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Materials and methods 

General growth conditions and strain construction. The Bacillus subtilis and Escherichia coli strains 

used and constructed in this study are detailed in Table S1.  E. coli strain MC1061 was used for the 

construction and maintenance of plasmids. B. subtilis 168 derivatives were obtained by 

transformation of competent cells with plasmids using standard protocols (39). SPP1 phage 

transductions were used to introduce DNA into B. subtilis strain NCIB3610 (40). Both E. coli and B. 

subtilis strains were routinely grown in Lysogeny-Broth (LB) medium (10 g NaCl, 5 g yeast extract, 

and 10 g tryptone per litre) at 37°C for 16 hours. For complex colony formation B. subtilis strains 

were grown on MSgg medium (5 mM potassium phosphate and 100 mM MOPS at pH 7.0 

supplemented with 2 mM MgCl2, 700 μM CaCl2, 50 μM MnCl2, 50 μM FeCl3, 1 μM ZnCl2, 2 μM 

thiamine, 0.5% glycerol, 0.5% glutamate) (5) solidified with 1.5% Select Agar (Invitrogen) at 30 °C for 

48 hours (5) and imaged as described previously (40). Ectopic gene expression was induced by 

medium supplementation with 25 µM isopropyl β-D-1-thiogalactopyranoside (IPTG) as indicated. 

When appropriate, antibiotics were used at the following concentrations: ampicillin 100 μg ml-1, 

chloramphenicol 5 μg ml-1, erythromycin 1 μg ml-1 with lincomycin 25 μg ml-1, kanamycin 25 μg ml-1, 

and spectinomycin 100 μg ml-1.  ∆bdbA, ∆bdbCD and ∆bdbACD mutant strains were constructed as 

described in Table S1 using standard methodologies.  

 

Plasmid construction and site-directed mutagenesis. All strains, plasmids and primers used in this 

study and presented in Tables S1, S3 and S4 and were constructed using standard methods. The 

plasmids for BslA42-181 overproduction were obtained by site-directed mutagenesis using the plasmid 

pNW1128 as template, which is a pGEX-6P-1 derivative used previously to overexpress BslA42-181 

(41). Primers for the codon substitutions are included in Table S4 and mutagenesis was achieved 

following Stratagene Quikchange kit recommendations. The plasmids for overexpression yweA or 

the fusion yweA-BslA171-181 were obtained using standard techniques with either NCIB3610 or a 

synthetic DNA construct as the template DNA during PCR. The sequence of the synthetic construct 

generated by Genescript was as follows: 5’-agatct CGA TCT gca tca atc gag gca aaa aca gtt aac agc 

acg aaa gag tgg acc att tct gat att gaa gtg aca tat aaa cca aat gcg gtg ctt tct ctt gga gcg gta gaa ttt caa 

ttt cct gac ggg ttt cat gct acg aca aga gat tca gtg aat gga aga aca ctg aaa gaa aca cag att tta aac gat 

gga aaa aca gtc aga ctc ccg ctt acg ctt gat ttg tta ggc gca tcc gaa ttt gac ctt gtc atg gtg cgt aaa act ctt 

cct cgc gca ggc act tac acg att aaa ggc gat gta gta aac ggt ttg gga atc ggc agt ttt tat gct gaa acg cag ctg 

gtg att gat ccc cgt agc act cct ccg act cag cct tgc ggt tgc aac taa GCA TGC-3’. The sequence in capital 

letters represents restriction sites, the sequence in bold represents the C-terminal bslA coding 



region and finally the sequence in lower case represents the mature region of the yweA gene 

sequence.  

 

Biofilm hydrophobicity contact angle measurements. Biofilm hydrophobicity was evaluated by 

measuring the contact angle of a 5 µl droplet of water or 1% (v/v) chlorhexidine gluconate placed on 

the upper or lower surface of the biofilm that had been grown for 48 hours at 30oC. Measurements 

were obtained using a ThetaLite TL100 optical tensiometer (Biolin Scientific) and analysed with 

OneAttension. The water droplet was allowed to equilibrate for 5 minutes prior imaging and 

measurement. Contact angles are present as the average of at least 3 independent experiments and 

the standard error of the mean associated with these values (Table S2). 

