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Morphological form in multicellular aggregates emerges from the interplay of genetic constitution and environmental signals. Bacte-
rial macrocolony biofilms, which form intricate three-dimensional structures, such as large and often radially oriented ridges, concen-
tric rings, and elaborate wrinkles, provide a unique opportunity to understand this interplay of “nature and nurture” in morphogene-
sis at the molecular level. Macrocolony morphology depends on self-produced extracellular matrix components. In Escherichia coli,
these are stationary phase-induced amyloid curli fibers and cellulose. While the widely used “domesticated” E. coli K-12 laboratory
strains are unable to generate cellulose, we could restore cellulose production and macrocolony morphology of E. coli K-12 strain
W3110 by “repairing” a single chromosomal SNP in the bcs operon. Using scanning electron and fluorescence microscopy, cellulose
filaments, sheets and nanocomposites with curli fibers were localized in situ at cellular resolution within the physiologically two-lay-
ered macrocolony biofilms of this “de-domesticated” strain. As an architectural element, cellulose confers cohesion and elasticity, i.e.,
tissue-like properties that—together with the cell-encasing curli fiber network and geometrical constraints in a growing colony— ex-
plain the formation of long and high ridges and elaborate wrinkles of wild-type macrocolonies. In contrast, a biofilm matrix consisting
of the curli fiber network only is brittle and breaks into a pattern of concentric dome-shaped rings separated by deep crevices. These
studies now set the stage for clarifying how regulatory networks and in particular c-di-GMP signaling operate in the three-dimensional
space of highly structured and “tissue-like” bacterial biofilms.

Biofilms are a multicellular form of bacterial life which confers
resistance against environmental stresses, antibiotics, and

host immune systems (1). In addition, the complex macroscopic
architecture of some bacterial biofilms provides an intriguing op-
portunity to study the emergence of morphological form in mul-
ticellular aggregates driven by the interplay of genetic information
and environmental influences. Within biofilms, gene expression is
heterogeneous, and physiologically different zones and strata con-
taining different extracellular matrix components can be ob-
served. These zones form as a consequence of gradients of nutri-
ents, signaling compounds or waste products that build up during
growth of the biofilm (2, 3). Biofilms grown for several days on
agar surfaces, i.e., in “macrocolonies,” can adopt elaborate three-
dimensional structures (Fig. 1) that have been termed “wrinkled,”
“rugose,” or “rdar” (for red, dry, and rough) (4–7). It is clear that
extracellular polymeric substances (EPS), which form a matrix
that includes adhesins, amyloid-forming proteins, and exopoly-
saccharides, are required to generate these morphological struc-
tures (8–10), but how their actual three-dimensional patterns are
controlled and why they are formed has remained elusive.

In Escherichia coli and Salmonella, macrocolony morphology
depends on the presence of curli fibers and the exopolysaccharide
cellulose in the biofilm matrix (7, 11, 12). During their secretion
curli proteins are assembled into amyloid fibers (13, 14), which
form basket-like structures around the small and starving cells in
the upper layer of a macrocolony (2). Cellulose is a glucose poly-
mer with �-1,4 glycosidic linkage, which in bacteria is synthesized
and excreted by a membrane-inserted cellulose synthase complex
consisting of two subunits, BcsA and BcsB (15, 16). This process is
supported and regulated by several accessory proteins. The pro-
teins involved are encoded in two divergently arranged and highly
conserved operons, yhjR-bcsQABZC and bcsEFG (Fig. 1A) (12,
17). Both commensal and pathogenic E. coli strains are heteroge-

neous with respect to their ability to produce curli and/or cellulose
(18, 19).

