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Many bacteria form surface-attached communities known as biofilms. Due to the extreme resistance of these bacterial biofilms
to antibiotics and mechanical stresses, biofilms are of growing interest not only in microbiology but also in medicine and indus-
try. Previous studies have determined the extracellular polymeric substances present in the matrix of biofilms formed by Bacillus
subtilis NCIB 3610. However, studies on the physical properties of biofilms formed by this strain are just emerging. In particular,
quantitative data on the contributions of biofilm matrix biopolymers to these physical properties are lacking. Here, we quantita-
tively investigated three physical properties of B. subtilis NCIB 3610 biofilms: the surface roughness and stiffness and the bulk
viscoelasticity of these biofilms. We show how specific biomolecules constituting the biofilm matrix formed by this strain con-
tribute to those biofilm properties. In particular, we demonstrate that the surface roughness and surface elasticity of 1-day-old
NCIB 3610 biofilms are strongly affected by the surface layer protein BslA. For a second strain, B. subtilis B-1, which forms bio-
films containing mainly �-polyglutamate, we found significantly different physical biofilm properties that are also differently
affected by the commonly used antibacterial agent ethanol. We show that B-1 biofilms are protected from ethanol-induced
changes in the biofilm’s stiffness and that this protective effect can be transferred to NCIB 3610 biofilms by the sole addition of
�-polyglutamate to growing NCIB 3610 biofilms. Together, our results demonstrate the importance of specific biofilm matrix
components for the distinct physical properties of B. subtilis biofilms.

Bacteria embed themselves with secreted biopolymers (1–3),
building a community that is referred to as a biofilm. Such

biofilms can be formed by a variety of Gram-positive as well as
Gram-negative bacteria (4). The composition of the biofilm ma-
trix is dependent on the biofilm-forming bacterium and environ-
mental conditions such as shear forces experienced, temperature,
and nutrient availability (5); the matrix can consist of different
extracellular polymeric substances (EPSs), such as polysaccha-
rides, proteins, lipids, and nucleic acids (6). Biofilms can grow on
various surfaces (7–9). While Bacillus subtilis biofilms are formed
on solid nutrient surfaces or at liquid-air interfaces (10, 11), other
bacteria can produce biofilms on surfaces under water-saturated
conditions (in liquid) (12). Due to their high mechanical stability
(13, 14) and their resistance to antibiotic or chemical treatment
(15–18), such biofilms present significant problems in both indus-
try and health care (19–22). Although the compositions of many
biofilm matrices are known, the biomolecular reason for the out-
standing resistance of bacterial biofilms is not well understood.
Only a few studies have investigated the influence of specific ma-
trix components on the mechanical properties of biofilms (23,
24). The majority of recent studies focuses on the analysis of the
mechanical properties of wild-type biofilms (25–27). These stud-
ies comprise work on biofilm elasticity (16, 17, 28, 29), biofilm
erosion stability (30), and adhesion properties (31–33), as well as
theoretical investigations of mechanical biofilm characteristics
(34, 35). Biofilm formation by the bacterium Bacillus subtilis has
been studied intensively (36–43), but information about the me-
chanical properties of these biofilm-forming bacteria is just
emerging (24, 30, 44). Hence, a detailed understanding of the
mechanical characteristics of bacterial biofilms is urgently needed
to fight the growth of bacterial biofilms on medical devices and
other industrially used surfaces.

In this study, we investigated the physical properties of 1-day-
old biofilms of B. subtilis NCIB 3610 under well-defined labora-
tory conditions, which allowed us to compare these results directly
with data obtained for a second B. subtilis strain, B-1. Although
both strains belong to the species B. subtilis, the strains are re-
ported to differ in their biofilm matrix compositions. The biofilm
matrix of B. subtilis NCIB 3610 (45) is composed mainly of an
exopolysaccharide produced by the gene products of the epsA-O
operon (i.e., the operon comprising epsA, epsO, and the genetic
material between those genes) (46) and an amyloid-fiber-forming
protein, TasA (47, 48). A second biofilm matrix protein, BslA, is a
self-assembling hydrophobin on the surface of B. subtilis NCIB
3610 biofilms (49, 50). In contrast to that of strain NCIB 3610, the
biofilm matrix of the wild-type strain B. subtilis B-1 is described as
being composed mainly of �-polyglutamate (�-PGA) (51), a
highly hydrophilic anionic polymer (52).

