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e biofilm matrix for the erosion
stability of Bacillus subtilis NCIB 3610 biofilms†

M. Klotz,a M. Kretschmer,b A. Goetz,a S. Ezendam,a O. Lieleg b and M. Opitz *a

Production and secretion of biomolecules can provide new emergent functionalities to the synthesizing

organism. In particular, the secretion of extracellular polymeric substances (EPS) by biofilm forming

bacteria creates a biofilm matrix that protects the individual bacteria within the biofilm from external

stressors such as antibiotics, chemicals and shear flow. Although the main matrix components of

biofilms formed by Bacillus subtilis are known, it remains unclear how these matrix components

contribute to the erosion stability of B. subtilis biofilms. Here, we combine different biophysical

techniques to assess this relation. In particular, we quantify the importance of specific biofilm matrix

components on the erosion behavior of biofilms formed by the well-studied Bacillus subtilis NCIB 3610.

We find that the absence of biofilm matrix components decreases the erosion stability of NCIB 3610

biofilms in water, largely by abolishing the hydrophobic surface properties of the biofilm and by reducing

the biofilm stiffness. However, the erosion resistance of NCIB 3610 biofilms is strongly increased in the

presence of metal ions or the antibiotic ciprofloxacin. In the first case, unspecific ionic cross-linking of

biofilm components or individual bacteria seems to be responsible for the observed effect, and in the

second case there seems to be an unspecific interaction between the antibiotic and the biofilm matrix.

Taken together, our results emphasize the importance of the biofilm matrix to reduce biofilm erosion

and give insights into how the specific biomolecules interact with certain chemicals to fulfill this task.
Introduction

The production and secretion of extracellular polymeric
substances (EPS) by biolm forming bacteria provides the bio-
lm forming community with new emergent properties:1 the
bacteria are embedded within these exopolymers (the biolm
matrix), the resulting clusters protect them from the environ-
ment, antibiotics2,3 and other chemicals,4 and the structural
rigidity provided by the biolm matrix enables the community
to withstand high shear forces or other mechanical stresses5

and governs invasion resistance.6 Although biolm formation
can be benecial for industrial applications,7,8 biolms growing
on heart valves or medical implants cause serious infections
and device failure.9,10 The biolm matrix can be composed of
different exopolymeric substances such as proteins, poly-
saccharides, DNA or lipids.11–13 One nds an accumulation of
multiple substances like eDNA, proteins, lipids, water and sugar
within the assembled biolms. However, not all bacterial cells
produce these biopolymers that determine the structure of
bacterial biolms;14 instead, one observes a division of labor of
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secreting and non-secreting cells and a high physiological
heterogeneity in biolms.15 Although the biolm matrix
composition is understood for many bacterial species,11,12,14,16–18

it is largely unknown how the individual biopolymers
contribute to the biolm properties, e.g. which of them provide
the biolm with its high mechanical stability. Only recently,
technical advances in high-resolution optical microscopy19 and
scanning electron microscopy allowed the investigation on how
specic matrix components affect biolm structure. For bio-
lms formed by Escherichia coli it was shown, that cellulose
serves as an architectural element and that a network of curli
bers forms the outer biolm layer.17,20,21 Similarly, the function
of specic proteins for cell–cell adhesion and cell encasement
within Vibrio cholerae biolms was described.16,22 However,
further studies are needed to understand the role of single
matrix components for certain (physical) biolm properties. In
this study, we focus on the soil bacterium Bacillus subtilis that
forms biolms on solid nutrient surfaces in air, or at liquid–air
interfaces.23–25 The biolm matrix of the B. subtilis strain NCIB
3610 used in this work is mainly composed of an exopoly-
saccharide produced by the gene products of the epsA-O
operon26 and an amyloid ber forming protein TasA.27,28 A
second biolm matrix protein, BslA,29,30 is a self-assembling
hydrophobin that is primarily found on the surface of B. sub-
tilis NCIB 3610 biolms.
RSC Adv., 2019, 9, 11521–11529 | 11521
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In the past years many studies have investigated physical
properties of B. subtilis biolms including biolm erosion,4 bio-
lm elasticity31,32 and surface properties.31,33–36 However, only
recently direct correlations between the biolm matrix compo-
sition and specic biolm properties could be deter-
mined.31,34,35,37 Importantly, it was shown that the surface layer
protein BslA is important for the surface stiffness and surface
roughness31 of NCIB 3610 biolms, and this protein also strongly
affects the biolm wettability.29,33,38 Both for B. subtilis B-1 bio-
lms and biolms generated by Pseudomonas aeruginosa39 it was
shown that multi-valent ions protect the biolms from erosion.
However, if and how these ions interact with biopolymers within
the biolm matrix to provide this stability remains elusive.

