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Bacillus subtilis is an intensively studied Gram-positive bacterium that has become one of the

models for biofilm development. B. subtilis 168 is a well-known domesticated strain that has been

suggested to be deficient in robust biofilm formation. Moreover, the diversity of available B. subtilis

laboratory strains and their derivatives have made it difficult to compare independent studies related

to biofilm formation. Here, we analysed numerous 168 stocks from multiple laboratories for their

ability to develop biofilms in different set-ups and media. We report a wide variation among the

biofilm-forming capabilities of diverse stocks ofB. subtilis 168, both in architecturally complex

colonies and liquid–air interface pellicles, as well as during plant root colonization. Some 168

variants are indeed unable to develop robust biofilm structures, while others do so as efficiently as

the non-domesticated NCIB 3610 strain. In all cases studied, the addition of glucose to the medium

dramatically improved biofilm development of the laboratory strains. Furthermore, the expression of

biofilm matrix component operons, epsA-O and tapA-sipW-tasA, was monitored during colony

biofilm formation. We found a lack of direct correlation between the expression of these genes and

the complexity of wrinkles in colony biofilms. However, the presence of a single mutation in the

exopolysaccharide-related gene epsC correlates with the ability of the stocks tested to form

architecturally complex colonies and pellicles, and to colonize plant roots.

INTRODUCTION

Bacillus subtilis is a non-pathogenic model Gram-positive
bacterium that has been extensively studied for over a cen-
tury. Microbiologists have used B. subtilis to investigate a
broad variety of biological questions, ranging from the intri-
cacies of cell metabolism to community behaviour and evo-
lution (Earl et al., 2008; Shank & Kolter, 2011). As a
consequence of the extended use of B. subtilis, multiple
strains exist in laboratories and strain collections all over
the globe. Some of these strains have been isolated from dis-
tinct environments and are used as wild-type reference
strains, e.g. NCIB 3610 (from here onwards, 3610) and
PS216. Other commonly used strains have been described
as ‘domesticated’ due to their prolonged use under labora-
tory conditions, which have conferred them with character-
istics that make them ideal research models, i.e. ease of
genetic manipulation and efficient growth on commercially
available media.

One of the key features of B. subtilis is its ability to form bio-
films. Biofilms are complex multicellular communities that
can develop in diverse environments and potentially have a
major impact on multiple human activities, among others
including an ominous progression of common infections or
hampering of biotechnological and industrial applications
(Bjarnsholt et al., 2013; Valderrama & Cutter, 2013). For-
mation of biofilms can be desirable under certain circum-
stances; B. subtilis biofilms, for example, have been
implicated in crop protection by prevention of colonization
of plant roots by pathogenic organisms (Bais et al., 2004).

B. subtilis has become one of the model organisms used for
biofilm research. Studies performed over the years have
provided many insights regarding the processes involved in
the development of these bacterial populations (Mhatre
et al., 2014; Mielich-Süss & Lopez, 2015). Strain 168 is the
most well-known and widely used laboratory strain; it is an
easily transformable tryptophan auxotroph that was
obtained by X-ray mutagenesis (Burkholder & Giles, 1947)
and has been used in a multitude of academic and industrial
studies. The intensive use of strain 168 has generated vari-
ous derivative strains, several of which have been sequenced
by a joint European–Japanese consortium and later re-
sequenced using single strains (Barbe et al., 2009; Kunst
et al., 1997; Zeigler et al., 2008).
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Abbreviation: ROI, region of interest.

Three supplementary figures are available with the online Supplementary
Material.
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The biofilms formed by B. subtilis have traditionally been
studied as complex structured colonies on agar plates or as
pellicles formed at the liquid–air interface of static liquid
cultures (Cairns et al., 2014; Vlamakis et al., 2013). Branda
et al. (2001) were the first to report the various biofilms
developed by certain B. subtilis strains, noticing that domes-
ticated laboratory strains derived from strain PY79 formed
deficient biofilms. Since then, laboratory strains, including
168, have largely been considered as poor or non-biofilm
formers at best (Romero, 2013). Different studies have
investigated the genetic differences between this strain and
wild-type 3610, reporting that these disparities are responsi-
ble for strain 168’s small, unstructured colonies and flat,
featureless pellicles (McLoon et al., 2011; Pollak et al.,
2015). In particular, a deficiency in the production of exo-
polysaccharide (EPS) has been highlighted as an important
flaw of strain 168 related to biofilm formation (Kearns
et al., 2005; McLoon et al., 2011).