We present a gene expression analysis of B-1 biofilms (Fig. 1),
revealing that genes encoding proteins known to be part of the
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NCIB 3610 biofilm matrix, in addition to the main B-1 biofilm
matrix component �-PGA, are transcribed in the B-1 biofilm vari-
ant. This indicates that proteins such as BlsA may also be present
in the B-1 biofilm matrix, contributing to the material properties
of this biofilm variant, although no direct conclusions on protein
amounts present in the B-1 biofilm matrix can be drawn from
mRNA expression levels. In contrast, �-PGA is not produced in
biofilms of strain NCIB 3610 (46, 51). Hence, we expect that bio-
films formed by these two strains, B-1 and NCIB 3610, would
differ in their physical properties. To investigate the physical
properties of B-1 and NCIB 3610 biofilms, we used three different
techniques. We performed surface indentation experiments using
atomic force microscopy (AFM) to analyze the surface stiffness of
the bacterial biofilms. To quantify the surface roughness of the
biofilms, a profilometer study was performed. Finally, using mac-

rorheology, we obtained quantitative information on the bulk
stiffness of the 1-day-old B. subtilis biofilms. Detailed information
on the techniques and the experimental procedures is given in
Materials and Methods and in the supplemental material. We find
that even such closely related wild-type strains generate biofilms
with significantly different material properties. Using a set of dif-
ferent mutant strains, we demonstrate that the surface properties
(i.e., stiffness and roughness) of the NCIB 3610 biofilm can be
attributed mainly to the surface layer protein BslA. Furthermore,
we study the effects of the antibacterial agent ethanol on specific
material properties of the wild-type biofilms, and we provide ev-
idence that �-polyglutamate protects B. subtilis B-1 biofilms from
ethanol-induced changes in the biofilm bulk elasticity.

MATERIALS AND METHODS
Strains and growth conditions. The B. subtilis strains used in this study
are presented in Table 1. LB medium (Luria-Miller; Carl Roth GmbH,
Karlsruhe, Germany) served as a complex medium for all B. subtilis
strains, with the corresponding antibiotic (Table 1). Bacteria were culti-
vated for 8 to 9 h in 5 ml medium at 37°C, with agitation at 300 rpm.
Liquid cultures were subsequently plated confluently onto LB agar plates
without antibiotics and were incubated overnight at 37°C, resulting in
1-day-old biofilms fully covering the agar plates. The three experimental
techniques used in this study, i.e., atomic force microscopy (see Fig. S1 in
the supplemental material), macrorheology (see Fig. S2 in the supplemen-
tal material), and profilometry, require LB agar plates of different sizes. To
ensure identical starting conditions for all experimental approaches, the
plating volume was adjusted to the size of the agar plates (for example, 30
�l for agar plates with a diameter of 3.9 cm, as used for AFM measure-
ments). To investigate the effects of ethanol on the material properties of
B. subtilis biofilms, immediately, before the start of these experiments, the
1-day-old biofilms were covered with ethanol (99% [or 80%, if indicated];
Sigma-Aldrich, St. Louis, MO, USA). We applied ethanol at such volumes
that, even with ongoing ethanol evaporation, enough ethanol remained
over the time course of the experiments that the biofilms were fully cov-
ered by ethanol. The volume of ethanol applied was also adjusted to the
sizes of the agar plates. Images of 1-day-old biofilm colonies, as shown in
Fig. 2, represent single biofilm colonies and were taken using a Nikon
SMZ1000 stereomicroscope with a DS-Fi2 camera. It should be noted that
the strains used in this study form proper biofilms (confluently grown
biofilms as well as single biofilm colonies) within 12 h of growth on agar
plates. No significant increase in biofilm height was observed after 24 h of
growth.

Gene expression analysis. B-1 biofilms were grown and prepared as
described above. RNA for gene expression analysis was extracted from
biofilms that had been grown for 10 h or 18 h, by using the Qiagen RNeasy
extraction kit and following the protocols provided with the kit. Gene
expression analysis was performed by IMGM Laboratories, via quantita-
tive real-time PCR (40 cycles) in custom TaqMan gene expression assays
for the genes ywsC, blsA, epsH, and tasA. The conserved 16S rRNA house-
keeping gene was used as a positive control. Negative controls did not
contain genetic material or were performed with the corresponding RNA.
Threshold cycle (CT) values given in Fig. 1 represent mean values obtained
from 3 biological and 3 technical triplicates. For significance analysis, a
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FIG 1 mRNA production of genes for biofilm matrix proteins in B. subtilis
strain B-1. Gene expression analyses were performed for biofilms generated by
wild-type strain B-1, at 10 h (A) and 18 h (B) of biofilm growth. The mRNA
production of genes corresponding to matrix components described for wild-
type strains NCIB 3610 and B-1, in comparison with the production of the
control, 16S rRNA, was analyzed. CT values represent the mean values ob-
tained from 3 biological and 3 technical triplicates. The error bars denote
standard deviations. P values from pairwise t tests for these data are given in
Table S1 in the supplemental material. Additionally, an ensemble significance
test (one-way ANOVA and Tukey’s honestly significant difference test;
MATLAB) was performed to confirm that the genes blsA, ywsC, epsH, and tasA
were transcribed at significantly lower levels than the 16S rRNA control. *,
ensemble significant differences.

