRS2299)
controls. (B) Pellicle morphology of the CAP2 and
CAP3 mutants shown in A. (C) Sessile water-drop
analysis of colony hydrophobicity of CAP2 and CAP3
mutants. Colonies were grown as for morphology
analysis and 5-μL water drops placed on top. (D)
Complex colony morphologies of strains containing
mutations in the central CAP1 β-sheet. (E) Pellicle
morphology of the CAP1 mutants shown in D. (F)
Water-droplet analysis of colony hydrophobicity of
CAP1 mutants. Table S3 gives strain details.

of the B. subtilis bioﬁlm, conferring hydrophobic properties
(Figs. 1 and 2). Consistent with this, higher-order self-assembly
of BslA in the absence of any bioﬁlm matrix partner was shown
by in vitro biophysical analysis (Fig. 4). Puriﬁed BslA exhibits
surface activity and forms an elastic skin at the interface.
Atomic-level analysis of the BslA monomer elucidated a unique
combination of an Ig-like fold and a hydrophobic cap (Fig. 5),
the latter component being reminiscent of the physiochemical
properties of the fungal hydrophobins (35). The BslA crystal
structure allows a molecular-level interpretation of the ﬁndings
of Kobayashi and Iwano (22), who reported that mutation of
serine 63 to proline disrupted BslA function and protein stability
in vivo. The presence of this mutation would signiﬁcantly disrupt
BslA folding because the backbone nitrogen of serine 63 donates
a β-sheet–type hydrogen bond to threonine 60. Here, using a
targeted approach the importance of the hydrophobic cap of
BslA was demonstrated by in vivo and in vitro analyses of sitedirected mutants, with leucine 77 identiﬁed as critical for biological function, both for morphological complexity and surface
hydrophobicity (Fig. 6). Leucine 77 is located at the center of the
hydrophobic cap of the BslA monomer, and analysis demonstrated that it inﬂuences surface activity of the protein and not
the polymerization process per se. Selective localization of BslA
to the bioﬁlm interface and self-assembly into a higher-order
structure is consistent with BslA forming a hydrophobic barrier
or integument of the bioﬁlm that may serve a protective role
(19, 22, 24).
The bioﬁlm extracellular matrix is critical for stability, protection, and hydration of the community, but little is known

about its structure and organization (1, 2, 8, 14). The highresolution in situ microscopy used here provides information
regarding the localization of a natively produced matrix associated protein in bioﬁlms formed by B. subtilis. BslA was previously
deﬁned as a component of the bioﬁlm matrix and it was shown
that heterologous addition of puriﬁed BslA to the developing
bioﬁlm generated a surface layer (22). Here, using immunoﬂuorescence microscopy analysis the localization of natively produced
BslA within mature pellicle and complex colony bioﬁlms was visualized and it was seen to form a protein shield surrounding the
bioﬁlm community (Figs. 1 and 2). Therefore, we conclude that
BslA is not a core bioﬁlm matrix component but a protein integument of the bioﬁlm. The formation of an outer layer by natively
produced BslA is reminiscent of the localized accumulation of curliproducing cells at the air–bioﬁlm interface of E. coli rugose bioﬁlms, which is known to serve a protective function (15).
There are several outstanding questions that follow the identiﬁcation of the BslA as a surface active protein, the ﬁrst being
how the monomers of BslA interact during self-assembly into an
elastic skin. This can be split into two distinct processes: partitioning to the interface and self-assembling into a ﬁlm that can
sustain elastic deformation. At this point we cannot conclusively
determine which process the BslA point mutations are perturbing. However, we can speculate based on the crystal packing
arrangements of the BslA decamer and the in vitro biophysical
analysis of BslA self-assembly that BslA function in vivo is dependent on the hydrophobic cap and that disruption of this cap
decreases the surface activity (Fig. 7). We predict that in the
colony bioﬁlm the hydrophobic cap of BslA will face out to the

Fig. 7. Model of BslA ﬁlm formation and relaxation after compression. In the equilibrium state, BslA will form a ﬁlm at the water–oil interface, with both
lateral protein–protein interactions between BslA monomers and interactions between the hydrophobic cap (shown in magenta) and the oil–water interface.
After compression (by removal of some of the water) the monomers are moved closer together, creating the visible wrinkles. For the wild-type proteins the
surface activity of the hydrophobic cap prevents monomers from being released from the BslA ﬁlm, causing long-lasting wrinkles. However, in the proteins
containing mutations in the CAP1 β-sheet the surface activity is lowered enough to allow release of some of the BslA monomers in the ﬁlm, allowing the ﬁlm
to return to an equilibrium state and the relaxation of the wrinkles.

13604 | www.pnas.org/cgi/doi/10.1073/pnas.1306390110

Hobley et al.

Growth Conditions. The B. subtilis strains used and constructed in this study
are detailed in Table S3. The full details of growth conditions are provided in
SI Materials and Methods. Bioﬁlm pellicles were grown in MSgg medium (42)
at 25 °C for 72 h, and complex colonies were grown on MSgg solidiﬁed with
1.5% Select Agar (Invitrogen) at 30 °C for 48 h.
Strain Construction. All strains, plasmids, and primers used are presented in
Table S3 and were constructed using standard techniques. SI Materials and
Methods gives full details.
Quantiﬁcation of the Abundance of Fluorescence. To assess the abundance of
ﬂuorescence throughout the depth of the pellicle, the images acquired by
confocal microscopy were stored and annotated with regions of interest in
OMERO (43). Following this, automated batch image analysis was performed
with bespoke software written in Matlab (MathWorks) via the OMERO API
(code available upon request). SI Materials and Methods gives full details.

Full details of all methods used are provided in SI Materials and Methods.
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environment, conferring the hydrophobic properties of the mature
bioﬁlm (Fig. 7) (22, 24). In contrast, it is difﬁcult to predict how
BslA will orientate at the aqueous interface of the pellicle
bioﬁlm. In this location, the hydrophobic face of BslA will not
be exposed to the aqueous environment, thus it is possible that
BslA forms multiple protein layers in vivo. Such multilayers may
allow either the hydrophobic or hydrophilic side of BslA to be
exposed depending on the environmental conditions and would
be entirely consistent with the thickness of the BslA layer observed by microscopy. It will be of interest to identify the nature
of the BslA ﬁlm in the bioﬁlm structure and identify whether the
TasA amyloid ﬁbers and the exopolysaccharide in the bioﬁlm
matrix interact with the BslA hydrophobic surface layer to facilitate matrix assembly.
In the context of the natural environment the bacterial cells
may beneﬁt from the formation of the BslA surface layer by
being buffered from the changing environment of the soil by
excluding water, but there would be negative implications associated with this function, including desiccation and lack of nutrient uptake. Selective permeability of the BslA barrier would
control the diffusion of molecules into the interior of the bioﬁlm
and therefore inﬂuence the perception of extracellular signaling
molecules from other members of the microbial community and
also nutrient uptake.