In B. subtilis, EPS is produced by the proteins encoded in
the epsA-O operon (Branda et al., 2004) and is a major
component of the biofilm matrix (Flemming & Wingender,
2010). Due to its relevance to biofilm formation, the chemi-
cal nature of this polymer has been investigated by various
groups. However, these studies have normally used different
non-domesticated strains and media, obtaining disparate
results (Chai et al., 2012; Jones et al., 2014; Roux et al.,
2015). This phenomenon is a testament to the robustness of
B. subtilis, a soil bacterium that has evolved the ability to
survive on different nutrient sources and therefore can use
diverse compounds to produce the polymers that form the
backbone of the biofilm matrix (Kohlstedt et al.,
2014; Meyer et al., 2014).

A problem that permeates B. subtilis research is the plethora
of available strains and methods, making it difficult to com-
pare experimental results. Here, we compared various bio-
films developed by divergent laboratory stocks of strain 168
originating from various research groups around the globe.
We also analysed the expression of the eps and tapA-sipW-
tasA operons using fluorescent reporter fusion. We report
that the formation of complex colonies varies greatly among
the various 168 strains, some of them being able to form
architecturally complex colonies similar to those developed
by 3610 when grown on complex or supplemented media.
In addition, we show that the expressions of Peps-GFP and
PtapA-GFP fusion does not necessarily correlate with the for-
mation of architecturally complex structures in these
biofilms.

METHODS

Strains and media. All strains used in this study are listed in Table 1.
These strains were pre-grown overnight in LB medium (lysogeny broth,
Carl Roth; 10 g l�1 tryptone, 5 g l�1 yeast extract and 5 g l�1 NaCl) and
later grown on LB supplemented with 0.1 mM MnCl2 and either 0.1%
glucose (hereafter, LB-Glu) or 1% glycerol (hereafter, LB-Gly), 2�SG
medium [16 g l�1 nutrient broth (Difco), 2 g l�1 KCl, 0.5 g l�1 MgSO4

�7H2O, 1mM Ca(NO3)2, 0.1mM MnCl2�4H2O, 1 µM FeSO4 and 0.1%
glucose] (Kobayashi, 2007) or defined MSgg medium [5mM potassium

phosphate buffer (pH 7), 100mMMOPS, 2mMMgCl2, 700 µM CaCl2,
100 µM MnCl2, 50 µM FeCl3, 1 µM ZnCl2, 2 µM thiamine, 0.5% glyc-
erol, 0.5% glutamate, 50 µM L-tryptophan and 50 µM L-phenylalanine]
adapted from Branda et al. (2001). Murashige and Skoog (MS) medium
was used for Arabidopsis thaliana germination [MS basal salt mixture,
Sigma-Aldrich; 2.2 g l�1 MS medium (pH 5.6–5.8)], while MSNg
medium was used for root surface colonization assays [5mM potassium
phosphate buffer (pH 7), 100mM MOPS, 2mM MgCl2, 50 µM MnCl2,
1 µM ZnCl2, 2 µM thiamine, 0.2% NH4Cl, 0.05% glycerol and 700 µM
CaCl2]. Media were supplemented with Bacto agar 1.5 or 1% when solid
plates were needed for bacterial colonies or plant seed germination,
respectively. Unless otherwise stated, all liquid cultures were grown at
37 �C with shaking at 225 r.p.m.

Strain construction. B. subtilis Peps-GFP and PtapA-GFP strains were
obtained via natural competence transformation (Kunst & Rapoport,
1995) using genomic DNA from strains NRS2243 and NRS2394, respec-
tively. Briefly, overnight cultures of the receiver strains were diluted to a
1 : 50 ratio with GCHE medium [1% glucose, 0.2% glutamate, 100mM
potassium phosphate buffer (pH7), 3mM trisodium citrate, 3mM
MgSO4, 22 mg l�1 ferric ammonium citrate, 50 mg l�1

L-tryptophan
and 0.1% casein hydrolysate], and these cultures were incubated for 4 h,
after which 5–10 µg of genomic DNA was mixed with 500 µl of compe-
tent cells and further incubated for 2 h before plating. Phyperspank-
GFP labelled strains were obtained by the same method using plasmid
phyGFP that integrates into the amyE locus of B. subtilis (van Gestel
et al., 2014). Transformants were selected on LB plates with 5 µg ml�1

kanamycin or 5 µg ml�1 chloramphenicol. In all transformations, sev-
eral clones were examined for colony morphology and no phenotypical
differences regarding wrinkleability were observed between the obtained
transformants and their corresponding parental strains. Successful trans-
formation was validated using the fluorescence reporter activity of the
strains or amylase-negative phenotype on 1% starch agar plates
(Harwood & Cutting, 1990). DK1042 was used rather than 3610 to
obtain fluorescently labelled strains, due to its improved transformability
(Konkol et al., 2013).