TABLE 1 B. subtilis strains used in this study

Strain Description Remaining matrix composition Antibiotic (concn [�g/ml]) Reference

NCIB 3610 Wild type Proteins TasA and BslA, exopolysaccharide None 45
CA017 TasA::Kan Protein BslA, exopolysaccharide Kanamycin (50) 48
N24 BslA::Cam Protein TasA, exopolysaccharide Chloramphenicol (5) 49
ZK3660 EpsA-O::Tet Proteins TasA and BslA Tetracycline (12.5) 42
B-1 Wild type Mainly �-polyglutamate None 51
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two-sample t test was performed using MATLAB R2014a. P values ob-
tained from this significance analysis are given in Table S1 in the supple-
mental material. Additionally, an “ensemble” significance test (one-way
analysis of variance [ANOVA] and Tukey’s honestly significant difference
test; MATLAB) was performed to confirm that the genes blsA, ywsC, epsH,
and tasA were transcribed at significantly lower levels than the 16S rRNA
control. The ensemble significance results are indicated in Fig. 1 by aster-
isks.

AFM settings and cantilevers used in the study. Force spectroscopy
was performed using a JPK NanoWizard BioScience atomic force micro-
scope (with a CellHesion module; JPK Instruments AG). For measure-
ments of the elasticity of the biofilm surface, soft cantilevers with silicon
dioxide (SiO2) beads (diameter, 6.62 �m) were used (sQube CP-PNPS-
SiO-C-5; NanoAndMore GmbH). According to the manufacturer’s data,
the resonance frequencies of the cantilevers were �17 kHz and the canti-
levers had a force constant of 0.08 N/m, as verified by thermal noise
analysis (data from JPK Instruments [user manual]). For each individual
cantilever, the sensitivity (in nanometers per volt) was calibrated by fitting
the retraction part of a force curve measured on plastic under ethanol,
thus setting a baseline. The individual spring constants of the cantilevers
(in millinewtons per meter) were measured using the thermal noise
method (as indicated by JPK Instruments). Experiments were performed
in the contact mode using the following parameters of the control JPK
Instruments software: sample rate, 6,000 Hz; z-length, 20 �m; set point,
5.0 nN; and speed, 5.0 �m/s.

Surface indentation measurements with AFM. After the addition of
ethanol, due to technical reasons, a minimum of 10 min elapsed before the
first measurement could be performed. Each biofilm surface was mea-
sured at three different positions. Each of the measurements was com-
posed of 64 single runs, measured at a distance of 1.25 �m from each
other. For each strain, 10 experiments were performed on 9 different days.
A schematic of the experimental procedure is given in Fig. S1 in the sup-
plemental material. In order to compare the data obtained for the differ-
ent strains, only those measurements that were obtained between 10 and
25 min after the addition of ethanol are presented in this study (Fig. S3).
The obtained force curves (Fig. S1) were analyzed with JPK Instruments
data-processing software (version spm-5.1.7). To obtain the Young’s
modulus, the Hertz model of elastic deformations was applied (53). A
Poisson ratio of 0.5 was set, assuming a perfectly incompressible material

that deforms elastically. Although this introduces a certain error to the
absolute values obtained in this study, it does not interfere with the rela-
tive statements of this study. Further data analyses were performed using
the software MATLAB R2014a and Igor Pro 4.06. A pairwise significance
analysis was performed as described above. The obtained P values are
given in Table S2.

Profilometric analysis. The surface profiles of 1-day-old biofilms
were obtained using a NanoFocus �surf profilometer (NanoFocus AG,
Oberhausen, Germany). For each sample, three randomly selected spots
with an area of 320 by 300 �m were scanned using a 50� objective. Each
scanned area was then evaluated with the software (�soft version 6.0;
NanoFocus AG, Oberhausen, Germany) to obtain the root mean squared
roughness (Sq value). Profilometer images were obtained before and after
1 h of biofilm exposure to 2 ml of 99% (or 80%) ethanol. After ethanol
exposure, the ethanol was discarded and the samples were kept at room
temperature for 10 min, to allow evaporation of the remaining ethanol
prior to profilometric analysis. A pairwise significance analysis was per-
formed as described above. The obtained P values are given in Table S2 in
the supplemental material.