As first shown for Salmonella, biosynthesis of curli and cellu-
lose occurs in early stationary-phase cells since it depends on the
biofilm regulator CsgD, which in turn requires the stationary-
phase sigma factor RpoS (�S) for expression (20, 21). In many E.
coli strains, CsgD is temperature regulated and expressed only
below 30°C (18, 22). Curli and cellulose production is also regu-
lated by the ubiquitously biofilm-promoting second messenger
bis-(3=-5=)-cyclic dimeric GMP (c-di-GMP), which is produced
and degraded by multiple diguanylate cyclases (DGC; character-
ized by GGDEF domains) and phosphodiesterases (PDE; with
EAL domains), respectively (23–25). c-di-GMP has multiple in-
puts into curli and cellulose production. First, the expression of
the transcriptional regulator CsgD requires two c-di-GMP mod-
ules— each consisting of a DGC and a PDE—acting in a cascade
(26–28). CsgD then drives the transcription of the curli genes
(csgBAC), as well as of yaiC (adrA in Salmonella), which encodes
yet another DGC that is essential to activate cellulose synthase (12,
21, 28, 29). Via the c-di-GMP-binding PilZ domain of BcsA, cel-
lulose synthase is a direct target of c-di-GMP (30).
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This regulatory network has been intensively studied at the
molecular level. However, the question of how this complex con-
trol determines the spatial distribution of matrix components and
thereby somehow translates into the intricate three-dimensional
morphology of a macrocolony biofilm has been addressed only
very recently. Macrocolonies of the E. coli K-12 laboratory strain
W3110 form patterns of concentric rings surrounded by small
wrinkles and a flat area of growing cells at the outer rim of the
colony (Fig. 1D). Using fluorescence microscopy of cryosections,
as well as scanning electron microscopy (SEM) at high resolution,
small cells tightly surrounded by curli fibers were observed in the
top layer, whereas rod-shaped and dividing cells entangled by a
mesh of flagella were found in the bottom layer and in the outer
growth zones of W3110 macrocolonies. In the transition zones in
between, patches and small chains of curli-surrounded and “na-
ked” flagellated cells occur side by side, which is also reflected in
heterogeneous CsgD expression (2). That study was the first to
demonstrate physiological differentiation in a macrocolony bio-

film in situ at cellular resolution and thereby clarified that curli
fibers and RpoS-dependent gene expression (of csgD and curli
genes) occur in the top layer and at the surface.

However, cellulose could not be observed in that study, since E.
coli K-12 strains do not produce it (12, 19). The reason for this
deficiency has been unknown, since E. coli K-12 does have the bcs
operons and expresses all the regulatory genes, including csgD and
the DGC gene yaiC (27, 28). In the present study, we traced the
cellulose-negative phenotype to a “domesticating” single nucleo-
tide mutation. “Repairing” this SNP in the chromosome allowed
us to address a number of questions in the otherwise well-charac-
terized E. coli K-12 strain, such as where in the biofilm do we find
cellulose? What does its microstructure look like at the cellular
level, in particular in contact with other matrix components such
as curli fibers and flagella? How does cellulose contribute to the
formation of three-dimensional structure and the physical prop-
erties of macrocolony biofilms? Our data demonstrate that cellu-
lose is an architectural element with a distinct spatial distribution

FIG 1 Cellulose biosynthesis and complex macrocolony morphology after chromosomal “repair” of the SNP that generates a stop codon early in bcsQ in E. coli K-12
strain W3110. (A) Operon structure of the bcs region and position of the TAG/TTG SNP in bcsQ. (B) Macrocolony structure of strain AR3110, a W3110 derivative with
the bcsQ(TTG) allele after growth on salt-free LB plates for 5 days. (C) Fluorescence of 1-day-old colonies grown on Calcofluor plates of strain AR3110 and its indicated
mutant derivates and strain W3110. (D) Colony morphology of AR3110 and the indicated mutant derivates after growth on CR plates for 5 days.
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within the biofilm. Together with the amyloid curli fibers, it forms
a nano-composite “building material” which confers tissue-like
properties, i.e., cohesion, elasticity, and stability, which in combi-
nation with spatial constraints in growing colonies generate the
remarkable three-dimensional structure elements of macrocolony
biofilms.

