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Summary

Quorum sensing (QS) is a form of cooperative social behaviour which relies on extra-
cellular signalling molecules that elicit the QS response across many cells and controls the
development of many cooperative traits including biofilm formation. The main aim of this
work is to review the published work on cooperative social behaviour of Bacillus subtilis
and especially its QS system ComQXPA. This QS system involves four interacting compo-
nents: the signal-processing enzyme ComQ, the ComX signal, the ComP receptor and the
ComA transcriptional regulator. Phosphorylated ComA controls the transcription of many
genes including those responsible for the production of surfactin and extracellular matrix,
essential for biofilm formation. The ComQXPA QS shows a high degree of genetic pol-
ymorphism, which manifests itself in the separation of Bacillus subtilis strains into four dif-
ferent communication groups (pherotypes). The information exchange is possible between
members of the same pherotype but not across pherotypes. We have recently suggested
that this phenomenon is at least in part driven by the ecological divergence of strains, but
may also be induced by frequency-dependent selection. The ComQXPA QS system con-
trols the production of extracellular matrix (ECM) components: polysaccharides, proteins
and nucleic acids. We will address the present understanding of the ECM structure-fun-
ction relationships in B. subtilis biofilms and review published results on regulation, com-
position and distribution of ECM components. Despite many important recent discoveries
on regulation of B. subtilis biofilm development, we know little about the molecular inte-
ractions in the ECM and the role they play in the QS and stability of the biofilm. Future
research needs to address these questions better.
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Social interactions are an inherent part of group liv-
ing and are common at all levels of life, even in the mi-
crobial world. These interactions may be both beneficial
and detrimental to the participants (1). However, recent
reports suggest that beneficial cooperative behaviour is
the social norm within microbial communities (2). Bacte-
ria cooperate by secreting and sharing various com-
pounds such as extracellular enzymes that assist in cross
feeding (3-5), antibiotics that provide the means to out-
compete the neighbours feasting on the same food source

(6), extracellular polymeric substances that facilitate bio-
film formation (7) and biosurfactants that enable coopera-
tive movement (8). These compounds are considered
public goods, which are shared and may directly benefit
the entire community and even determine its survival
(1,3). Secretion of public goods is typically regulated by
quorum sensing (QS), a mechanism found in many bac-
terial and even fungal species that coordinates synthesis
of public goods and other cooperative functions at the
population level and in the cell-density-dependent man-
ner (9,10).
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In this short review we will focus on the role of QS
in the social life of Bacillus subtilis, a Gram-positive soil-
-dwelling bacterium that is an excellent model organism
to study group living. The emphasis will be given to the
ComQXPA QS system, its role in surfactin synthesis and
in biofilm formation. In addition, the striking polymor-
phism of this QS system associated with natural popula-
tions of B. subtilis and close relatives will be discussed.
Finally, we will focus on the regulation, functional role,
chemical composition and structure of extracellular ma-
trix (ECM), a protective glue of biofilm communities.

Quorum Sensing Induces Diverse Social
Behaviours in Bacteria

Since the discovery of QS in Vibrio fisheri (9), QS sys-
tems of Gram-negative species have been receiving much
more attention compared to the QS systems of Gram-po-
sitive bacteria. Gram-negative bacteria communicate most-
ly by homoserine lactones (9,11-13), while Gram-positive
bacteria mainly use peptide pheromones as QS signals
(14-16).

For example, the model Gram-positive bacterium B.
subtilis uses peptide ComX that is 5 to 10 amino acids
long (14,17), which is unique among bacterial peptide sig-
nals, due to its posttranslational isoprenylation on the
tryptophan residue. This modification is essential for the
proper functioning of ComX (17) and exclusive among
living organisms (18). Our recent bioinformatics study of
bacterial genomes, however, revealed that other members
of Firmicutes sp. may also produce isoprenylated signal-
ling peptides (19). ComX of B. subtilis is synthesised as a
prepeptide 55 amino acids long, which is processed and
modified by the ComQ isoprenyl transferase before se-
cretion into the extracellular medium (20). Upon reach-
ing the threshold concentrations, the pheromone binds
to the membrane-associated receptor ComP and induces
its autophosphorylation. ComP-P then phosphorylates the
response regulator ComA, which elicits the QS response
(21). The ComQXPA QS system controls the expression
of many genes including the srfABCD operon that en-
codes the lipopeptide antibiotic surfactin (22) and the
comS gene, which controls competence development and
is embedded within the srfA-D operon (23). Therefore,
both surfactin production and competence development
are strongly dependent on the active QS system (24).