Rheological characterization. Rheological measurements were per-
formed using a commercial shear rheometer (MCR 302; Anton Paar
GmbH, Graz, Austria) with a 25-mm plate-plate geometry and 300-�m
plate separation, in strain-controlled mode (see Fig. S2 in the supplemen-
tal material). One-day-old biofilms were harvested from agar plates by
manual scraping and pooled. Even though the initial structure of the
biofilm was changed due to the biofilm scraping, we saw no large differ-
ences in the elastic moduli from when biofilms were grown on the rhe-
ometer in situ (Fig. S4). For ethanol treatment, the biofilms were covered
with 15 ml of 99% (or 80%) ethanol prior to harvesting and incubated for
10 or 60 min, respectively. After ethanol exposure, the ethanol was dis-
carded and the samples were kept at room temperature for 10 min to allow
evaporation of the remaining ethanol prior to rheological characteriza-
tion. To study the protective effect of �-polyglutamate on NCIB 3610
biofilms against ethanol-induced changes in biofilm elasticity, the NCIB
3610 biofilms were allowed to grow in the presence of �-polyglutamate
extracted from B-1 biofilms. In detail, �-polyglutamate was added to liq-
uid NCIB 3610 cultures at a concentration of 4.75 mg/ml. Then, 100 �l of
this mixture was plated onto agar plates, from which 1-day-old biofilms
were harvested and pooled as described above. �-Polyglutamate was ex-
tracted from B-1 biofilms by following a protocol outlined previously
(54); in a difference from that protocol, we used LB medium throughout
the procedure. The dialysis step was performed using Spectra/Por dialysis
tubes with a molecular mass cutoff value of 12 to 14 kDa (Spectrum
Europe, Breda, The Netherlands). Frequency spectra from 0.1 Hz to 10 Hz
were obtained at 21°C using small torques (�1 �N·m) to guarantee a
linear material response. A pairwise significance analysis was performed
as described above. The P values obtained are given in Tables S2 and S3.

Determination of total and dried masses. In order to determine the
total mass of biofilms produced by wild-type strains NCIB 3610 and B-1,
liquid cultures grown under the growth conditions described above were
confluently plated onto agar plates (diameter, 9 cm) and cultivated for 18
h. Some of the plates were covered with 99% ethanol for 1 h, in the
presence or absence of �-polyglutamate. The ethanol was discarded, and
the plates were dried for 60 min. For all charges of plates, treated or
untreated, the biofilm was scraped from the agar and weighed in Eppen-
dorf tubes. We visually checked that all biofilm material was removed and
that the underlying agar surface was not damaged during the scraping
process. All tubes were frozen in liquid nitrogen at �169°C and put in an
Alpha 1-2 lyophilizer (Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany) at �55°C and 2.1 Pa, where they were kept
for 8 h. The tubes were weighed again to determine the dried mass. A
pairwise significance analysis was performed as described above. The ob-
tained P values are given in Table S4 in the supplemental material.

FIG 2 Surface stiffness of different B. subtilis biofilms. Young’s modulus val-
ues were obtained for 1-day-old biofilms of the wild-type strains B. subtilis B-1
(red) and NCIB 3610 (blue) and three mutant strains of NCIB 3610 (blue).
Error bars are Gaussian errors resulting from the error in the method. Photo-
graphs above the graph are images of single biofilm colonies. Scale bars, 1 mm.
White arrows point to the faint single biofilm colonies of BslA and EpsA-O
mutant strains. P values for these data are given in Table S2 in the supplemental
material.
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RESULTS
One-day-old B-1 biofilms express the genes ywsC, blsA, tasA,
and epsH. The two Bacillus subtilis strains NCIB 3610 and B-1 are
known to produce biofilms, and key elements that build up the
biofilm matrices of these strains are known (46–51). Here, we
performed a sequence comparison of genes involved in biofilm
formation in the species B. subtilis (10) by using the B. subtilis
strains B-1 and 168 (strain 168 is a well-studied laboratory strain
that is genetically similar to the wild-type strain NCIB 3610 [55])
(Table 2). Among these genes are genes encoding key macromol-
ecules forming the biofilm matrix of strain NCIB 3610: the genes
for the surface layer protein BslA (49), the fiber-forming protein
TasA (47), and the exopolysaccharide (the epsA-O operon is re-
sponsible for the production of the exopolysaccharide in strain
NCIB 3610 [46]). The wild-type strain B-1 possesses all of these
genes, and we found sequence homologies (BLASTx) to the labo-
ratory strain B. subtilis 168 of 75% for tasA, 78% for the epsA-O
operon, and 74% for bslA (Table 2). We also performed a gene
expression analysis of 10-h-old and 18-h-old B-1 biofilms (see
Materials and Methods) (Fig. 1; also see Table S1 in the supple-
mental material) to confirm that these genes, in addition to the
ywsC gene, which is important for the production of �-polygluta-
mate, are indeed transcribed in strain B-1. At both time points,
mRNAs of all four genes—ywsC, bslA, tasA, and epsH—were pro-
duced at levels lower than that of a housekeeping gene, i.e., the 16S
rRNA control. This indicates that, in addition to the main com-
ponent (�-polyglutamate) described by Morikawa et al. (51), pro-
teins such as the surface layer protein BslA may be present in the
B-1 biofilm matrix. The finding that genes such as bslA are tran-
scribed in strain B-1 is somewhat unexpected, as Morikawa et al.
(51) reported that the biofilm matrix of strain B-1 is composed
predominantly of �-polyglutamate. In the following sections, we
address the question of how these different biofilm matrix com-
ponents influence the material properties of the two B. subtilis
biofilm variants.