Using a set of deletion mutants, we here investigate the
importance of selected biolm matrix components on the
erosion stability of B. subtilis NCIB 3610 biolms. In addition, we
show that – similar to biolms created by strain B-1 – also bio-
lms generated by strain NCIB 3610 are protected from erosion
in the presence ofmetal ions. In contrast to our expectations, this
effect does not stem from interactions between a specic matrix
component with these ions, but seems to be due to unspecic
cross-linking effects – either between some matrix components
or between the bacterial cells themselves. Finally, we report that
the antibiotic ciprooxacin increases the erosion resistance of
NCIB 3610 biolms – an effect that is surprising but appears to be
specic rather than generic for antibiotics.
Materials and methods
Strains and growth conditions

The B. subtilis strains used in this study are NCIB 3610, CA017,
ZK3660 and N24, as described in Table 1. LB medium (Luria/
Miller; Carl Roth GmbH, Karlsruhe, Germany) served as
complex medium for all B. subtilis strains and contained the
corresponding antibiotic (Table 1). Bacteria were cultivated
overnight in 5 ml medium at 37 �C and 300 rpm agitation. The
cultures were then diluted to an OD600 of 0.05 and grown until an
OD600 of 0.1 was reached, representing the beginning of the
exponential growth phase. The cultures were again diluted to an
OD600 of 0.05 for the erosion assay. Sterile polytetrauorethylene
(PTFE) chips (Fig. 1a) containing 10 chambers (i.e., cylindrical
holes of 6mmdiameter and 3mmdepth) were lled with hot LB-
agar as growth medium for the biolms. Aer cooling of the
medium 5 ml of the diluted cultures were applied on each agar
patch and the chips were then incubated at 37 �C lying at in
sterile Petri dishes without agitation for 24 h for biolm growth.
Table 1 Strains used in this study

Strain Genotype Remaining main matrix compo

NCIB 3610 Wild-type Proteins TasA & BslA, exopolysa
CA017a tasA::kan Protein BslA, exopolysaccharide
N24a bslA::cat Protein TasA, exopolysaccharid
ZK3660a epsA-O::tet Protein TasA
BD630 Wild-type Unable to produce a proper bio

a These strains are non-isogenic derivatives of strain NCIB 3610.

11522 | RSC Adv., 2019, 9, 11521–11529
These chips were then transferred to the prelled falcon tubes
used in the erosion assays as described below.

Erosion assay

To conduct the erosion tests, 45 ml of a testing liquid was
prepared and lled into falcon tubes. Depending on conditions
specic for the different experiments, either double deionized
water, ionic solution or antibiotic solution was used as testing
liquid. The PTFE chips were placed into the falcon tubes
(Fig. 1a) which in turn were mounted onto a lab shaker (Innova
4200, New Brunswick Scientic). The lab shaker was then set
into rotation at 300 rpm for dened time intervals, which
generated a shear stress of approximately 180 mPa. The shear
stress was calculated bymeasuring the rotation speed inside the
falcon tubes and using the appropriate calculation presented in
Grumbein et al., 2014.4 Aer exposure to this shaking induced
shear force, images of the biolm-covered agar patches were
acquired (Fig. 1a) using a stereomicroscope (Nikon SMZ1000).

Images were then analyzed using the freeware ImageJ
(version 1.48) and a graphic tablet (Wacom Intuos Art M) by
manually marking the area of each patch that was covered with
biolm for all measured time steps. The detached area fraction
was determined by dividing the area covered at each time step
with the area covered at the beginning (t ¼ 0 min).