 

Protein Purification. BslA41-181 protein and its derivatives were overexpressed and purified as 

previously described (12). Briefly, the pGEX-1-6P derivative plasmids were introduced into E. coli 

BL21 (DE3). After growth and overexpression, the protein was purified in HEPES buffer. To achieve 

this, the E. coli cells were lysed in an Emulsiflex cell disruptor and the solubilized protein extracts, 

cleared of cell debris, were incubated with Glutathione Sepharose 4B (GE Healthcare), allowing the 

fused protein to bind to the GST binding beads. After incubation, the beads containing the BslA-

fusion were recovered using a gravity flow column (Bio-Rad) and suspended into new buffer 

containing DTT and TEV-His tagged protease. TEV removes the GST tag from BslA protein, which 

remains soluble in the purification buffer. The protease and unbound GST are then separated from 

BslA by incubating the mixture with Ni-nitrilotriacetic acid agarose (Qiagen) and Glutathione beads, 

followed by a new passage in a gravity flow column. The flow-through recovered contains the 

purified protein, which is then concentrated using VivaSpin concentrator. Protein quality was 

confirmed by size exclusion chromatography (SEC) analysis. 

To purify YweA31-155 and the chimeric proteins YweA-BslA171-181 and its derivatives YweA-BslA171-181 

C178A, YweA-BslA171-181 C180A and YweA-BslA171-181 C178A C180A the required coding regions were 

introduced into pET-15b-TEV vector (see Tables S3 and S4). The pET-15b-TEV derivative plasmids 

were introduced into E. coli BL21 (DE3). After growth and overexpression E. coli cells were 

suspended in HEPES buffer (300 mM NaCl, 50 mM HEPES pH8 with the addition of 20 mM imidazole) 

containing protease inhibitors (Roche cOmplete EDTA-free) and lysed using the Emulsiflex C3. The 

solubilized protein extracts, cleared of cell debris, were incubated with Ni-nitrilotriacetic acid 

agarose (Qiagen) for 4 hours, allowing the fused protein to bind to the Ni-NTA binding beads. After 



incubation, the beads containing the YweA-fusion proteins were recovered using a gravity flow 

column (Bio-Rad) and suspended into new buffer (300 mM NaCl, 50 mM HEPES pH 8.0 with the 

addition of 250 mM imidazole) on column for half an hour to promote the protein release. Proteins 

were recovered by collection of the column flow-through which was incubated overnight in buffer 

300 mM NaCl, 50 mM HEPES pH 8.0 with the addition of DTT and TEV-His tagged protease. VivaSpin 

concentrators were used to remove the imidazole in solution by replacement up with the 

purification buffer. The protein recovered from the concentrators was incubated overnight with Ni-

NTA beads to bind to the His-tag fragments released, followed by a new passage in a gravity flow 

column. The flow-through recovered contains the purified protein, which is then concentrated using 

VivaSpin concentrators. Protein quality was confirmed by size exclusion chromatography (SEC) 

analysis. 

 

Size exclusion chromatography (SEC). To evaluate the presence or absence of dimers in the purified 

proteins, 500 ng of purified protein was analyzed by size exclusion chromatography using a Superdex 

75 10/300GL column with a low rate of 0.5ml/min in the original purification buffer. Protein samples 

were also analyzed using a 14% SDS-PAGE, with and without the addition of a reducing agent (β-

mercaptoethanol) as the loading dye and stained with Instant Blue prior to photography. 

 

Circular Dichroism (CD) analysis. CD analysis was performed using a Jasco J-810 spectropolarimeter. 

Samples were measured in a 0.1 cm quartz cuvette at 0.15 mg/ml protein concentrations in 25 mM, 

pH7 phosphate buffer. All samples were measured using a 50 nm/s scan rate, 0.1 nm data pitch and 

a digital integration time of 50 nm/s. Twenty individual spectra were measured and averaged per 

sample.  

 

Transmission Electron Microscopy (TEM). A 5 µl droplet of 0.025 mg/ml protein solution (in pH7, 25 

mM phosphate buffer) was pipetted onto a carbon-coated copper grid (TAAB Laboratories 

Equipment Ltd) and left for 5 minutes before being wicked away from the side using filter paper. 