MATERIALS AND METHODS
Bacterial strains. All strains used are derivatives of the E. coli K-12 strain
W3110 (31). The rpoS::cat, csgD::cat, csgB::cat, and bcsA::cat mutations are
full open reading frame deletion (�)/resistance cassette insertions previ-
ously described (2, 27, 28). For generating the bcsQ::cat, bcsEFG::kan, and
yhjR::cat deletion/insertion mutants, the one-step-inactivation protocol
was applied (32) using oligonucleotide primers listed in Table S1 in the
supplemental material. When required, cassettes were flipped out (32).
These mutations were transferred by P1 transduction (33).

For changing codon 6 of bcsQ from TAG(stop) to TTG(leucine) in the
chromosomal copy of bcsQ in strain W3110, a two-step replacement proce-
dure related to the one-step-inactivation protocol (32) was applied. The oli-
gonucleotides for this procedure are listed in the Table S1 in the supplemental
material. The procedure uses a fragment of plasmid pKD45 (32), encoding a
kanamycin-resistance cassette and a ccdB toxin under the control of a rham-
nose-inducible promoter, which is first introduced into the target locus in the
chromosome, followed by its replacement by recombination with the desired
allele (on a PCR fragment transformed into the recipient) which is selected for
by growth in the presence of rhamnose (34). Allelic states of transformants
were verified by PCR and DNA sequencing.

Construction of single copy lacZ reporter fusions. Oligonucleotide
primers used to construct single-copy lacZ reporter gene fusions of yhjR,
bcsQ, and bcsA fusions are listed in Table S1 in the supplemental material.
The procedure using lacZ fusion vector pJL28 was described previously
(28). All fusions are translational fusions that include 9 (yhjR), 18 (bcsQ;
counting from the ATG start codon; Fig. 1A), and 10 (bcsA) codons of the
corresponding open reading frames. Upstream regions of all three lacZ re-
porter gene fusions contain the whole intergenic region between the yhjR-
bcsQABZC and bcsEFG operons and start 406 bp upstream of the yhjR start
codon (see Fig. 3; see also Fig. S1 in the supplemental material). All reporter
fusions were transferred to the att(�) location of the chromosome of a W3110
derivative containing a �lac(I-A)::scar deletion via phage �RS45 or �RS74
(35). Single lysogeny was tested by a PCR approach (36).

Generation of chromosomal alleles encoding 3�FLAG-labeled pro-
teins. C-terminally 3�FLAG-tagged chromosomally encoded constructs
were generated using plasmid pSUB11 as a PCR template (37) and the
oligonucleotide primers listed in Table S1 in the supplemental material
according to a procedure based on �Red technology (32).

Growth of bacterial macrocolonies. Cells were grown overnight in
liquid Luria-Bertani (LB) medium (33) under aeration at 37°C. A total of
5 �l of the overnight cultures were spotted on salt-free LB agar plates.
Where indicated, agar plates were supplemented with Congo red (CR; 40
�g ml�1) and Coomassie brilliant blue (20 �g ml�1; CR plates), Calco-
fluor (100 �g ml�1), or Thioflavin S (TS; 40 �g ml�1). In order to grow all
strains to be compared in parallel on a single agar plate, 140-mm-diameter
petri dishes (VWR) were used, which allows the spotting of up to 25
macrocolonies in a 5�5 array on a single plate. Plates with macrocolonies
were incubated at 28°C for up to 7 days. Cellulose was detected as the
fluorescence of colonies on a Calcofluor plate under 366-nm UV light.

Stereomicroscopy. E. coli macrocolony biofilms were visualized at �10
magnification with a Stemi 2000-C stereomicroscope (Zeiss, Oberkochen,
Germany). Digital images were captured with an AxioCamICC3 digital cam-
era coupled to the stereomicroscope, operated via the AxioVision 4.8 software
(Zeiss).