Measurements with antibiotic agents were performed for
three different antibiotics at the following concentrations: van-
comycin 0.75 mg ml�1 (Van); ciprooxacin 0.25 mg ml�1 (Cipro);
spectinomycin 64 mg ml�1 (Spec). In order for the antibiotic
agents to be able to penetrate the biolm/the cells, the
measurements protocols were adapted as follows: a reference
image for time t ¼ �15 min was taken. Then the biolm slides
were placed into a falcon tube lled with 45 ml of water (con-
taining the antibiotic in the concentrations described above) for
15 minutes. Aer that, the slides were taken out of the falcon
tubes and an image was taken of all biolm patches (t ¼ 0 min)
and the measurements were then performed as described before.

Rheological characterization

Biolms were cultivated in Petri dishes on LB-agar for 24 h
using similar growth conditions as described above. The two
following differences in the growth protocol were applied to
obtain large amounts of biolm as needed for rheology: culti-
vation overnight was executed in 10 ml LB medium, and 100 ml
of this liquid culture was applied and homogeneously distrib-
uted on a Petri dish lled with LB-agar. The biolms were
incubated with different salt solutions (50 mM FeCl3, 50 mM
sition Antibiotic and concentration Reference

ccharide None 53
Kanamycin, 50 mg ml�1 28

e Chloramphenicol, 5 mg ml�1 29
Tetracycline, 12.5 mg ml�1 54

lm matrix None 55

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Erosion stability of NCIB 3610 biofilms. (A) Schematic representation of the erosion experiment. Left: a PTFE slide containing 10 biofilm-
covered agar patches is inserted into a tube which is then filled with a testing solution (middle). Shear forces are induced by setting the tube into
rotational motion using a lab shaker. Right: images and sketch of biofilm-covered agar patches before (0% biofilm removal) and during (63%
biofilm removal) an erosion experiment. Sometimes folding of the biofilm over the edge during detachment was observed. Consequently, only
the biofilm free areawas calculated as ameasure for biofilm removal. (B) Biofilm erosion of biofilms formed by the NCIB 3610wild-type strain and
mutant strains in water. (NCIB 3610 is depicted in blue, the tasAmutant in turquoise, the bslA deletion mutant in green and the epsA-Omutant in
orange). (C) Time-point of 50% detachment for NCIB 3610 and mutant strains in water.
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CuSO4, 50 mM CaCl2, 250 mM NaCl, or double deionized water
as a control) for one hour. For hydrophilic biolms (epsA-O,
bslA), 10 ml of the solutions were poured onto the biolm; for
hydrophobic biolms (B. subtilis NCIB 3610, tasA) 20 ml were
added, so that the liquids were able to cover the whole biolm.
Aer the incubation the solutions were discarded and the bio-
lms were harvested from the agar plates by manual scraping.
Additionally, reference samples were prepared which were not
incubated with liquids at all. Those reference biolms were
harvested directly aer the growth period.

Rheological measurements were performed using a commer-
cial shear rheometer (MCR 302; Anton Paar GmbH) equipped with
a 25 mm plate–plate geometry. The plate separation was set to
0.4 mm for almost all samples; only for the samples incubated
with FeCl3 (which exhibited a very high stiffness) a larger plate
separation of 0.7 mm had to be used. For a single measurement,
biolm from up to two agar plates had to be pooled to collect
enough material to ll the measuring gap. A solvent trap was
applied to prevent drying of the samples during the measure-
ment. All measurements were conducted at 21 �C and in strain-
controlled mode, and frequency sweeps were recorded in
a frequency range of 0.1 Hz to 10 Hz. Small strains corresponding
This journal is © The Royal Society of Chemistry 2019
to a constant torque of 0.5 mNm were applied to guarantee linear
response. For each condition, three different samples were tested.