Subsequently, a 5 ul droplet of 2% uranyl acetate was pipetted onto the grid. This was also left for 5 

minutes before being wicked away from the side. Stained grids were then imaged using a Philips/FEI 

CM120 BioTwin transmission electron microscope. 

 



Wrinkle relaxation. 0.2 mg/ml protein samples (in pH7, 25 mM phosphate buffer) were loaded into 

a glass syringe with a needle diameter of 1.83 mm. A 40 µl droplet of protein solution was expelled 

into glycerol trioctanoate oil and allowed to equilibrate for 20 minutes at room temperature. 

Subsequently, the droplet was compressed by retraction of 7 µl from the droplet, resulting in the 

formation of wrinkles in the protein film.  Images of the droplet are taken from the moment of 

compression using a CCD camera. Images were acquired at a rate of 30 frames per second (fast 

relaxers – all YweA variants) or 2 frames per second (slow relaxers – all BslA variants) for up to 10 

minutes. Relaxation of the wrinkles was analyzed in ImageJ. A line profile was drawn across the 

wrinkles and greyscale values (0-255) were extracted for every pixel along the line. Greyscale values 

were background corrected and normalized. At least five independent experiments were performed 

per protein.  

 

Oxidative cross-linking of cysteines in colony biofilms. B. subtilis 48 hour grown complex colonies 

were collected from the agar plate using a sterile loop and suspended in 250 μL of LB. The biomass 

was disrupted by passage through a 23 X 1 needle 10 times. The cell suspension obtained was 

incubated for 15 min at 37oC with 1.8 mM Cu(II)-(o-phenanthroline)3 (hereafter CuPhe) or 10 mM 

Dithiothreitol (DTT), followed by centrifugation and wash of the pellet with 250µl PBS. After 

centrifugation the pellet was suspended in 250 µl PBS followed by a 15 minute incubation with 8 

mM N-ethylmaleimide/10 mM EDTA to stop the reaction (42, 43). Samples were then centrifuged 

and the pellet washed with 250 µl PBS. The cell pellet was suspended in 250 µl of BugBuster Master 

Mix (Novagen) followed by gentle sonication to promote the release of the proteins from the biofilm 

matrix. The samples were then incubated at room temperature with agitation for 20 min, and the 

insoluble cell debris was removed by centrifugation at 17,000 × g for 10 min at 4 °C. The proteins 

samples were then analysed by Western blot.  

 

Western Blot analysis. 1.5 µg of total protein extract (see above) was separated on a14 % SDS-PAGE 

before transfer onto PVDF membrane (Millipore) by electroblotting at 25 V for 2 hours. The 

membrane was incubated for 16 hours in 3% (wt/vol) powdered milk in TBS [20 mM Tris·HCl (pH 8.0) 

and 0.15 M NaCl] at 4oC with shaking. This was followed by 2 hours incubation with purified anti-

BslA antibody at a dilution of 1:500 (v/v) in TBS in 3% powdered milk wash buffer (TBS + 0.05% 

Tween 20). The membrane was washed using wash buffer (TBS + 0.05% Tween 20) and incubated for 

45 min with the secondary antibody conjugated to horseradish peroxidize [goat anti-rabbit (Pierce)] 



at a dilution of 1:5,000. The membrane was washed, developed, and exposed to X-ray film. Western 

blot analysis for YweA detection was performed as above with purified anti-YweA antibody at a 

dilution of 1:10,000 (v/v).  

Oxygen profiling of biofilms. Overnight cultures of Bacillus subtilis strain 3610 were inoculated from 

a streaked plate and subsequently grown in lysogeny broth (LB) at 37˚C with shaking at 250 rpm for 

12-16 hours. Precultures were diluted ten-fold in LB and grown at 37˚C with shaking at 250 rpm until 

OD600nm ≈ 1.0. Five microliters of the culture were spotted onto an MSgg agar plate and grown at 

30˚C for two days prior to analysis. A 25 µm-tip Clark-type oxygen microsensor (Unisense OX-25) was 

used to measure the oxygen concentrations. The oxygen microsensor was calibrated according to 

manufacturer’s instructions and measurements were taken throughout the depth of the biofilm 

(step size = 5 µm, measurement period = 3 seconds, wait time between measurements = 3 seconds). 