Biofilm development as pellicles and architecturally complex

colonies. The study strains were pre-grown in 3ml LB medium over-
night, following which 2 ml of 1 : 50 dilution of these cultures in 2�SG
and MSgg media were used to inoculate 24-well plates for pellicle forma-
tion. For biofilm colony structures, the four types of media (LB-Glu,
LB-Gly, 2�SG and MSgg) were supplemented with 1.5% agar and tem-
pered to 55 �C, and 25ml of the medium was poured into a 90 mm-
diameter Petri dish. Once solid, plates were dried completely open in a
laminar airflow bench for exactly 15min. The plates were closed and
2 µl of each strain was inoculated on to the plate. To avoid growth inhi-
bition and constraint resulting from two different B. subtilis strains, only
three strains were inoculated per plate and each had the reference 168 Je
strain for comparison of morphology. The plates for the pellicles and
colonies were incubated at 30 �C for 72h.

Biofilm development on root surfaces. Seeds of A. thaliana ecotype
Col-0 were surface sterilized by incubation in 1ml of 2% NaClO solu-
tion for 20min on an orbital mixer. The seeds were washed five times
with 1ml of sterile distilled water and placed on MS medium supple-
mented with 1% agar (Oslizlo et al., 2015). The seeds were planted
15mm apart in order to avoid entanglement of the roots. The MS plates
were parafilm sealed and incubated at 4 �C for 72h, following which
they were placed at room temperature on a windowsill for 10–12 days to
allow the seeds to germinate and develop roots of approximately 1 cm in
length. Overnight cultures of the test strains were adjusted to OD600 of
0.2 and then further diluted 10-fold using MSNg medium. The seedlings
were then placed in 300 µl of these cultures in a 48-well microplate. The
roots of the seedlings were completely submerged in the bacterial dilu-
tions. The microplate was incubated at 28 �C with 90 r.p.m. shaking for
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Table 1. Strains used in this study

Strain Characteristics Abbreviation

used here

Reference

3610 Prototroph, wild-type 3610 Bacillus Genetic Stock Center (BGSC)

DK1042 3610 comIQ12I Konkol et al. (2013)

NRS2243 3610 sacA ::PepsA-gfp (neo), hag::cat Murray et al. (2009)

NRS2394 3610 sacA::PtapA-gfp (neo) Murray et al. (2009)

JH642 DtrpC2 DpheA1 citS642, derived

from Marburg strain

Laboratory Stock (Grau, R., originally from Hoch, J.A.)

168 (Boston) DtrpC2, derived from 168 168 Bo Laboratory Stock (Romero, D., originally from

Kolter, R.)

168 (Braunschweig) DtrpC2, derived from 168 168 Br Laboratory Stock (H€artig, E.)

168 (Göttingen) DtrpC2, derived from 168 168 Gö Laboratory Stock (Stülke, J.)

168 (Jena) DtrpC2, derived from 168 1A700 168 Je Laboratory Stock (Terrestrial Biofilms Group, originally

from University of Groningen and BGSC)

168 (Ljubljana) DtrpC2, derived from 168 1A1 168 Lj Laboratory Stock (Mandić-Mulec, I., originally from

BGSC)
168 (Malaga) DtrpC2, derived from 168 168 Ma Laboratory Stock (Romero, D.)

168 (Münich) DtrpC2, derived from 168 168 Mü Laboratory Stock (Thorsten, M., originally from

Stülke, J.)
168 (New Castle) DtrpC2, derived from 168 1A1 168 NC Laboratory Stock (Veening, J.-W. and Errington, J.,

originally from BGSC)

168 (Paris) trp+, tryptophan-prototrophic derivative of

168 (with reconstituted trpC gene)

168 Pa Laboratory Stock (Briandet, R., BaSysBio reference

strain, BSB1) (Nicolas et al., 2012)
168 (Pavia 1) DtrpC2, derived from 168 168 P1 Laboratory Stock (Calvio, C., originally from

Anagnostopoulos)

168 (Pavia 2) DtrpC2, derived from 168 168 P2 Laboratory Stock (Calvio, C., originally from