B. subtilis, a soil, rhizosphere- and gut-dwelling bac-
terium (ecology of this bacterium is reviewed in 25,26) is
known as a master of differentiation (27). The ComQXPA
QS system is the only one out of several QS systems
used by this bacterium, which is known to generate dif-
ferent cell types that exhibit different kinds of social be-
haviours. The combination of QS signals and stochastic
events can induce 'division of labour' strategies whereby
the B. subtilis population differentiates into cell types
that perform different functions within the population.
These are extracellular food-degrading enzyme produc-
ers, antibiotic secretors, competent cells, extracellular
matrix (ECM) producers, cannibals and finally the most
differentiated, dormant spores (reviewed by Lopez and
Kolter, 28). We believe that the ability of the population
to undergo differentiation into various cell types requires

fully functional QS systems. For example, the B. subtilis
PS-216 signal-deficient mutants (QSS”) over-respond to
exogenous QS signal and show a significant change in
heterogeneity of srfA expression as compared to the QS*
cells (Fig. 1), even when supplemented with the appro-
priate concentration of QS signal. We have recently shown
that B. subtilis relays information provided by the intra-
cellular production of ComX. This private link controls
the QS response (e.g. surfactin production) of the signal
producer and thus impacts the proportion of cells com-
mitted to the QS-controlled phenotype (29).

Years in the Laboratory Environment Make
Bacillus Less Cooperative

Recently, McLoon et al. (30) have analysed the chang-
es of B. subtilis strain 168 during more than a century of
domestication in the lab. They identified mutations that
make the domesticated strain (B. subtilis 168) different
from its wild ancestors (e.g. B. subtilis NCIB 3610). Inter-
estingly, the mutations mainly crippled the social behav-
iour of B. subtilis 168. The strain is not able to form a
robust biofilm (mutation in epsC), secrete extracellular
degrading enzymes (mutation in degl), produce surfac-
tin (mutation in sfp, a surfactin synthetase-activating en-
zyme) and swarm (mutation in swrA) (30). It seems
meaningful that a strain separated for years from multi-
strain/multispecies communities in the wild lost its cru-
cial social skills.

The phenomena of domestication highlight a need
for new tools to study bacterial social behaviour, like B.
subtilis PS-216 (31), which has been recently sequenced
(32). This strain isolated from the river bank soil in Slo-
venia has a great potential to replace or at least be com-
plementary to more or less domesticated B. subtilis vari-
ants (like B. subtilis 168 and even NCIB 3610), because
its social traits remain intact and it is naturally compe-
tent for genetic transformation (31,32).

Why Do Strains of a Bacterial Species Use
Different QS 'Languages'?

Existence of distinct communication groups (phero-
types) that communicate efficiently within but not be-
tween groups of a single species is a striking feature of
QS systems in certain Gram-positive bacteria, including
Staphylococcus aureus, Streptococcus pneumoniae (33-35),
B. subtilis (17,36-38) and B. cereus (39). In B. subtilis the
separation into different pherotypes is linked to genetic
polymorphism in comQ and comX genes involved in sig-
nal production and the N-terminal end of comP gene
that codes for the QS signal receptor. Sequencing of the
three genes found in natural isolates revealed clustering
into four distinct sequence similarity groups (17,36—40).
Nucleotide sequence identity within this group was >93
% but <60 % between the gene groups if strains isolated
from a soil aggregate were compared (38). However, com-
QXP genes that originate from strains of different geo-
graphical origin form common sequence clusters (40) and
the three genes show congruence reflecting their coevo-
lution (17,36—40). Sequence clusters correlate well with
communication specificity groups (pherotypes). These
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Fig. 1. The combined differential interference contrast (DIC) and fluorescence microscopy images of the B. subtilis PS-216 strain: a)
quorum sensing and signal-proficient wild type (QS*) and b) the signal-deficient mutant (QSS™). Both strains were supplemented
with saturating concentration (~10 nM) of the ComX signal purified from the ComX-expressing E. coli strain (for details see ref. 29).
Both strains are marked with stfA-cfp fusion and the cells expressing s7fA (signal response) are coloured according to the fluorescen-
ce intensity scale (blue-green-yellow). In both populations, non-expressing cells are present; however, in signal-deficient mutants
(QSS™) the number of non-expressing cells is decreased. This can also be seen in histograms representing the distribution of srfA-cfp
expression in the corresponding microscopy images of: ¢) QS* population, and d) QSS™ population. The relative frequency of non-
-induced cells is marked black. X-axes show fluorescence intensity corrected for the background and normalized to fluorescein stan-
dard. For representation of larger distributions of several combined microscopy images the reader is advised to check ref. 29