Four different colonies were probed, and representative data are shown. 

 

Redox profiling of biofilms. Biofilms were grown as above and a 25 µm-tip redox microelectrode 

with an external reference (Unisense RD-25 and REF-RM) was used to measure the extracellular 

redox potential. After calibrating the redox microelectrode according to manufacturer’s instructions, 

redox measurements were taken throughout the depth of the biofilm (step size = 5 µm, 

measurement period = 3 seconds, wait time between measurements = 5 seconds). The redox 

potential was set to zero at the surface of the colony and relative values are plotted. Three different 

colonies were probed, and representative data are shown. 

Sporulation Assay. For heat resistant spore quantification, colony biofilms were grown for 48h at 

30°C. Cells were collected in 1 ml of saline solution, disrupted by passage through a 23 X 1 needle 10 

times and subsequently subjected to mild sonication (20% amplitude, 1 second on, 1 second off for 5 

seconds total) to liberate bacterial cells from the matrix. To kill vegetative cells, the samples were 

incubated for 20 min at 80°C. To determine viable cell counts, serial dilutions were plated before and 

after the 80°C incubation on LB agar supplemented with 100 μg ml-1 spectinomycin. The percentage 

of spores was established by colony forming unit counting and results are presented as the 

percentage of colony forming units obtained after incubation of the samples for 20 min. at 80°C 

divided by the number of colony forming units obtained before the heat inactivation. 

 

Cell survival upon chlorhexidine gluconate exposure. To test biofilm resistance to chlorhexidine 

gluconate, colony biofilms were grown for 48 hours at 30oC. Droplets of 5 µl of 1% (v/v) 



chlorhexidine gluconate were placed on the biofilm surface (near the periphery) for 5 minutes at 

room temperature. The solution was removed and a punch biopsy of 5 mm in diameter recovered 

(this area encompassed the entire exposed region). This sample was transferred immediately into 

500 µl of saline solution this diluting any remaining chlorhexidine gluconate, disrupted by passage 

through a 23 X 1 needle 10 times and washed once with saline solution. The sample was 

subsequently subjected to mild sonication (20% amplitude, 1 second on, 1 second off for 5 seconds 

total) to liberate bacterial cells from the matrix. Serial dilution of the cell suspension were made and 

100 µl plated onto LB agar supplemented with 100 μg ml-1 spectinomycin; saline solution was used 

as a control for the process. The percentage survival was evaluated by colony forming unit counting 

and results are presented as the percentage of colony forming units obtained after exposure to 1% 

(v/v) chlorhexidine gluconate divided by the number of colony forming units recovered on the 

control spots.  

 

Immunofluorescence. To prepare cross sections for microscopy, biofilms were grown from strains 

constitutively expressing GFP were grown for 2 days in standard conditions (see Table S1) as 

previously described (12). A quarter of the colony was excised and placed into optimum cutting 

temperature compound (OCT, Agar Scientific) and frozen in iso-pentene chilled with liquid nitrogen. 

A Leica CM3050 S cryomicrotome was used to cut cross sections of this colonies (10-12 μm), which 

were placed onto SuperFrost Ultra Plus adhesion microscope slides (VWR). The cross sections were 

then fixed for 10 minutes in para-formaldehyde (4% in TBS), washed 3 times with TBS and blocked 

overnight in 2% (w/v) fish gelatine (Sigma) prepared in TBS. After washing the cross sections, anti-

BslA antibody diluted 1:200 in AbDil solution (2% BSA, 0.1% azide in TBS) was applied into the cross 

sections and incubated for 2.5 hours at room temperature. After 3 washes of 5 minutes each with 

TBS, the secondary antibody was applied in a dilution of 1:150 in AbDil and incubated for 90min at 

room temperature. The secondary antibody used was DyLight594-conjugated Affinity Pure Donkey 

Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch). After the incubation, the coverslips were washed 3 

times with TBS (5 minutes each) and mounted in anti-fade containing medium [0.5% p-

Phenylenediamine (Free base; Sigma), 20 mM Tris (pH 8.8), and 90% glycerol] [Cramer, L., and Desai, 

A. (1995) (http://mitchison.med.harvard.edu/protocols/gen1.html)] and sealed with nail varnish. 

Samples were imaged using a Zeiss LSM700 confocal scanning laser microscope fitted with 488-nm 

and 555-nm lasers and an EC PlanNeofluar 40×/ NA 1.30 oil differential interference contrast (DIC) 

M27 or an alpha Plan-Apochromat 100×/ NA 1.49 oil DIC objective. Images were captured and 

analysed using Zen2011 software, which was also used to prepare the images presented. 