Video recording. E. coli macrocolonies on an agar plates were fully
covered with culture medium and subject to slight shaking. Movies of
macrocolony dissolution by shear forces were recorded at real time using
a Cyber-Shot DSC camera (Sony, Tokyo, Japan).

Cryosectioning of macrocolony biofilms and fluorescence micros-
copy. The procedure and materials used to cryosection macrocolony bio-
films and to further examine and visualize thioflavine S fluorescence in
cross-sections were exactly as described previously (2).

SEM of bacterial macrocolonies. Preparation and subsequent SEM
analysis of macrocolony biofilm samples were performed exactly as de-
scribed previously (2).

Determination of �-galactosidase activity. The �-galactosidase ac-
tivity was assayed by use of o-nitrophenyl-�-D-galactopyranoside
(ONPG) as a substrate and is reported as �mol of o-nitrophenol per min
per mg of cellular protein (33). Experiments showing the expression of
lacZ fusions along the entire growth cycle were done at least twice, and the
results of a representative experiment are shown.

RESULTS
Restoring cellulose biosynthesis in the “domesticated” E. coli
K-12 drastically alters morphology and physical properties of
macrocolony biofilms. In a search for putative mutations that
may explain the cellulose-negative phenotype of E. coli K-12, we
compared the bcs operons in the genome sequences of the E. coli
K-12 strains W3110 and MG1655 with the corresponding
genomic regions of cellulose-synthesizing E. coli, in particular the
enteroaggregative (EAEC) strain 55989, which not only produces
cellulose but also develops into structurally complex macrocolo-
nies (19). In the E. coli K-12 strains, a GTG codon has been anno-
tated as the start codon of the bcsQ gene (Fig. 1A). However, we
observed a putative stop codon (TAG) just three codons upstream
with another putative start codon located five codons further up-
stream, which not only is an optimal ATG but is also preceded by
a seemingly better Shine-Dalgarno sequence than the GTG start
codon originally annotated. This suggested that bcsQ translation
may actually start at the ATG codon, but could be terminated only
five codons downstream, which may result in polarity on the ex-
pression of the genes downstream of bcsQ. Moreover, the cellu-
lose-producing strain 55989 (as well as many other E. coli strains
of different origins and properties) carry a TTG codon instead of
this putative TAG stop codon in bcsQ. In addition, we observed a
few more single nucleotide polymorphisms (SNPs) in the bcs
operons of E. coli K-12 and EAEC 55989, but these SNPs result
either in synonymous codons or in conservative amino acid ex-
changes.

Thus, the TAG/TTG SNP early in bcsQ was clearly the one with
the largest potential consequences for bcs gene expression. We
therefore exchanged TAG in the chromosome of strain W3110 by
TTG using a two-step replacement procedure based on �Red tech-
nology. The “repair” of this SNP produced a dramatically altered
colony morphology. Macrocolonies of the resulting strain
AR3110 were very large (with diameters of 	20 mm after 5 to 7
days), were extremely flat, and featured radial ridges and elaborate
wrinkles buckling up from the flat areas of the colonies (Fig. 1B).
These macrocolonies stained dark red with the amyloid dye
Congo red (CR), but morphological structures also formed on
CR-free agar plates. The number of ridges and wrinkles increased
on relatively moist agar plates, thereby producing patterns resem-
bling the “rdar” morphotype (Fig. 1D) originally described for
Salmonella (7) and also observed for certain pathogenic E. coli (18,
38), whereas macrocolonies grown on somewhat dryer agar plates
generated fewer radial ridges up to 5 mm high (Fig. 2). These
radial ridges started to form in the outer regions of macrocolonies
between one and 2 days of growth, with a fine pattern of radial
lines being already visible on day 1, some of which buckled up into
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the ridges, whereas those in between seemed to flatten out. The
ridges then slowly increased in height and propagated toward the
central region of the macrocolony (Fig. 2).