The surface layer protein BslA contributes to the surface
stiffness of NCIB 3610 biofilm. As a first step, we investigated the
surface stiffness of biofilms produced by the two B. subtilis strains
NCIB 3610 and B-1 (Table 1). We performed AFM nanoindenta-
tion experiments with native 1-day-old biofilms formed by these
two strains (see Materials and Methods; also see the supplemental
material). At such an early phase of biofilm formation, it is ex-
pected that the mechanical properties of these biofilms can still be

altered by chemical treatment and that further counteractions are
possible. To allow for the mechanical analysis of soft materials,
such as 1-day-old biofilms, we chose soft cantilevers with a silicon
dioxide bead at the cantilever tip. Measurements of B. subtilis bio-
films in air are not possible due to the strong electrostatic interac-
tions between the biofilm and the cantilever; therefore, we covered
our fully grown biofilms with a dielectric fluid (99% ethanol) to
avoid this issue.

In a first experiment, we investigated the surface stiffness of
biofilms generated by the well-studied B. subtilis wild-type strain
NCIB 3610 (Fig. 2). As a quantitative measure of the biofilm sur-
face stiffness, we calculated the Young’s modulus, E, by fitting the
obtained indentation data to the Hertz model (53), which yielded
an average Young’s modulus, ENCIB 3610, of 1.97 � 0.31 kPa. In
comparison, the average Young’s modulus of the solid agar sur-
face, Eagar, was 37.82 � 5.87 kPa (see Fig. S3 in the supplemental
material). The surface stiffness of wild-type B-1 biofilms was in a
range similar to that for wild-type NCIB 3610 biofilm, and we
measured EB-1 as 1.48 � 0.18 kPa (Fig. 2). These values represent
data obtained within 25 min after ethanol application to the bio-
film surface (Fig. S3), as we did not observe any changes in the
measured Young’s modulus values for all studied strains during
this time period. We did, however, detect strong day-to-day vari-
ations in the absolute values of the Young’s moduli obtained for
these wild-type strains; variations were less pronounced for mu-
tant strains with smooth biofilm surfaces, as described below. As
both wild-type strains showed very rough colony morphology
(Fig. 2), we attribute the variations to differences in the biofilm
surface structures. It is virtually impossible to perform AFM in-
dentation measurements on two different biofilms in such a way
that identical surface structures are probed, but such differences in
biofilm morphology would certainly influence the results of in-
dentation experiments.

In a next step, we investigated how different biofilm matrix
components contribute to the observed biofilm surface stiffness.
We repeated our AFM nanoindentation experiments with NCIB
3610 mutant strains lacking one particular matrix element (Table
1). Those mutant strain biofilms clearly differed in their macro-
scopic morphologies; whereas the TasA mutant formed rough
biofilm colonies similar to those of the NCIB 3610 wild-type
strain, single biofilm colonies of the BslA and EpsA-O mutants
were smooth and had no defined colony edges (Fig. 2). We also
tried to generate B-1 mutants with the same mutations, but so far,

TABLE 2 Homology of genes involved in biofilm formation

Gene(s)

Sequence position (bp)a

Homology between strains
168 and B-1 (%) Biofilm matrix component ReferenceStrain B-1 Strain 168