were determined by cross-activation studies using phero-
type-specific biosensor strains (17,36—40). Strains of the
same pherotype can exchange signals and induce each
other’s QS response, but strains from different phero-
types cannot (17,31,36-38). It is even more striking that
pherotypes are shared among Bacillus species (17,40), yet
communication is restricted within species. It remains a
mystery why pherotypes evolved, but we know that they
coexist in soil even at a millimetre scale (31). Ansaldi
and Dubnau (41) used two statistical tests (the ratio of
synonymous and nonsynonymous substitution rates and
the Tajima D test) to demonstrate that these polymor-
phic sequences evolved by diversifying selection rather
than by neutral drift. Recently, Stefanic et al. (40) com-
pared the abundance of pherotypes within a group of
phylogenetically and ecologically related B. subtilis strains,
also referred to as ecotypes. Ecotypes are defined as
populations of genetically coherent and ecologically dis-
tinct cells that can be discovered and classified as DNA
sequence clusters, determined on the basis of house-
keeping gene sequences (42,43). Interestingly, strains that
resided very close to each other in soil (at mm distances)
diversified into three phylogenetic clusters or ecotypes
with a different pherotype dominating each ecotype (40).
This supports the hypothesis that pherotype diversity

could be an adaptation to ecological diversity within B.
subtilis (40). Although the majority of strains in one eco-
type also shared a pherotype, we also detected one or
more representatives that belonged to a different phero-
type (40). This distribution could be the consequence of
occasional horizontal gene transfer between ecotypes,
which would result in a pherotype switch. This is sup-
ported by the 'rare’ pherotype advantage hypothesis
suggested by Stefanic et al. (40). It predicts that the rare
pherotype has an advantage because it cannot induce its
QS response due to low density and therefore low con-
centrations of the pherotype-specific signalling mole-
cules. This situation may be temporarily advantageous
for the rare pherotype A that is surrounded by relatives
expressing a different pherotype B, as it is able to feast
on the public goods (signals, enzymes, surfactants) pro-
vided by the pherotype B majority. This association may
give the rare pherotype A a fitness benefit and support
its spreading until it reaches the threshold density itself.
At this point the rare pherotype A would stop being in
minority and may even represent the majority that is
now able to induce the quorum sensing response (40). It
is possible to envision a continuous cycling of pherotype
frequencies within an ecotype if horizontal gene transfer
provided the mechanism of pherotype exchange. Finally,
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a mechanism of continuous pherotype diversification was
suggested with the modelling approach by Eldar (44).
He hypothesized that a mutant deficient in the signal re-
ceptor would gain a fitness advantage over the QS wild
type strain, which would have to invest in the produc-
tion of public goods. This advantage would last only
when the mutant was rare. At high frequency, the mu-
tant would lose the advantage and in order to survive
would need to accumulate additional mutations, chang-
ing it back to the QS-proficient strain. Both hypotheses,
however, still require experimental confirmation.