Calcofluor binding and fluorescence indicated that AR3110
macrocolonies generated cellulose (Fig. 1C). Moreover, a precise
deletion of the cellulose synthase gene bcsA in AR3110 reconsti-
tuted the ring-structured morphology previously observed for
strain W3110 (Fig. 1D). Similarly, precise and nonpolar deletions
of bcsQ and yhjR, and—to a lesser degree—the deletion of the
bcsEFG operon in AR3110 produced macrocolonies with ring pat-
terns indicating no or reduced cellulose biosynthesis. A csgB-de-
leted derivative which synthesizes cellulose but no curli fibers pro-
duced pink staining on CR plates and a pattern of dense small
wrinkles (Fig. 1D).

We conclude that the SNP that generates the stop codon early
in bcsQ interferes with cellulose biosynthesis in the “domesti-
cated” E. coli K-12 laboratory strains. In order to quantify this
effect with respect to the expression of bcs genes downstream of
this stop codon, we generated single-copy lacZ fusions in yhjR,
bcsQ, and bcsA (see Fig. S1 in the supplemental material), with the
fusions in the latter two genes containing either the TAG stop
codon like in W3110 (=WbcsQ::lacZ= and =WbcsA::lacZ=) or the
TTG codon as present in AR3110 (=ARbcsQ::lacZ= and =ARbcsA::
lacZ=). Expression of the reporter fusions with the TTG codon was
indeed 	10-fold higher than that of the fusions carrying the stop
codon at this position (Fig. 3), independently of whether expres-
sion of the fusions was assayed in the absence or presence of cel-
lulose production (i.e., in the W3110 or AR3110 genetic back-
grounds). The lacZ fusion data also show that the expression of
yhjR, i.e., the first gene in the operon whose function in cellulose
biosynthesis is unknown, was 
5-fold higher than that of bcsQ
and bcsA. Moreover, all three genes (and therefore probably the

entire operon) showed some expression in growing cells already
that further increased in a �S-dependent manner, when cells en-
tered into stationary phase (Fig. 3C). Using Flag tagging of bcsA in
the chromosome and immunoblotting, we could also detect cel-
lulose synthase in macrocolonies of the repaired strain AR3110
but not in W3110 (see Fig. S2 in the supplemental material).

Localization of cellulose and amyloid curli fibers within E.
coli macrocolonies. Reconstitution of cellulose biosynthesis in
strain AR3110 allowed us to study the function and precise local-
ization of cellulose in the matrix of macrocolony biofilms of this
otherwise well-characterized E. coli K-12 strain. Macrocolonies
were grown on salt-free LB medium supplemented with thiofla-
vine S (TS), a fluorescent dye that—like CR— binds amyloid curli
fibers, as well as cellulose without altering macrocolony patterns
(Fig. 2). Macrocolonies were analyzed by cryosectioning com-
bined with bright-field and fluorescence microscopy.

In line with macroscopic colony morphology, already low-mag-
nification bright-field examination of cross-sections of mature
AR3110 macrocolonies revealed dramatic architectural changes asso-
ciated with restored bcs operon expression and cellulose production.
Flat areas at the macrocolony center or between ridges exhibited a
very regular height of 
60 �m only, which nevertheless differenti-
ated into two distinct layers (Fig. 4B). The upper bacterial layer
(about 40 to 50 �m thick) showed intense TS fluorescence, whereas
the bottom layer of cells (
20 �m thick) was devoid of fluorescence.
TS fluorescence is specific for curli and cellulose, as it was detected
when either curli or cellulose alone were present (Fig. 4C and D), but
was completely absent in the mutant that produced none of the two
matrix components (Fig. 4E). In the very flat growth zone at the outer
edge of AR3110 macrocolonies (see Fig. S3 in the supplemental ma-
terial), no TS fluorescence could be detected, whereas at 	200 �m
further inside, the two-layer structure began to build up.