Burkholder and Giles)
168 (Tokai) DtrpC2, derived from 168 168 To Laboratory Stock (Ogura, M., originally from the EU

sequencing consortium)
TB356 168 NC sacA::PepsA-gfp (neo) This study

TB357 168 Gö sacA::PepsA-gfp (neo) This study

TB358 168 To sacA::PepsA-gfp (neo) This study

TB359 168 Br sacA::PepsA-gfp (neo) This study

TB360 168 P1 sacA::PepsA-gfp (neo) This study

TB361 168 P2 sacA::PepsA-gfp (neo) This study

TB362 JH642 sacA::PepsA-gfp (neo) This study

TB363 DK1042 sacA::PepsA-gfp (neo) This study

TB365 168 Je sacA::PepsA-gfp (neo) This study

TB392 168 Bo sacA::PepsA-gfp (neo) This study

TB394 168 Ma sacA::PepsA-gfp (neo) This study

TB366 168 NC sacA::PtapA-gfp (neo) This study

TB367 168 Gö sacA::PtapA-gfp (neo) This study

TB368 168 To sacA::PtapA-gfp (neo) This study

TB369 168 Br sacA::PtapA-gfp (neo) This study

TB370 168 P1 sacA::PtapA-gfp (neo) This study

TB371 168 P2 sacA::PtapA-gfp (neo) This study

TB372 JH642 sacA::PtapA-gfp (neo) This study

TB373 DK1042 sacA::PtapA-gfp (neo) This study

TB375 168 Je sacA::PtapA-gfp (neo) This study

TB393 168 Bo sacA::PtapA-gfp (neo) This study

TB395 168 Ma sacA::PtapA-gfp (neo) This study

TB34 DK1042 amyE::Phyperspank-gfp (cat) Seccareccia et al. (2016)

TB49 168 Je amyE::Phyperspank-gfp (cat) van Gestel et al. (2014)

TB707 168 Bo amyE::Phyperspank-gfp (cat) This study
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24h. After the incubation period, the seedling roots were gently washed
three times with sterile MSNg medium, placed on microscopy slides,
covered with coverslips and examined without further treatment.

Microscopy and image analysis. All bright-field and green fluores-
cence images of colonies and pellicles were obtained with an Axio Zoom
V16 stereomicroscope (Carl Zeiss) equipped with a Zeiss CL 9000 LED
light source, HE eGFP filter set (excitation at 470/40 nm and emission at
525/50 nm) and an AxioCam MRm monochrome camera (Carl Zeiss).
For colony and pellicle morphology comparison, images were obtained
after 72h incubation at �5 and �20 magnifications. For Peps-GFP and
PtapA-GFP reporter fusion expression comparison, images were taken at
different time points using �3.5 magnification and exposure times of
2500 ms for green fluorescence and 10 ms for bright field.

The expression of green fluorescence of colonies was analysed using
ImageJ (National Institutes of Health). Briefly, images were batch proc-
essed to subtract a background value, and this value was calculated using
a circular region of interest (ROI) of 1mm radius and measuring the
average fluorescence intensity in 36 non-colony areas selected from ran-
dom images at all time points using only the green channel information.
Afterwards, the colony area of each image was selected using the bright-
field channel and the tracing tool with legacy mode and a tolerance of
100. Using the selected ROI, the corresponding colony areas were
marked on the green fluorescence images and their average fluorescence
intensity was measured.

All bright-field and green fluorescence images of A. thaliana roots were
obtained with an Axio Observer 780 Laser Scanning Confocal Micro-
scope (Carl Zeiss) equipped with a Plan-Apochromat 63�/1.4 Oil DIC
M27 objective, an argon laser for stimulation of green fluorescence
(excitation at 488 nm and emission at 540/40 nm), a halogen HAL-100
lamp for transmitted light microscopy and an AxioCam MRc colour
camera (Carl Zeiss). The images were obtained as a Z-stack of 10 slices
covering 3.8 µm on the Z-axis. The images were later merged with
ImageJ using an average-intensity Z-projection. The average fluores-
cence intensity of the roots was measured by selecting the root area as an
ROI in the bright-field channel and then measuring the fluorescence
intensity in the corresponding area of green channel Z-projections only.

Sequencing of epsC, swrA, degQ and sfp alleles. Fragments of
epsC (788 bp), swrA (935 bp), degQ (552 bp) and sfp (827 bp) were PCR
amplified from genomic DNA of the tested B. subtilis stocks using corre-
sponding primer pairs (Table 2). The fragments were sequenced using
primer oTB110 (epsC), oTB131 (swrA), oTB132 (degQ) or oTB134 (sfp)
(GATC Biotech).

RESULTS

Various stocks of B. subtilis 168 show diverse

complex colony and pellicle morphologies

Different nutrients are known to have a profound effect on
general metabolism and the production of signalling mole-
cules that regulate biofilm formation in B. subtilis (Mhatre

et al., 2014). Previous publications suggest that the availabil-
ity of complex nutrients might supplement the metabolic
shortcomings of strain 168 and allow it to develop architec-
turally complex biofilms (Kov�acs & Kuipers, 2011; Mhatre
et al., 2016). We were interested in testing various stocks of
the 168 strain that are used by different laboratories. Impor-
tantly, these stocks might have diverged due to additional
genetic differences, possibly resulting in contrasting obser-
vations among the work groups investigating biofilm
formation.