Within each rheological experiment, the storage and loss
modulus were determined; however, for simplicity (as the loss
moduli exhibited the same trends we describe for the storage
moduli), only the storage modulus is discussed in the manu-
script. Since the recorded moduli showed only a very weak
frequency dependence, the obtained storage moduli were
averaged over the complete measured frequency spectrum to
obtain the bar plots shown in the manuscript. Obvious outliers
resulting from measuring artefacts were excluded from calcu-
lating these mean values. This averaged storage modulus is
referred to as biolm stiffness (G0) in themanuscript. Error bars
denote the standard deviation calculated from the mean values
of three frequency sweeps.
Wetting assay

Here, the above described day cultures were diluted to an optical
density of 0.05 in a 1.5 ml reaction tube containing 500 ml of LB
medium before being spotted onto LB-agar plates. On each plate,
ve 5 ml spots were applied at equal distance and the plates were
RSC Adv., 2019, 9, 11521–11529 | 11523
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incubated at 37 �C for 24 h. Then 10 ml drops of water were
applied to the biolm surface. An image of each droplet on the
biolm surface was acquired with a Canon PowerShot G12 digital
camera and the contact angle was determined using the angle
tool of ImageJ.
Signicance analysis

For signicance analysis we performed a Wilcoxon rank test
using the program Igor7Pro (version 7.04, WaveMetrics) as the
samples were not normally distributed. The signicance level
was chosen as a ¼ 0.05 (**) and plotted in the corresponding
gures and ESI Table 2.†
Results
Matrix components contribute to NCIB 3610 biolm erosion
stability

In a rst set of experiments, we studied the erosion stability
of biolms formed by the Bacillus subtilis NCIB 3610 wild-
type strain exposed to water (Fig. 1a). When challenged by
uid shear induced by shaking, biolms formed by this
strain detached from the agar patches on the PTFE chip
within 65 min: the averaged erosion behavior of these wild-
type strain biolms was approximately linear (Fig. 1b,
Table S1†), with 50% of the biolm mass being detached
from the agar surface aer 32 � 4 min (Fig. 1c). This was in
contrast to submerged control samples investigated in the
absence of shear forces, which did not detach (data not
shown). In a next step, we investigated the erosion stability
of biolms formed by several mutant strains each lacking
one or two components of the biolm matrix (Fig. 1b). The
rst deletion mutant, tasA, lacks the amyloid ber forming
protein TasA.27,28 Biolms formed by this mutant detached
from the agar patches in a sigmoidal fashion (Fig. 1b and
Table S1†) and faster than the wild-type strain biolms: here
50% of the biolm was already eroded aer 22 � 2 min
(Fig. 1c). Biolms generated by a deletion mutant lacking the
surface layer protein BslA29,30 also detached in a sigmoidal
fashion (Fig. 1b, Table S1†) with 50% of the biolm mass
being eroded within 13 � 2 min. The lowest erosion stability
was observed for biolms formed by a deletion mutant
unable to produce the exopolysaccharide.26 Here, biolm
removal was exponentially growing with time (Fig. 1b, Table
S1†), with a 50% detachment value of 9 � 2 min (Fig. 1c). In
this context, it is important to note that expression of the
exopolysaccharide is necessary for the production of the
BslA protein.29 Consequently, this epsA-O mutant also lacks
the BslA protein which might explain why this biolm
variant exhibits the highest sensitivity to erosion. From this
data, we conclude that – among the conditions tested here –

the absence of either BslA and/or the exopolysaccharide has
a strong inuence on the erosion stability of the biolm.

To better understand the mechanisms by which the biolm
matrix components contribute to the biolm erosion stability, we
investigated two physical biolm properties that could be relevant.
First, we analyzed if the lack of certain biolm matrix components
11524 | RSC Adv., 2019, 9, 11521–11529
would affect the wettability of NCIB 3610 biolms. This question
was motivated by previous results on wild-type biolms which
demonstrated that a reduction of the biolm surface hydropho-
bicity can enable faster erosion.40 To assess the biolm wettability,
we determined contact angles: values greater than 90� indicate
a hydrophobic surface, while contact angles smaller than 90�

represent a hydrophilic surface. We found that the surface of
biolms formed by the wild-type strain was hydrophobic with
a contact angle of (129 � 2)� (Fig. 2a). In contrast, bslA and epsA-O
mutant strains formed biolms with hydrophilic surfaces as
demonstrated by measured contact angles smaller than 35�

(Fig. 2a). For tasA biolms, the wetting properties were a bit more
complicated. Here, the biolm initially exhibited large contact
angles in the range of (132� 2)�; however, the droplet then spread
and reached nal contact angle values comparable to those ob-
tained for the other mutant strain biolms.