FIG 2 Formation of macrocolony architecture of over time. Central panels show low-magnification images of W3110 and AR3110 macrocolonies developing
over time on TS-containing salt-free LB plates. Upper and lower panels show enlarged view of macrocolonies presented in the central panels.

Cellulose and E. coli Biofilm Architecture

December 2013 Volume 195 Number 24 jb.asm.org 5543

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 2
6 

O
ct

ob
er

 2
02

3 
by

 1
60

.4
5.

17
1.

13
5.

http://jb.asm.org


Vertical ridge formation starts by buckling up in the outer zone
of the flat colony, thereby generating double layers which then
move upwards and maintain a constant width independent of the
actual height of the ridge. Ridge formation depended on both
curli and cellulose. Macrocolonies of strains that produce curli
only exhibited concentric rings (Fig. 1D), which in cross-sec-
tions appear as a series of contiguous dome-like elevations
	200 �m high (Fig. 4A and C). Instead, when cellulose was
produced in the absence of curli, the macrocolony showed a
pattern of small intertwined wrinkles in the central zone of the
colony (Fig. 1D). In cross-sections this translated into a rippled
surface (Fig. 4D). The absence of both curli and cellulose led to
a thick (
200 �m high) macrocolony without any morpholog-
ical differentiation (Fig. 4E).

Vertical ridges featured a narrow inner layer of nonfluorescent
cells (Fig. 4B). Remarkably, bacteria in this interior layer did not
switch on curli/cellulose production, even when they were located
close to the tip of the ridge, i.e., at a large distance from the nutri-
ent-providing agar. It should also be noted that the space at the
bottom of the ridges, which opens up during the buckling up of
the macrocolony at this position, was entirely full of nonfluores-
cent cells, suggesting that this space was filled by growing cells.

To learn about the detailed spatial arrangement of cellulose in
macrocolonies, we first closely examined the strain that produces
cellulose alone (AR3110 �csgB). Here, cellulose was visualized by
a TS fluorescence pattern that followed the shape of small wrin-
kles. The concave regions formed below and above the wavy cel-
lulose-containing cell layer also appeared occupied by bacteria
(Fig. 4D). Further zooming into the fluorescent layer at different
locations (Fig. 5B to D) revealed a regular pattern of patches and
especially bright strings, i.e., filaments and possibly sheet-like
structures (between 2 and 15 �m long) that were orientated
mostly parallel to each other, but perpendicular to the wrinkle
line. At points where the fluorescent layer formed the colony sur-
face, strings were also found laying on the surface (see the arrow in
Fig. 5D). These results not only show cellulose as a filamentous
matrix component, which is in agreement with its fibrillar nature,
but demonstrate that its distribution and arrangement is not ran-
dom, but localized and highly ordered. Unlike curli fibers, which
form a “honeycomb”-like network tightly surrounding cells, cel-
lulose filaments seem to extend in between and along cells.

Having analyzed the distribution of curli fibers and cellulose
each “in isolation,” we closely examined the pattern of TS fluores-
cence in AR3110 macrocolonies that produce both curli fibers and
cellulose. Three representative macrocolony areas were examined:
the flat area close to the agar surface and the middle part and the
tip of the ridge (Fig. 5E). In the upper fluorescent layer of the flat
area two patterns of TS fluorescence were clearly distinguished
(Fig. 5G). The upper zone showed the “honeycomb”-like pattern
around bacterial silhouettes. Further inside the upper layer, i.e.,
closer to the interface with the nonfluorescent bottom layer, these
silhouettes of bacteria appeared more lined-up and vertically ori-
entated, with intensely fluorescent filaments—that resemble the
cellulose filaments in the absence of curli (Fig. 5B to D)—possibly
forming sheath-like structures (see enlarged view of white boxed
areas in Fig. 5G). These patterns suggest that the curli fiber net-
work is relatively evenly distributed in the upper layer, whereas the
bulk of cellulose would prevail in a somewhat lower zone of the
upper layer, i.e., closer to the interface with the bottom layer.