We grew complex colonies of the 168 variants obtained, the
domesticated laboratory strain JH642 and the wild isolate
3610 on defined (i.e. MSgg) and complex (i.e. supple-
mented LB and 2�SG) media for 72 h. LB, although rich in
nutrients and commonly used by microbiologists, is not a
biofilm-promoting medium. The colonies developed by
B. subtilis on LB agar are small, flat and featureless, and no
pellicles develop on static liquid LB cultures (data not
shown). We investigated the possibility that the addition of
both manganese and carbon sources (glycerol or glucose)
similar to those present in other media could be sufficient
to promote the development of complex B. subtilis biofilms
on LB medium (Figs 1 and S1, available in the online Sup-
plementary Material, and below).

Using the chemically defined MSgg medium, we observed a
marked difference between the colonies developed by all 168
variants and the non-domesticated prototroph; namely,
3610 developed large (18–20mm), opaque colonies with
wrinkles, while all 168 variants developed smaller (5–8mm)
colonies with smooth, bright surfaces on the periphery that
show small or no wrinkles (Figs 1 and S1). The opacity in

Table 1. cont.

Strain Characteristics Abbreviation

used here

Reference

TB709 168 P1 amyE::Phyperspank-gfp (cat) This study

TB722 168 Gö amyE::Phyperspank-gfp (cat) This study

TB723 168 Lj amyE::Phyperspank-gfp (cat) This study

Table 2. PCR primers used in this study

Primer Sequence (5¢fi3¢) Target

locus

oTB110 CGAACTGCCGGACAAATC epsC

oTB111 ACGGGCTCTCCCATATC epsC

oTB130 GGTTATGGCTTTTCAGGATCAAAAC swrA

oTB131 TCTATCAAATATTAAATGGCTTGGA

TAT

swrA

oTB132 CTGTCGTTTCTTTAATATC degQ

oTB133 ACCAGGGATAACGATATCTC degQ

oTB134 GGTGTCAAGCTGTTGATGAG sfp

oTB135 AAGCATCTCCGCCTGTACAC sfp
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the wrinkles of a complex colony is suggested to be associ-
ated with increased sporulation as the biofilm matures (Ara-
bolaza et al., 2003; Gonzalez-Pastor et al., 2003). These
phenotypes are in line with previous reports that define the
domesticated 168 strain as a non-biofilm former when
grown on MSgg medium (Branda et al., 2001; McLoon et al.,
2011). However, the appearance of the biofilms changed
drastically when grown on complex medium. On 2�SG,
3610 showed large colonies with increased architectural
complexity, i.e. its colonies had larger and seemingly taller
wrinkles with opaque white summits, while leaving a clear
flat and smooth area in the centre of the colony. On this
medium, the 168 variants formed colonies almost as large as
those developed by 3610 (15–20mm), and their topography
showed great diversity. 168 P2 and 168 Je, for example,
formed wrinkled opaque colonies resembling those formed
by 3610 on MSgg, while 168 Gö and 168 NC showed a uni-
formly rugose, bright surface. On the other hand, JH642 and

168 Bo colonies remained flat with a smooth surface,
although they were also larger than those developed on
MSgg (Figs 1 and S1). The biofilm colonies grown on LB
medium with additional manganese and carbon sources
(glycerol and glucose) showed an improvement in the devel-
opment of wrinkles. 3610 showed an increased formation of
wrinkles accompanied by a slightly smaller colony size (15–
17mm), while most 168 variants produced large colonies
that even surpassed those of 3610, especially when the
medium was supplemented with glucose. On LB-Glu
medium, the 168 variants developed opaque colonies that
appeared indistinguishable from those of 3610 on MSgg,
which suggests that abundance of glucose might be sufficient
to overcome the deficiencies observed while developing on
MSgg. Strikingly, this is not the case for glycerol, which is
the carbon source normally available in MSgg. The colonies
developed on LB-Gly, although larger than those on MSgg,
still showed reduced complexity with brighter surfaces, as
shown before for stock 168 Je (Mhatre et al., 2016).

We tested the development of pellicle biofilms by all 168
variants and 3610 using common biofilm media 2�SG and
MSgg after 72 h (Figs 1 and S1). MSgg promotes the forma-
tion of densely wrinkled pellicles by 3610, while most 168
variants form thin and flimsy pellicles (e.g. 168 Ma, Pa and
To). The most fragile of these pellicles even collapse and
sink to the bottom of the well (e.g. 168 Bo, NC, Lj, Gö and
JH642). Notable exceptions are the pellicles developed by
168 P1 and P2 strains, which develop thick, wrinkled pel-
licles similar to those of 3610. Importantly, 2�SG medium
promotes the appearance of dense floating biofilm in most
168 variants, except in those that form fragile or collapsed
pellicles in MSgg (i.e. 168 Mü, Lj, Gö, NC, Bo and JH642)
(Figs 1 and S1). In sum, these experiments suggest that cer-
tain variants of B. subtilis 168 do develop complex structures
on biofilm-promoting, nutrient-rich medium.