  



Supplemental Figure Legends 

Figure S1: In vitro analysis of recombinant BslA higher order form. SDS-PAGE analysis of 30 µg of 

BslA, BslAAxC, BslACxA, BslAAxA, BslA ∆Cterm recombinant protein in the absence (A) and presence 

(B) of reducing agent. (C) Size exclusion chromatography (SEC) analysis of recombinant protein using 

a Superdex 75 10/300GL column in an unreduced state.  

Figure S2: Presence of CxC motif does not affect in vitro characteristics of BslA. (A) Solution state 

circular dichroism spectra of recombinant BslA (black), BslAC178A (green), BslAC180A (blue), 

BslAC178A,C180A (red) and BslAΔ171-181 (orange) indicate all three variants have a similar secondary 

structure. (B) Wrinkle relaxation of WT BslA (black), BslAC178A,C180A (red) and BslAΔ171-181 (blue). 

Wrinkles were formed in the protein film by removing fluid from the droplet and relaxation of the 

wrinkles was followed over time. The error bars represent the standard deviation in normalized 

greyscale over at least 5 independent wrinkles. Over ten minutes, wrinkles do not relax noticeably. 

Transmission electron microscopy images of BslA (C), BslAC178A,C180A (D) and BslAΔ171-181 (E) stained 

with uranyl acetate indicates that all three variants are capable of forming the ordered 2D lattice 

observed previously for WT BslA (11, 12). 

 

Figure S3: In situ analysis of BslA localisation in the biofilm. Confocal scanning laser microscopy 

images of cross sections through biofilms formed by (A) wild-type cells (NRS1473); (B) the bslA 

mutant strain (NRS3812); the bslA mutant complemented with either (C) the wild type variant of 

bslA (NRS5132); or (D) the gene encoding the BslAAxA variant (NRS5136). For the merged images the 

fluorescence from the GFP within the cells is shown in green and the fluorescence associated with 

DyLight594, representing immuno-labelled BslA staining is shown in magenta. The scale bar 

represents 50 µm. 

Figure S4: In vitro and in vivo analysis of recombinant YweA and chimeric YweA protein higher 

order forms. (A) Schematic of the YweA chimeric forms: ‘SS’ represents the BslA signal sequence 

used for export and ‘CxC’ the C-terminal 11 amino acids from BslA. SDS-PAGE analysis of 30 µg of 

YweA, YweABslA171-181, YweABslA171-181 C178A; YweABslA171-181 C180A, YweABslA171-181 C178A C180A recombinant 

protein in the absence (B) and presence (C) of reducing agent. (D) Size exclusion chromatography 

(SEC) analysis of recombinant proteins using a Superdex 75 10/300GL column in an unreduced state. 

(E) Western blot analysis of YweA in a reduced state detected from biofilm protein extracts.  



Figure S5: Transplantation of the CxC motif to the YweA C-terminus does not restore in vitro BslA 

behaviour. Solution state circular dichroism spectra of WT YweA (black), YweABslA171-181 (red) and 

YweABslA171-181 C178A C180A (blue) indicate all three variants have a similar secondary structure. (B) 

Wrinkle relaxation of YweA (black), YweABslA171-181 (red) and YweABslA171-181 C178A C180A (blue). Wrinkles 

were formed in the protein film by removing fluid from the droplet and relaxation of the wrinkles 

was followed over time. The error bars represent the standard deviation in normalized greyscale 

over at least 5 independent wrinkles. For all three variants, wrinkle relaxation is very rapid. 

Transmission electron microscopy images of  YweA (C), YweABslA171-181 (D) and YweABslA171-181 C178A 

C180A (E) stained with uranyl acetate indicates that all three variants are capable of forming the 

ordered 2D lattice observed previously for WT BslA (11, 12) and YweA (44).  
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