tasA 3450573 2553866 75 Matrix fiber 48
epsA-O 2140149 3529911 78 Polysaccharide 42
bslA 2873830 3187503 74 Surface layer protein 49
tapA 3452069 2555247 72 Lipoprotein (TasA assembly) 61
sipW 489452 2554502 72 Type I signal peptidase (surface adhesion) 62
pgsB or ywsC 3360079 3700627 82 �-Polyglutamate 51
degU 628676 3645296 86 Two-component response regulator 63
abrB 50582 45138 91 Transcription factor 64
sinR 3450190 2552653 97 Master regulator for biofilm formation 65
a The positions show the start sites of the genes in the respective genomes. Comparisons between the genomes were performed with the NCBI online tools LAST and BLASTx. The
recently sequenced B. subtilis strain B-1 (GenBank accession no. CP009684) was compared with the well-studied laboratory strain B. subtilis strain 168 (GenBank accession no.
CP010052), which is genetically similar to the wild-type strain NCIB 3610 (55, 66).
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we have been unsuccessful in creating such mutants due to the low
transformability of this strain. Biofilms formed by the NCIB 3610
TasA mutant strain (48) had an ETasA of 1.78 � 0.18 kPa (Fig. 2),
a Young’s modulus similar to that of the NCIB 3610 wild-type
strain. In contrast, the Young’s moduli of the EpsA-O (46) and
BslA mutant (49) biofilms were significantly decreased, with an
EEpsA-O of 0.80 � 0.05 kPa and an EBslA of 0.80 � 0.06 kPa (see
Table S2 in the supplemental material). These findings imply that
the TasA fiber-forming protein does not contribute to the surface
stiffness of NCIB 3610 biofilms. In contrast, the remaining two
matrix components, i.e., the protein BslA and the exopolysaccha-
ride, are important for this biofilm property. Kobayashi and
Iwano (49) have shown that the production of the surface layer
protein BslA of strain NCIB 3610 is dependent on the expres-
sion of the epsA-O operon, which is responsible for the produc-
tion of the exopolysaccharide. Thus, the decrease in surface
stiffness determined for the EpsA-O mutant may also be due to
the additional absence of the BslA protein in this mutant strain,
rather than to the absence of the exopolysaccharide itself. The
equal decreases in biofilm surface stiffness observed for the
EpsA-O and BslA deletion mutants support this hypothesis.
Ostrowski et al. (56) showed that BslA is not involved in the
synthesis, export, or polymerization of the TasA amyloid fibers
or the exopolysaccharide. Hence, we attribute the decrease in
the biofilm surface stiffness observed for the BslA mutant to the
absence of the BslA protein.

The surface layer protein BslA increases the surface rough-
ness of NCIB 3610 biofilms. We had seen that the surface stiffness
values for the two wild-type biofilms, those of NCIB 3610 and B-1,
have similar ranges and that BslA contributes to the surface stiff-
ness of NCIB 3610 biofilms. To further investigate the material
properties of NCIB 3610 and B-1 biofilms, we performed a profi-
lometric analysis of the surface roughness of these biofilms. Figure
3A displays the microscopic surface profiles obtained for biofilms
formed by the strains NCIB 3610 and B-1. We found that the root
mean squared roughness (Sq value) of the B-1 biofilm was �10-
fold greater than that of the NCIB 3610 wild-type biofilm, with an
SqB-1 of 5.5 � 3.85 and an SqNCIB 3610 of 0.53 � 0.63 (Fig. 3B; also
see Table S2 in the supplemental material). Similar to the macro-
scopic roughness of single biofilm colonies (Fig. 2), the micro-
scopic surface roughness of the biofilms was lowest for the BslA
and EpsA-O mutants (Fig. 3A and B). This suggests that the sur-
face layer protein BslA is mainly responsible for the roughness of
NCIB 3610 biofilm surfaces.

Our data show that biofilms formed by the two B. subtilis wild-
type strains B-1 and NCIB 3610 significantly differ in surface
roughness (P values are given in Table S3 in the supplemental
material). We next addressed the question of whether the surface
roughness of these two strains would be affected by exposure of
the biofilm to ethanol, a commonly used antibacterial agent. We
found that, after 60 min of exposure to 99% ethanol, the surface
roughness values for the NCIB 3610 biofilm and the correspond-
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ing TasA mutant biofilm were decreased by about 60% (P values
of 0.0431 and 0.0735, respectively), whereas the BlsA and EpsA-O
mutant biofilms showed no significant changes in surface rough-
ness upon ethanol exposure (P values of 0.8144 and 0.4110, re-
spectively) (Fig. 3C). The latter finding reflects the fact that the
biofilm surfaces of both BslA and EpsA-O mutant strains were
found to be very smooth even before ethanol application (Fig. 3B).
Wild-type B-1 biofilms possessed the greatest initial surface
roughness, and this biofilm variant was also affected the most by
ethanol exposure; we measured a decrease in the surface rough-
ness of more than 90% (P � 0.0005). As typical ethanol concen-
trations used for disinfection are in the range of 70 to 80%, we
repeated the profilometric experiments for strains NCIB 3610 and
B-1 with a concentration of 80% ethanol. We found a similar
decrease in roughness for NCIB 3610 but a smaller decrease of
about 50% for B-1, compared to the finding when 99% ethanol
was applied (see Fig. S5A in the supplemental material). In sum-
mary, these data demonstrate that disinfectant chemicals such as
ethanol can affect the surface morphology of 1-day-old bacterial
biofilms generated by B. subtilis strains B-1 and NCIB 3610.