Lack of wrinkle formation of complex colony

biofilms does not depend exclusively on

expression of epsA-O and tapA-sipW-tasA

operons

Biofilm formation by B. subtilis has been associated with the
development of architecturally complex communities. In
this regard, the most recognizable visual phenotype is the
development of wrinkles or folds, in both colonies and pel-
licles (Branda et al., 2001; Kobayashi, 2007). As the produc-
tion of EPS is closely associated with biofilm development
in diverse species (Flemming & Wingender, 2010), we
investigated whether the relative expression of the epsA-O
operon correlates with the appearance of architecturally
complex communities. Specifically, we expected that the
expression levels from a Peps-GFP reporter fusion would be
higher in those strains and under conditions that efficiently
develop opaque wrinkles, as compared to those that remain
flat and featureless.

To this end, we monitored the levels of green fluorescence
during the development of complex colonies of 168 variants

Strain

JH642

168Bo

168NC

168Gö

168Lj

168Mü

168Ma

168Je

168Pa

168To

168P1

168P2

168Br

3610

LB+Glu LB+Gly

Colony Pellicle

MSgg 2xSG 2xSGMSgg

Fig. 1. Comparison of complex colonies and pellicles of B. subti-
lis strain 3610 and 168 variants. Strains were grown on different

media and imaged after 72 h incubation, arranged by increasing
colony wrinkleability on 2�SG medium. The scale bar shown at
the bottom represents 20 mm. Strain abbreviations are described

in Table 1.
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on 2�SG. We selected this medium because the biofilm
structures showed a wide range of complexity from the
highly wrinkled 3610 reference strain towards the flat and
featureless JH642. Surprisingly, we did not observe a corre-
lation between the measured fluorescence levels and the
appearance of complex structures in the colonies
(Figs 2 and S2). The expression levels of the reporter fusion
increased in all 168 variants over time, especially after the
onset of stationary phase when colony size extension less-
ened (around 24 h). However, differences in fluorescence
expression appeared without regard to colony wrinkleabil-
ity. 3610, for example, developed typically complex colonies
while maintaining low fluorescence throughout colony
development. An inverse correlation was not evident either;
JH642 displayed flat, featureless colonies but its fluores-
cence levels were inferior to those shown by 168 Ma and
168 Br. This result suggests that the expression of the epsA-
O operon is not directly related to the development of wrin-
kles during complex colony biofilm formation.

To further test the involvement of other extracellular matrix
components over the formation of wrinkles, we measured
the expression levels of a PtapA-GFP reporter fusion in the
168 variants. The tapA-sipW-tasA operon encodes the pro-
tein component of B. subtilis biofilms (Branda et al., 2006).
B. subtilis strains that lack both the epsA-O and tapA-sipW-

tasA operons are unable to form biofilms (Branda et al.,
2006; Chu et al., 2006; Romero et al., 2011). We monitored
the expression levels of a PtapA-GFP reporter fusion during
the development of complex colonies of 168 variants. As in
the case of the epsA-O operon, 3610 developed a complex
wrinkled colony while showing the lowest level of reporter

fusion expression, while all 168 variants showed higher
fluorescence levels without a clear correlation to wrinkle
formation or colony opacity (Figs 3 and S3).

Taken together, these results indicate that the relative
expression of genes coding for the EPS and TasA protein
matrix components does not directly correlate with the for-
mation of wrinkles in complex colony biofilms of B. subtilis.
Importantly, it is worth noting that, in both reporter strains,
the expression of the corresponding reporter fusion was
lowest in the undomesticated 3610 strain.