Quorum Sensing Under Challenging Conditions
and Its Evolutionary Stability

The problem of evolutionary stability of QS has been
addressed before, mainly with reference to Gram-nega-
tive bacteria (3,8). It was shown that QS mutants that do
not contribute to the community with signal production
(QSS7; signal deficient) or QS response (QSR”; signal
blind) may gain the advantage over the wild type strains
under certain conditions (3). However, recent data sug-
gest that both QS signalling (45) and QS response (46)
remain evolutionary stable because they regulate many
other traits that directly affect fitness. Our recent data
also suggest that there is a strong selective pressure for
QS signalling and that signal-deficient cells suffer from
low fitness when surrounded by the wild type cells (29).
Similar trends were observed for Vibrio fisheri, but the
mechanism behind it was not elucidated (45). Decreased
fitness of the B. subtilis QSS™ mutant surrounded by the
wild type signal producers was associated with overpro-
duction of public goods (e.g. surfactin) by the mutants
and their increased sensitivity to surfactin (29). How-
ever, we do not know any set of environmental parame-
ters or composition of growth medium in which QS
would be required for growth of B. subtilis and this still
needs to be established. It is known that QS enables bac-
teria to respond fast and in synchrony to environmental
changes, however, little is known about how QS works
in different environmental conditions. We have recently
addressed this question using ComQXPA system of B.
subtilis. It was noticed that the QS-regulated gene such
as srfA changes the expression pattern when bacteria
face osmotic stress and that the QS response decreases
with increasing NaCl concentration and is strongly re-
duced in a medium containing 40 and 80 g/L of NaCl

(Fig. 2).

B. subtilis Biofilms and Composition of
Extracellular Matrix

Biofilms are surface-attached structured communi-
ties of cells embedded in a viscous extracellular matrix
(ECM) where social interactions such as QS (47) and ex-
change of public goods (e.g. enzymes, plasmids, surfac-
tants) are promoted by close physical association of the
cells. The B. subtilis biofilm has been extensively studied
as a model of biofilm group living in Gram-positive bac-
teria (48). Two types of B. subtilis biofilms have been the
subject of intensive research: (i) floating pellicles that
form on liquid-air interphases, and (ii) bacterial colonies
that represent biofilms on solid surface-air interphases.
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Fig. 2. Expression of stfA at T1 (one hour after transition into
stationary phase) by B-galactosidase test (srfA-lacZ fusion) at three
different NaCl concentrations in the medium containing B. sub-
tilis BD2833 (32) grown in planktonic cultures. T1 was defined
for each culture independently as the growth lag phase increa-
sed and growth rates decreased with increasing salt concentra-
tion in the medium. However, the final cell density achieved in
each experimental variant was comparable. Data are presented
as the mean of biological triplicates with standard errors indi-
cated; MU=Miller units

The laboratory strain B. subtilis 168, which is most often
used to address regulation of gene expression, does not
form robust biofilms (30,48), and has been replaced by
B. subtilis NCIB 3610 for biofilm studies (49-55). The
subject has recently been extensively reviewed by Vla-
makis et al. (56), while here we mainly focus on the mo-
lecular composition of ECM and how it is influenced by
the composition of growth medium.

Studies on B. subtilis biofilms have most often been
performed in minimal medium containing glycerol as
the major carbon source (MSgg; 49). Typically, pellicles
develop after the standing culture reaches cell density of
approx. 5107 CFU/mL and at this point cells begin to
migrate to the liquid-air interface where they form a
floating biofilm. However, the final ratio of planktonic to
biofilm-bound cells is dependent on the type of growth
medium (57). In MSgg medium the majority of cells are
gathered in pellicles, but in sucrose-rich medium cells are
more evenly distributed between the medium and the
floating pellicle (57). Cells are encased in ECM, which is
composed of various exopolymers. Among these is the
EpsA-O extracellular polysaccharide (synthesised by the
components encoded by the 11-gene operon epsA-O (eps
in continuation). EpsA-O is composed of glucose, galac-
tose and N-acetylgalactosamine (58) and is presumably
the dominant polysaccharide in biofilms grown in the
glycerol-based MSgg medium (49-51,57,58) or in the me-
dium based on plant root exudates (59). In a medium
rich in sucrose, the predominant ECM component is the
polysaccharide levan (57). This is a homopolymer, com-
posed only of fructose. It is synthesised by levansucrase
encoded by sacB (60-66) and it displays unusually low
viscosity (67). The finding that levan can be the major
constituent of B. subtilis biofilm emphasises its potential
ecological importance. Bacillus biofilms form on plant
roots (6,59), where sucrose is an important component of
plant exudates. Therefore, levan might also be an ECM
component in B. subtilis biofilms attached to plant root
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surfaces, although a direct proof necessitates further
studies. Apart from polysaccharides, ECM also contains
proteins (49) and nucleic acids (567). TasA (68) is the ma-
jor protein component, which forms amyloid fibres that
mediate Bacillus cell-to-cell interactions and cell-to-sur-
face adhesion in combination with other extracellular
components (69). TasA is linked to the cell wall by TapA,
which is a minor component of the ECM (52,70). TasA
and EpsA-O polysaccharide are essential for the forma-
tion of the mature biofilms. Interestingly, however, the
impact of the absence of TasA or EpsA-O on biofilm in-
tegrity is reduced when levan is a dominant component
of the ECM (57). The microstructure and surface of B.
subtilis biofilms are significantly impacted by the recent-
ly discovered protein BslA (55,70,71). This protein was
identified as a major contributor to the surface repel-
lence of B. subtilis biofilms (70,71). Natively synthesised
and secreted BslA forms surface layers around the bio-
film and has self-assembling properties (72). The homo-
polymer of glutamic acid, y-polyglutamic acid (y-PGA) is
another B. subtilis ECM component. Its presence, how-
ever, is strain dependent and in pellicles formed by B.
subtilis NCIB 3610 grown even in y-PGA-stimulating me-
dium, y-PGA was not detected (73).