�-Polyglutamate protects B. subtilis biofilms from ethanol-
induced changes in biofilm bulk elasticity. So far, we had inves-
tigated the morphology and micromechanical properties of
1-day-old B. subtilis biofilm surfaces. Using macrorheology (see
the supplemental material), we next studied the bulk viscoelastic-
ity of biofilms formed by the two wild-type strains B-1 and NCIB
3610. For both biofilm variants, we found that the material re-
sponses were dominated by elasticity over the whole range of fre-
quencies tested. The storage modulus G=(f), which quantifies the
elastic properties of the biofilm, shows a pronounced plateau.
Thus, we compared the elastic properties of the different biofilms
at a fixed intermediate frequency of 1 Hz. In detail, we measured a
G=NCIB 3610 (at 1 Hz) of 584 � 132 Pa for wild-type NCIB 3610
biofilm and similar values for all three NCIB 3610 mutant strains
(Fig. 4A, blue). In contrast, wild-type B-1 biofilms were consider-
ably softer, as the storage moduli were �10-fold lower than those
obtained for the NCIB 3610 biofilm variants (Fig. 4A, red; Table
S2). Upon application of 99% ethanol (see Materials and Meth-
ods), we found that the elastic modulus of NCIB 3610 biofilms
increased within 10 min, whereas the elastic modulus of B-1 bio-
films remained unchanged. Further increases were observed after
60 min of ethanol exposure for all NCIB 3610 biofilm variants but
not for the B-1 wild-type biofilm (Fig. 4A). When the biofilms
were treated with 80% ethanol, the elastic properties of NCIB 3610
and B-1 biofilms were similar to those of the biofilms treated with
99% ethanol (Fig. S5B). One explanation for this finding may be
that the application of ethanol leads to dehydration of the NCIB
3610 biofilm but not of the B-1 biofilm. Biofilms of B. subtilis B-1
are described as consisting mainly of strongly hydrophilic �-poly-
glutamate (PGA) (51), a macromolecule that is highly hygro-
scopic when prepared as a powder. We thus speculate that PGA
may prevent B-1 biofilms from ethanol-induced dehydration.

To test this hypothesis, we grew NCIB 3610 biofilms in the pres-
ence of purified PGA and repeated our macrorheological experi-
ments (see Materials and Methods). Indeed, such PGA-enriched
NCIB 3610 biofilms were protected from the ethanol-induced stiff-
ening (Fig. 4B; also see Table S4 in the supplemental material). This
demonstrates the importance of �-polyglutamate for the viscoelastic
properties of B-1 biofilms and its potential to protect B. subtilis bio-
films from chemically induced changes in their elastic properties.

Finally, we measured the total masses of NCIB 3610 and B-1
biofilms and compared them to the corresponding dried masses
(Fig. 5), both with and without ethanol exposure (see Materials
and Methods). On average, B-1 biofilms had an �4-fold greater
biomass than did biofilms of strain NCIB 3610 (1,170 mg/agar
plate and 303 mg/agar plate for B-1 and NCIB 3610 biofilms,
respectively). After ethanol exposure, the total masses were de-
creased by �40% and �60% for biofilms generated by strains
NCIB 3610 and B-1, respectively (Fig. 5; also see Table S4 in the
supplemental material). However, this difference in the total mass
decreases observed between the two biofilm variants was not sta-
tistically significant (P � 0.2231), indicating that the observed
total mass decrease was approximately the same for B-1 and NCIB
3610 biofilms. In a next step, we repeated these experiments with
both biofilm variants grown in the presence of �-polyglutamate
(see Materials and Methods). Interestingly, we obtained values for
the total masses of biofilms grown in the presence of �-polygluta-
mate after ethanol exposure that were similar to those of biofilms
that had not been treated with ethanol (Fig. 5). This indicates that
dehydration occurs for both types of B. subtilis biofilms and to
comparable degrees, but this effect can be counteracted by artifi-
cially increasing the amounts of �-polyglutamate in these bio-
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films. We conclude that, although PGA can prevent ethanol-in-
duced stiffening of biofilms, this protective effect does not
necessarily stem from a prevention of biofilm dehydration.

DISCUSSION

In this study, we demonstrate how specific biomolecules of the
biofilm matrices of B. subtilis NCIB 3610 and B-1 contribute to the
structural and mechanical characteristics of the corresponding
biofilms. The key macromolecules described as forming the bio-
film matrix of biofilms produced by strain NCIB 3610 are the
proteins BslA and TasA (48, 49), as well as the exopolysaccharide
expressed from the epsA-O operon (46). In contrast, B-1 biofilms
are described as containing mainly �-polyglutamate (51), which is
expressed from the ywsC gene. However, to date, it is not known
whether the key matrix components found in NCIB 3610 biofilms
(e.g., the surface layer protein BslA) are also present in B-1 bio-
films. Recently, the whole genome of the wild-type strain B-1 was
sequenced (57), enabling a sequence comparison of strain B-1
with other B. subtilis genomes, such as B. subtilis 168, as performed
in this study. A homology analysis of genes important for biofilm
formation by the species B. subtilis (10), in combination with our
data from the gene expression analysis, indicates that strain B-1 is
in principle capable of expressing all of the biofilm matrix ele-
ments described as being part of the biofilm matrix of strain NCIB
3610. However, Morikawa et al. (51) showed that the final biofilm
matrix of strain B-1 consists mainly of �-polyglutamate, a biofilm
matrix component whose expression is suppressed in NCIB 3610
biofilms (46, 51). As environmental conditions can affect the exact
composition of the biofilm matrix (5), we focused on the above-
mentioned key components of biofilms. We attribute the ob-
served differences in the physical properties of strains B-1 and
NCIB 3610 to their respective biofilm matrix compositions, par-
ticularly the presence of �-polyglutamate in B-1 biofilms (51) and
its absence in NCIB 3610 biofilms (46, 51).