Overall, this agreed with previous results from the litera-
ture29 and demonstrated that the absence of one or two biolm
matrix components strongly alters the wetting behavior of the
biolm, shiing it from hydrophobic to hydrophilic. Moreover,
the differences in biolm erosion stability described above
agree well with the differences in biolm wettability: the
hydrophobic wild-type biolm showed the strongest erosion
resistance, the hydrophilic bslA and epsA-O biolms (which both
lack the hydrophobic surface protein BslA) showed the weakest
erosion resistance, and the tasA biolms exhibited both inter-
mediate wetting and intermediate erosion properties.

A second possible biolm property which could affect the
biolm erosion process is the biolm bulk stiffness. Although
previous experiments31 showed that the stiffness of untreated
wild-type biolm is comparable to that of biolms formed by the
individual mutant strains, this could change aer prolonged
biolm exposure to water (as it is the case in our erosion tests) –
especially since the different biolm variants exhibited differ-
ences in wettability. Indeed, aer incubation with water, biolms
formed by the three mutant strains showed a decreased biolm
stiffness (Fig. 2b): this drop in biolm stiffness was strong for the
epsA-O mutant biolm, weaker for the bslA mutant biolms and
virtually absent for (hydrophobic) tasA and wild-type biolms.
From this data, we conclude that soening of the biolm matrix
by prolonged exposure to water may also contribute to the
erosion behavior of the biolm – and that this soening effect is
directly related to the biolm wettability.
Metal ions increase the erosion stability of NCIB 3610 biolms

In Grumbein et al., 2014 4 it was shown that selected metal ions
increase the erosion stability of Bacillus subtilis B-1 biolms,
whose biolm matrix is mainly composed of g-polyglutamate.
Consequently, we assessed if metal ions are also able to increase
the erosion stability of NCIB 3610 biolms which – as described
above – possess a completely different biolm matrix. We
therefore tested the erosion behavior of NCIB 3610 biolms in
the presence of Fe3+, Cu2+ and Ca2+; those ions were chosen
since they have been shown to induce a strong increase in
erosion stability of B-1 biolms.4 In addition, we also tested the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Absence of biofilm matrix components affects wettability of the biofilm surface and biofilm stiffness. (A) Wetting behavior of NCIB 3610
wild-type and mutant strain biofilms. Turquoise +: corresponding contact angle right after application of water droplet (this value is not included
in the significance analysis). (B) Biofilm stiffness given as the storage modulus obtained by macrorheology.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 7

/1
8/

20
25

 9
:1

9:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
inuence of the mono-valent ion Na+, which had shown no
effect on the erosion behavior of B-1 biolms.

Indeed, we found that all three multi-valent ions Fe3+, Cu2+,
and Ca2+ strongly decreased erosion of NCIB 3610 biolms
(Fig. 3a); in case of the former two, biolm erosion was almost
totally inhibited. However, biolm erosion was also decreased
in the presence of the mono-valent ion Na+ (Fig. 3a). In a set of
control experiments, we ensured that the pH of the ion solu-
tions alone was not responsible for the observed increase in
erosion stability (Fig. 4). Hence, we believe that the presence of
the metal ions in our experiments is the main reason for the
decreased biolm erosion of the tested biolms. Interestingly,
the effect of metal ions to decrease biolm erosion is not
exclusively due to an increase in biolm stiffness (Fig. 3b),
although we did nd an effect on both properties for Fe3+ and –

albeit weaker – for Cu2+.