Role of QS Signal ComX and Surfactin in
Synthesis of Extracellular Matrix

Regulation of ECM production is coupled with QS
through ComQXPA (28), the QS system which through
two signalling lipopeptides: ComX and surfactin (Fig. 3)
positively regulates the synthesis of EpsA-O (53,74). It
has been suggested that ComX and surfactin indirectly
influence accumulation of Spo0A~P (53), which is a pleio-
tropic regulator that downregulates SinR, a repressor of
biofilm formation (75-77). This is achieved indirectly as
Spo0A~P induces expression of Sinl (78), which then an-
tagonises the repressor SinR (79). SinR is a pleiotropic
DNA-binding regulator (80,81), a repressor of genes in-
volved in matrix synthesis (77), but it also controls spo-
rulation (80,81) and competence development. Surfactin
expression shows a bimodal pattern, meaning that only
some cells in the population synthesise this lipopeptide
(29,53). Interestingly, it was suggested that these cells are
unable to respond to surfactin, while nonproducing but
surfactin-responsive cells commence matrix production.
It is believed that matrix producers no longer responded
to ComX and therefore cannot become surfactin produc-
ers (53). Unresponsiveness to ComX was related to the
extracellular matrix genes, as mutant cells unable to
make matrix responded to both ComX and surfactin.
Moreover, it was also discovered that surfactin can act
as a signal to induce cannibalism in the matrix-produc-
ing strains. Cannibals produce Skf and Sdp toxins, but
also simultaneously express the resistance to them. There-
fore, nutrients released by the cannibalised cells are pre-
sumably used by matrix-producing cells and consequent-
ly this subpopulation and ECM production are increased
(82). This phenomenon might explain the high concen-
trations of nucleic acids found in the ECM of B. subtilis
(567), although further experiments are needed to exam-
ine this phenomenon.

Additional Genetic Determinants of Biofilm
Formation

The important role of surfactin in biofilm formation
explains why B. subtilis 168, which carries mutation in
sfp gene (surfactin synthetase-activating enzyme) needed
for surfactin synthesis, forms morphologically less struc-
tured and robust biofilms (74). However, sfp revertants
do not recover full biofilm morphology observed for the
undomesticated NCIB 3610 strain, and revertants in epsC
(putative UDP-sugar epimerase), swrA and degQ are nec-
essary for the laboratory strain to produce robust bio-
films (30). The morphology of the biofilm is also influ-
enced by the plasmid-borne gene rapP present in NCIB
3610, but absent from domesticated strains. It is relative-
ly straightforward to see how the exopolysaccharide-
-producing gene epsC influences biofilm formation, but
it is less obvious how biofilm formation depends on
degQ or swrA. SwrA is able to enhance the transcription
of the fla/che operon through the action of the transcrip-
tional activator DegU (83), as depicted in Fig. 3. The
fla/che operon encodes the majority of flagellar and chemo-
taxis proteins including sigD, encoding the cP factor
(84,85). The o RNA polymerase transcribes genes for
structural flagellar proteins, including flagellin, and sti-
mulates the expression of swrA (86), which is also re-
quired for cell motility and thus essential for biofilm de-
velopment. The pleitropic regulator DegU controls many
genes including the one encoding hydrophobic protein
BslA (55,87) and sacB-encoding levansucrase (88-90),
which are both important for biofilm formation (Fig. 3).
DegQ positively regulates DegU targets and, at least in
vitro, DegQ stimulates phosphotransfer from DegS-P to
DegU (91). Transcription of degQ, however, depends on
ComaA (92). This opens another interesting feature of the
QS, namely its role in the regulation of biofilm forma-
tion. Indeed, all major ECM components are under QS
control, including the synthesis of BslA and levan, con-
trolled by the ComA/DegQ/DegU proteins and EpsA-
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-O, TasA and TapA, which are affected by the ComA /srfA
pathway. Indirectly, this pathway may also influence the
presence of nucleic acids in the ECM, as recently shown
by Zafra et al. (93) and independently confirmed by our
experiments (unpublished data).