Analysis of the surface elasticity of 1-day-old biofilms of strain
NCIB 3610 revealed a Young’s modulus of 2 kPa. In an earlier
study, Asally et al. (24) determined a Young’s modulus of 25 kPa
for 7-day-old biofilms of wild-type strain NCIB 3610. This sug-
gests that, for this bacterial strain, the biofilm becomes stiffer dur-
ing maturation. This is in contrast to biofilms generated by Pseu-
domonas aeruginosa, for which both the elastic and viscous
properties were found to be reduced during maturation (23).
However, that study was performed with biofilms cultivated in
flow cells, which might have influenced the experimental out-
comes. This suggests that the development of the material prop-
erties of biofilms as a function of biofilm growth time may depend
on both the particular bacterial species and the environmental
conditions. Thus, detailed information on the material properties
of biofilms in the different stages of biofilm formation is required
to identify the ideal “window of opportunity” to fight bacterial
biofilm formation on medical devices or industrial surfaces (19).
This window of opportunity is most likely before the biofilm be-
comes established. Hence, future in situ investigations focusing on
the transition from the two-dimensional (microcolony) growth to
the three-dimensional growth of bacterial biofilms are needed, but
such studies will probably require a combination of several exper-
imental techniques to cover these two stages of biofilm formation.
Information on the establishment of material properties is also
helpful when biofilm growth is induced on purpose (58), e.g., for
industrial applications, such as wastewater treatment.

Asally et al. observed that, for 7-day-old B. subtilis NCIB 3610
biofilms, general overproduction of the extracellular matrix
(ECM) increased the biofilm surface stiffness by a factor of 2,
whereas an SrfA deletion strain (SrfA regulates ECM production
through cell-to-cell signaling) had a reduced surface stiffness of
8.1 � 11 kPa (24). Here, we identified the surface layer protein
BslA to be mainly responsible for the surface roughness and the
surface stiffness of NCIB 3610 biofilms, whereas the contributions
of the fiber-forming protein TasA and the exopolysaccharide were
only minor.

Unlike with the surface properties of B. subtilis biofilms, the
bulk elasticity values of NCIB 3610 biofilms were similar for all
tested mutant strains. This is again in contrast to what occurs with
P. aeruginosa biofilms; the exopolysaccharide Psl contributes sig-
nificantly to the elasticity of P. aeruginosa biofilms (59). The bulk
elasticity of the B-1 biofilms was lower than that of NCIB 3610
biofilms by a factor of 10, yet the surface stiffness values were
comparable for the two biofilm variants. We found that the B-1
biofilm surface roughness was significantly greater than the
roughness of NCIB 3610 biofilm surfaces. A high level of biofilm
roughness can promote the adhesion of additional bacteria from
the fluid and thus promote further biofilm growth (60).

Also, we found different mechanical characteristics for the bio-
film variants (strains NCIB 3610 and B-1), which we attribute to
the presence of �-PGA in B-1 biofilms. �-Polyglutamate seems to
protect B-1 biofilms from ethanol-induced changes in biofilm
bulk elasticity. This effect may be explained in part by the ability of
PGA to trap water inside the biofilm matrix, thus reducing dehy-
dration. Artificially PGA-enriched NCIB 3610 biofilms are slightly
softer than their unmodified counterparts, which agrees with the
notion that more water is trapped in those modified biofilms.

According to this hypothesis, considerable protection from
ethanol-induced dehydration is reached only when the PGA con-
tent is extremely high. For biofilms formed by strain B-1, we ob-
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served bubble formation after the application of ethanol (Fig. 6;
also see Movie S1 in the supplemental material), indicating that
ethanol is taken up by B-1 biofilms and gas is released from the
biofilm matrix. This penetration of ethanol deep into the biofilm
matrix may induce chemical alterations that may stabilize the B-1
biofilms, thus preventing changes in the bulk mechanical proper-
ties of the material.

Our findings demonstrate that strains of the same bacterial
species, such as Bacillus subtilis strains NCIB 3610 and B-1, can
produce biofilms with diverse physical properties.
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