Interaction of metal ions with biolm matrix components

In a next set of experiments, we assessed the question if the
tested metal ions interacted with specic components of the
biolm matrix, and if such an interaction was responsible for
the observed increase in biolm erosion stability. To do so, we
repeated the erosion experiments with the ion solutions, but
this time we applied the ion solutions to biolms created by the
mutant strains introduced above. We found that, in the pres-
ence of Fe3+, biolm erosion was almost completely inhibited
for all mutant strains tested (Fig. 3a). At the same time, biolm
stiffness was increased to similar levels for all mutant strain
biolms as for the wild-type biolm (Fig. 3b). Interestingly,
a bacterial colony formed by a B. subtilis strain unable to
produce any biolm matrix (ESI Fig. 1†) was also completely
protected from erosion in the presence of Fe3+. From those
experiments, we conclude that the Fe3+ ions do not interact with
a single specic biolm matrix component. Instead, the
observed increase in biolm stiffness and erosion resistance
seems to be due to unspecic ionic cross-linking effects. Of
course, the source of this unspecic cross-linking effect is
difficult to pinpoint as it could occur either between different
This journal is © The Royal Society of Chemistry 2019
matrix components, between matrix components and biolm
bacteria, or between individual bacterial cells themselves and/
or the agar substrate.

In the presence of Cu2+, we obtained a similar picture as for
Fe3+: biolm erosion was decreased for all mutant strains;
however, this effect was not always as strong as for the wild-type
biolm (Fig. 3a). As for Fe3+, also for Cu2+, we detected an
increase in biolm stiffness for all biolm variants – albeit less
pronounced than for Fe3+. Taken together, this seemed to
suggest that erosion sensitivity and biolm stiffness are directly
related for B. subtilis NCIB 3610 biolms, and both can be
affected by unspecic cross-linking effects induced by multi-
valent ions.

Experiments conducted with solutions containing either
Ca2+ or Na+, challenged this picture. Here, we did not nd
combinations of ions and biolms where the biolm stiff-
ness was increased compared to the control performed with
pure water. Nevertheless, there were conditions where bio-
lm erosion was signicantly decreased – even for Na+

(Fig. 3).

The antibiotic ciprooxacin increases erosion stability of
NCIB 3610 biolms

In a last set of experiments, we investigated if specic antibi-
otics also affect the erosion stability of NCIB 3610 biolms.
Antibiotics represent an important medical treatment to coun-
teract bacterial growth and are oen applied in an aqueous
environment. We tested three different antibiotics that differ in
their mode of action: (i) vancomycin, which inhibits the
production of the bacterial cell membrane41 (ii) ciprooxacin,
that inhibits DNA replication42 and (iii) spectinomycin, that
inhibits protein synthesis.43 All antibiotics where applied at
concentrations that are above the individual minimal inhibitory
concentration (MIC) proven to have an effect on single bacterial
cells (ESI Fig. 2†). We nd that biolm erosion of the wild-type
strain NCIB 3610 is not signicantly affected in the presence of
vancomycin and spectinomycin (Fig. 5a). The presence of
ciprooxacin, however, increased the erosion stability of NCIB
RSC Adv., 2019, 9, 11521–11529 | 11525
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Fig. 3 Metal ions increase the erosion stability of NCIB 3610 biofilms. (A) Biofilm erosion of the NCIB 3610wild-type and several mutant strains as
mean fraction of removed biofilm from the agar patches compared to the fully covered patches at time t¼ 0min. (B) Biofilm stiffness of the NCIB
3610 wild-type and several mutant strains. (A and B) Black line indicates value of corresponding water treated sample.
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3610 biolms (Fig. 5a). Surprisingly, the presence of this anti-
biotic lead to a small decrease in biolm stiffness (ESI Fig. 3†),
which is the opposite trend as we described above for the metal
ions. When we studied the erosion stability of the mutant strain
Fig. 4 Influence of pH on biofilm erosion. The pH of each tested ionic s
the wild-type strain.