Investigating Biofilm Structure at the
Nanometre Scale — A Challenging Task

Biofilm structure can be directly investigated at the
micrometre scale by light microscopy. For example, the
fluorescence microscopy has been applied to study cell
differentiation in B. subtilis biofilms (28,94) and transport
of nutrient solution through biofilm channels recently
described by Wilking ef al. (95). At the nanometre scale,
however, the biofilm is essentially an interplay between
polymers. Elucidating structural information of these
polymers and the matrices they form is not an easy task.
One cannot directly observe and see the structure at the
nanometre scale and since ECM does not form a regular
lattice, the classical X-ray crystallography is not applica-
ble to study these structures. Also, these high molecular
mass polymers are unsuitable for analyses by NMR. Ap-
proaches involving atomic force microscopy (AFM), trans-
mission electron microscopy (TEM) or scanning electron
microscopy (SEM) are very powerful tools for analyses
of biofilm surfaces. However, these approaches, although
very powerful, may alter the native molecular structure
of ECM and/or yield only structural information of the
ECM surface. Thus, additional methods like small angle
X-ray scattering (SAXS) combined with powerful 3D
modelling are presently being applied in our group to
study ECM spatial structure at 1-100 nm scale (96-99).
To better simulate the native environment of B. subtilis
ECM, samples under investigation with this method can
either be aqueous or dry. Therefore, we hope that this
method in combination with various microscopy tech-
niques will give us better insight into the 3D structure of
biofilm matrix and allow us to better address the role of
ECM structure in signalling over distances at the 'bacte-
rial' size scale.

Future Perspectives

An impressive amount of information regarding the
genetics of B. subtilis biofilm formation has been gained
over the past twenty years. The complex behaviour of B.
subtilis cells at least in part associated with bimodal gene
expression and phenotypic heterogeneity in biofilms has
been well described. The studies were mostly performed
on genetically homogeneous populations, using only one
model strain. However, in natural environments, even at
soil microscale, genotypes of one species are ecologically
distinct and use diverged signalling systems (40). Fur-
thermore, biofilms in natural settings are often composed
of different species adding to the complexity of interac-
tions (100). Therefore, in the future, we need to explore
interactions in biofilms composed of genetically hetero-
geneous populations in order to understand the mecha-
nisms behind their cooperative and antagonistic interac-
tions that may influence biofilm function and evolution
in natural settings. B. subtilis is a soil-dwelling bacteri-
um, but also resides in the rhizosphere, on plant roots,

in the intestinal tract and in a variety of aquatic ecosys-
tems (25,26). We know very little about the B. subtilis cell-
-cell signalling and its biofilms in these environments. It
will be exciting to see future developments addressing
quorum sensing and biofilm formation in model systems
that better resemble the natural habitats of B. subtilis, as
well as to study the diversity of these phenomena in
natural populations.

Furthermore, major components of B. subtilis ECM
have been detected and their chemical composition well
described. However, the information on spatial struc-
tural information of individual ECM components is still
in its infancy, except for the TasA amyloid fibre struc-
tures, whose assembly has recently been elucidated (101,
102). What is missing is spatial structural information on
other ECM components at the molecular level. We would
like to understand how these polymers interact to form
matrices and affect diffusion process, which are espe-
cially interesting in relation to signalling and exchange
of public goods in biofilms. The best of this era is yet to
come.
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