Differential biofilm formation on roots of

A. thaliana by diverse 168 stocks

B. subtilis is a soil bacterium known for its ability to colonize
plant roots via biofilm development (Beauregard et al., 2013;
Chen et al., 2013). We tested whether our previous observa-
tions on colony and pellicle robustness would hold true for a
root colonization assay, which is a more natural biofilm
development model than colonies on agar plates. We exam-
ined the colonization of A. thaliana roots after 24 h incuba-
tion with selected 168 stocks. The stocks used are
representative of the diverse colony morphologies previously
observed, and were labelled with a Phyperspank-GFP reporter
fusion in order to detect the bacterial cells using fluorescence
microscopy analysis. We observed that the ability to colonize
A. thaliana roots differs greatly among the 168 stocks tested.
Importantly, there is a correlation between a stock’s ability
to form architecturally complex colonies and root coloniza-
tion by biofilm development. The non-domesticated isolate
3610 readily colonized the roots over 24 h by developing a
large, multi-layered biofilm (Fig. 4a). In contrast, stocks 168

JH642

Expression of Peps-GFP

168 NC
168 Gö
168 Ma
168 Je
168 To
168 P1
168 P2

168 Br
3610
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Fig. 2. Fluorescence expression profiles of colonies of B. subtilis strain 3610 and 168 variants carrying a transcriptional Peps-
GFP fusion. Strains were grown on 2�SG medium and fluorescence was determined at regular intervals as described in Meth-

ods. Data points represent the average of three independent colonies. Error bars represent SD. Strain abbreviations are
described in Table 1.
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Bo, Gö and Lj were barely present on the root surface, form-
ing small, monolayered attachments (Fig. 4b–d). These
stocks are all poor biofilm formers on agar plates. On the
other hand, stocks 168 Je and P1 colonized the root surface
in a similar fashion as 3610, by forming large biofilms with
multiple cell layers (Fig. 4e, f).

To quantitatively strengthen our observations, we estimated
the attached bacteria per area of the root surface by measur-
ing the fluorescent intensities originating from the bacterial
cells. Using this approach, we corroborated that the average
fluorescence intensity per root area was significantly higher
in those roots colonized by strain 3610 or stocks 168 Je and
P1 as compared to roots colonized by stocks 168 Bo, Gö
and Lj (Fig. 4g).

These experiments directly correlate pellicle and colony
wrinkleability of B. subtilis 168 with the ability to attach and
develop biofilm on the plant root surface. Additionally, this
also suggests that the biofilm-proficient variants of 168 could
be exploited to the study of biofilms in ecological settings.

B. subtilis 168 stocks with a point mutation in

epsC are poor biofilm formers

Previously, it was reported that a single nucleotide mutation
(C to T) at base pair 827 of the epsC gene of domesticated
B. subtilis variants was partially responsible for deficiencies
in biofilm development (McLoon et al., 2011). This muta-
tion is responsible for a change from alanine codon 276
(GCG) to a valine codon (GTG), which possibly impairs
EPS production. We sequenced a fragment of the epsC gene

from all the 168 stocks studied in order to investigate
whether a consistent relationship exists between the pres-
ence of this mutation and deficiencies in biofilm develop-
ment. We found that all 168 stocks that develop large and
flat colonies on 2�SG agar show the C-to-T base substitu-
tion in epsC (Fig. 5). Among these stocks are 168 Bo, Gö
and Lj, which show feeble root colonization. Conversely,
stocks that develop architecturally complex colonies on rich
media and show efficient root colonization possess the
wild-type allele of epsC (Fig. 5). The only exception to this
trend is 168 Pa, which has the C-to-T mutation but devel-
ops architecturally complex colonies on rich media and
robust pellicles. 168 Pa was obtained from a 168 parental
strain transformed with genomic DNA to repair the trypto-
phan auxotrophy (Table 1), and epsC may have reverted to
its wild-type allele during this process while leaving other
loci mutated similar to the 168 strains that develop complex
wrinkles.

Additionally, we sequenced the relevant fragments of swrA,
degQ and sfp to further investigate previously reported gene
defects that may be responsible for biofilm formation defi-
ciencies (McLoon et al., 2011). Similar to previous observa-
tion (Kov�acs & Kuipers, 2011), all 168 variants studied and
the JH642 strain were found to contain the frameshift
(swrA or sfp) or point (degQ) mutations as compared to the
corresponding wild-type alleles in 3610 (data not shown);
it is thus likely that other loci are different among the vari-
ous 168 stocks. These results confirm that minimal genetic
differences in biofilm-related genes exist among diverse 168
stocks and can lead to drastic phenotypical differences.
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Fig. 3. Fluorescence expression profiles of colonies of B. subtilis strain 3610 and 168 variants carrying a transcriptional PtapA-

GFP. Strains were grown on 2�SG medium and fluorescence was determined at regular intervals as described in Methods.
Data points represent the average of three independent colonies. Error bars represent SD. Strain abbreviations are described
in Table 1.
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DISCUSSION

Despite B. subtilis being one of the most thoroughly studied
bacteria, the process by which it develops its characteristic
biofilms is still not completely understood. This may be due
to the fact that previous studies focused mainly on the bio-
technological potential and metabolic aspects of this organ-
ism (Buescher et al., 2012; Nicolas et al., 2012; Öztürk et al.,