11526 | RSC Adv., 2019, 9, 11521–11529
biolms lacking one or two biolm matrix components, and
found that in the absence of one or two biolm matrix
components the protective effect of ciprooxacin was strongly
reduced (Fig. 5b).
olution is given underneath the corresponding biofilm removal data of

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Treatment with the antibiotic ciprofloxacin increases erosion stability of NCIB 3610 biofilms. (A) Biofilm erosion of the NCIB 3610 wild-
type in water and three different antibiotics. (B) Biofilm detachment for NCIB 3610 andmutant strains in the presence of ciprofloxacin. Black lines
indicate the biofilm removal of each strain in water.
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Discussion

In this study, we presented a quantitative time-resolved analysis
on the erosion stability of Bacillus subtilis NCIB 3610 biolms.
In particular, we demonstrated the importance of the biolm
matrix in this regard and showed that the erosion kinetics differ
for all strains studied ranging from linear erosion observed for
the wild-type strain, over sigmoidal erosion kinetics for strains
lacking the TasA protein in the biolm matrix, to exponential
erosion kinetics for the strain not able to produce the exopoly-
saccharide. Linear erosion kinetics were previously also found
for a different Bacillus subtilis variant, i.e. B. subtilis B-1,4 whose
biolm matrix is mainly composed of g-polyglutamate.7

Different molecular factors might be important for the
erosion stability of bacterial biolms44–46 such as biolm
composition or the distribution of molecules throughout the
extracellular matrix. In this study, we addressed two physical
biolm properties inuencing biolm erosion. We showed that
B. subtilis NCIB 3610 biolms with a hydrophobic biolm
surface, as well as biolms with a high biolm stiffness exhibit
an increased biolm erosion stability, and that this erosion
stability is strongly reduced if one or two biolm matrix
components are missing in the biolm matrix. Thereby, the
TasA protein seems to be of minor importance, while the
surface layer protein BslA and the exopolysaccharide have
a strong impact. However, the presence of all biolm matrix
components is necessary to achieve the full erosion stability of
NCIB 3610 biolms. It appears reasonable that a less hydro-
phobic biolm would be more susceptible to soening induced
by water ingress, and that a soer biolm can be removed from
a surface by shear forces more easily than a stiff biolm variant.
However, how the different biolm matrix molecules work
together to ne-tune both of those properties at the same time,
cannot be disentangled at this point.

In our study, we also investigated the importance of certain
chemicals on the erosion stability of Bacillus subtilis NCIB 3610
biolms. First, we addressed the presence of metal ions on
This journal is © The Royal Society of Chemistry 2019
biolm erosion stability. Both, mono- and multi-valent metal
ions are present in many uid environments such as the human
blood,47 or in pipes and tubes of the food industry.48 In contrast
to biolms formed by the Bacillus subtilis strain B-1 4 that were
protected from erosion by multi-valent ions only, we here found
that the erosion properties of biolms formed by strain NCIB
3610 can also be modulated by the mono-valent ion Na+. At this
point, we attribute this difference in biolm response to
differences in the composition of the biolm matrix of these
strains.7,14 Similar to previous results obtained for B. subtilis B-1
biolms,4 here we also detected a stiffening of the biolm upon
exposure to Fe3+ and Cu2+ ions. However, specic interactions
between a certain biolm matrix component and these metal
ions seem not to be required to obtain this effect. This nding
appears to t into a broader picture,49,50 as an effect of selected
metal ions on the erosion stability and/or stiffness was also
described for Pseudomonas aeruginosa39,51 (where the main bio-
lm component is alginate) and Staphylococcus epidermidis
biolms.52 This suggests that protecting themselves from
erosion by absorbing metal ions from the liquid environment
might be a more generic principle that biolms developed to
optimize their survival in the presence of mechanical shear
forces, and that different bacterial species make use of a distinct
set of matrix molecules to achieve this effect.

Second, we investigated the effect of selected antibiotics on
the erosion stability of biolms. While the antibiotics vanco-
mycin and spectinomycin had no effect, the presence of the
antibiotic ciprooxacin increased erosion stability of mature
NCIB 3610 biolms, that is attributed to an unspecic interac-
tion with the biolm matrix. However, biolm stiffness was not
considerably altered by the antibiotic ciprooxacin, so we
speculate the increase in biolm erosion stability being due to
an increase in biolm adhesion. An effect of certain antibiotics
on biolm stiffness was also described for S. epidermidis and P.
aeruginosa.49,50,52 In the latter case, the antibiotic ciprooxacin
decreased biolm stiffness. To our knowledge, no information
is yet available on how these different types of chemicals (ions
RSC Adv., 2019, 9, 11521–11529 | 11527
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or antibiotics) interact with the single biolm matrix compo-
nents to achieve the effects described above.