2016), while its development as a bacterial population has
not enjoyed intense research interest until more recently.
Detailed investigations on B. subtilis interaction with other
bacterial and fungal species have been described only
recently (Bajaj et al., 2014; Benoit et al., 2015; Powers et al.,
2015; Shank et al., 2011; Stanley et al., 2014; Vargas-Bautista
et al., 2014). The availability of diverse strains of B. subtilis
has also hindered biofilm formation research, leading to
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Fig. 4. Colonization of A. thaliana roots by selected B. subtilis strains. Bacterial cells harbouring a Phyperspank-GFP fusion were
visualized using fluorescence (false-coloured green) attached to 10- to 12-day-old seedlings of A. thaliana. Images are repre-

sentative of at least six independent roots. The colonization of the plant root surface by B. subtilis strains 3610 (a), 168 Bo (b),
168 Gö (c), 168 Lj (d), 168 Je (e) and 168 P1 (f) was quantified as described in Methods and the fluorescent area covered is
presented using box plots (g) from at least three scanned areas of three independent roots. Strain abbreviations are described

in Table 1.
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contrasting observations about this phenomenon. In addi-
tion, other phenotypic features, including flagellum-depen-
dent and -independent surface spreading, called swarming
and sliding, respectively, are influenced by the strain and
conditions applied (Grau et al., 2015; Kearns & Losick,
2003; Patrick & Kearns, 2009). Spurred by the reported dif-
ferences among variants of B. subtilis 168 strain used in dif-
ferent research laboratories, we present here a thorough
comparison of the biofilms developed by various stocks and
compared to those of strain 3610. We note that complex,
rich media, especially those containing abundant glucose as
a carbon source (2�SG and LB-Glu), enable most 168 var-
iants to form large structured colonies. This is strikingly dif-
ferent from the results obtained with MSgg, a chemically
defined medium commonly used for biofilm development
research, where all 168 variants were unable to develop
architecturally complex colonies. Interestingly, carbon-
enriched LB medium shows similar observations: the addi-
tion of glucose improves the biofilm development of most
168 variants, while glycerol is unable to do so. Additionally,
we observed that the same 168 variants that form robust
pellicles and complex colonies are able to efficiently colo-
nize A. thaliana roots by developing biofilms over the root
surface. Interestingly, the medium used in this assay
(MSNg) utilizes glycerol as carbon source. The presence of
plant exudates may be responsible for promoting efficient
biofilm formation in this medium despite the lack of glu-
cose (Beauregard et al., 2013; Castiblanco & Sundin, 2016).
Furthermore, all 168 variants that consistently show poor
biofilm formation have the same base-pair substitution in
the epsC gene. This mutation has previously been suggested
to be responsible for decreased production of EPS and
impaired biofilm formation in 168 variants (McLoon et al.,
2011).

The development of wrinkles in B. subtilis biofilms is per-
haps the most recognizable characteristic of this bacterium.
However, the process by which these structures are formed
is complex. Localized cell death was shown to determine
the location of wrinkle formation (Asally et al., 2012). The
channels formed below the wrinkles facilitate liquid flow
toward the middle of B. subtilis colony biofilms, possibly
facilitating nutrient and oxygen transport (Wilking et al.,
2013). Our experiments did not show a direct correlation
between the magnitude of epsA-O and tapA-sipW-tasA
expression and the formation of said wrinkles. Moreover,
strain 3610 showed the lowest expression of the reporter
fusion used, with no sign of expression peaks during early
biofilm development, as would have perhaps been expected
for an efficient biofilm former strain. It is plausible that the
expression levels of epsA-O and tapA-sipW-tasA operons
observed in 3610 are sufficient to allow complex colony
development, while other genetic factors account for the
observed differences in wrinkle formation. In such case, a
feedback mechanism might exist that is responsible for
increased expression of these reporter fusions in stocks that
have reduced wrinkle development. Previously, it was
reported that activation of sporulation in colony biofilms of
3610 is delayed in strains lacking EPS production (Aguilar
et al., 2010). In such case, the variants with a mutated epsC
gene would have been expected to have the highest expres-
sion levels from Peps-GFP, as they have impaired production
of EPS. However, these variants showed only medium
expression levels of the reporter fusions, with some of the
variants with wild-type alleles of epsC showing the highest
expression levels of the reporter fusions.

To conclude, the development of biofilms by B. subtilis is
markedly influenced by available nutrients, especially
the carbon source. Due to the variation present in strain
168, we recommend that researchers determine the origin
of the particular variant used in their studies. Although
more research is necessary to solve the intricacies of these
bacterial communities, researchers have to consider the
metabolic needs of their laboratory strains before dismissing
them as research models.
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