In summary, we have shown that the biolm matrix compo-
sition is important for the erosion stability of NCIB 3610 biolms
and that this stability can be altered by certain chemicals such as
mono- and multi-valent ions or the antibiotic ciprooxacin.
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and M. Opitz, Matrix composition determines the
dimensions of Bacillus subtilis NCIB 3610 biolm colonies
grown on LB agar, RSC Adv., 2017, 7, 31886–31898.

38 S. Arnaouteli, A. S. Ferreira, M. Schor, R. J. Morris,
K. M. Bromley, J. Jo, K. L. Cortez, T. Sukhodub,
A. R. Prescott, L. E. P. Dietrich, C. E. MacPhee and
N. R. Stanley-Wall, Bifunctionality of a biolm matrix
protein controlled by redox state, Proc. Natl. Acad. Sci. U. S.
A., 2017, 114, E6184–E6191.
This journal is © The Royal Society of Chemistry 2019
39 O. Lieleg, M. Caldara, R. Baumgärtel and K. Ribbeck,
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M. Opitz and O. Lieleg, Topographical alterations render
bacterial biolms susceptible to chemical and mechanical
stress, Biomater. Sci., 2019, 7(1), 220–232.

41 C. Watanakunakorn, Mode of action and in vitro activity of
vancomycin, J. Antimicrob. Chemother., 1984, 14, 7–18.

42 M. L. Fisher, J. M. Lawrence, I. C. Josty, R. Hopwell,
E. E. C. Margerrison and M. E. Cullen, Ciprooxacin and
the uoroquinolones, Am. J. Med., 1989, 87, 2–8.

43 J. Davies, P. Anderson and B. D. Davis, Inhibition of Protein
Synthesis by Spectinomycin, Science, 1965, 149, 5–8.

44 L. C. Simões, M. Simões andM. J. Vieira, Biolm interactions
between distinct bacterial genera isolated from drinking
water, Appl. Environ. Microbiol., 2007, 73, 6192–6200.

45 O. E. Petrova and K. Sauer, Escaping the biolm in more
than one way: desorption, detachment or dispersion, Curr.
Opin. Microbiol., 2016, 30, 67–78.

46 H. Jang, R. Rusconi and R. Stocker, Biolm disruption by an
air bubble reveals heterogeneous age-dependent
detachment patterns dictated by initial extracellular matrix
distribution, npj Biolms and Microbiomes, 2017, 3, 0–1.

47 G. E. Jackson and M. J. Byrne, Metal Ion Speciation in Blood
Plasma: Gallium-67-Citrate and MRJ Contrast Agents, J.
Nucl. Med., 1996, 379–386.

48 A. Z. Aris, R. C. Y. Kam, A. P. Lim and S. M. Praveena,
Concentration of ions in selected bottled water samples
sold in Malaysia, Appl. Water Sci., 2013, 3, 67–75.

49 W. L. Jones, M. P. Sutton, L. McKittrick and P. S. Stewart,
Chemical and antimicrobial treatments change the
viscoelastic properties of bacterial biolms, Biofouling,
2011, 27, 207–215.

50 M. Tallawi, M. Opitz and O. Lieleg, Modulation of the
mechanical properties of bacterial biolms in response to
environmental challenges, Biomater. Sci., 2017, 5, 887–900.

51 V. Körstgens, H. Flemming, J. Wingender and W. Borchard,
Inuence of calcium ions on the mechanical properties of
a model biolm of mucoid Pseudomonas aeruginosa,
Water Sci. Technol., 2001, 43(6), 49–57.

52 E. R. Brindle, D. A. Miller and P. S. Stewart, Hydrodynamic
deformation and removal of Staphylococcus epidermidis
biolms treated with urea, chlorhexidine, iron chloride, or
dispersinB, Biotechnol. Bioeng., 2011, 108, 2968–2977.
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