This pattern was found to be stably maintained in the middle

FIG 3 Expression of lacZ reporter fusions to yhjR, bcsQ, and bcsA in the
presence or absence of the E. coli K-12-specific stop codon in bcsQ. Derivatives
of strain W3110 carrying single copy lacZ fusions in yhjR or in bcsQ or bcsA
with codon 6 in bcsQ being either TAG (W fusions) or TTG (AR fusions) were
grown in LB medium at 28°C. The optical densities (open symbols) and spe-
cific �-galactosidase activities (closed symbols) were determined.
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part of the ridge (Fig. 5H) and was even more pronounced, with
even longer intensely fluorescent filaments (boxed area in Fig. 5F),
at the tip, where the whole layer is massively curved (compare Fig.
5F and H). The vertically stretched appearance of filaments and
putative sheaths, as well as the horizontally stretched appearance
of the curli fiber network close to the surface, probably reflects the
tension that extreme curvature at the tip imposes. The striking
observation that the surface of the tip regions does not break un-
der this tension and that ridges can actually become 	30-fold
higher than they are wide without losing their intricate spatial
architecture demonstrates that cellulose confers strong cohesion
and elasticity to the upper layer of the macrocolony. Overall, these
findings reveal for the first time a highly differentially ordered
spatial arrangement of cellulose filaments and curli fiber networks
and suggest that the combination of these two matrix components
confers tissue-like properties to E. coli macrocolony biofilms.

Fine structure of cellulose fibers and curli-cellulose compos-
ite structures at cellular resolution in different zones of E. coli
macrocolonies. High-resolution SEM allowed us to study this
spatial architecture and appearance of cellulose and curli in situ at
the cellular level. SEM images of sections through a small AR3110
ridge (Fig. 6A) and a wrinkled area of the cellulose-only macro-
colony (AR3110 �csgB; Fig. 6B) show excellent correspondence to
the morphological forms seen in the cryosections (Fig. 4 and 5). At
higher resolutions, we focused not only on the presence and spa-
tial arrangement of cellulose and curli but also on hallmarks of the
bacterial physiological state, such as cell size and shape, cell divi-
sion, and flagellum production.

High-magnification SEM imaging of the �bcsA macrocolony
surface (Fig. 6D) showed the same curli-only pattern previously
reported for W3110 macrocolonies (2), i.e., curli fibers forming a
dense network around cells that left the cells partially visible

FIG 4 Restricted localization of curli and cellulose defines a two-layer architecture of E. coli macrocolonies. Five-day-old E. coli macrocolony biofilms grown on
salt-free LB medium supplemented with TS were cryoembedded and sectioned perpendicular to the plane of the macrocolony at a thickness of 5 �m. Thin
sections were visualized at low magnification, with bright-field (left panels), fluorescence (middle panels), and merged (right panels) microscopic images
representing macrocolony cross-sections of W3110 (A), AR3110 (B), and its �bcsA (C), �csgB (D), and �csgB/�bcsA (E) derivatives. Fluorescence images were
false-colored green for TS. Images visualize the whole vertical section of the macrocolonies. The upper-left insets in bright-field images show top-view images of
the respective macrocolonies.
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FIG 5 Cellulose and curli exhibit differential distribution and specific spatial arrangement in E. coli macrocolonies. (A) Low-magnification image showing TS
fluorescence in a representative AR3110 csgB macrocolony cross-section, as presented in Fig. 4D. (B to D) Enlarged views of TS fluorescence pattern in respective
color-coded macrocolony areas boxed in A. The arrow in D points to a cellulose string lying on the surface. (E) Low-magnification image showing TS fluorescence
in a representative AR3110 macrocolony cross-section, as presented in Fig. 4B. (F to H) Enlarged views of TS fluorescence pattern in respective color-coded
macrocolony areas boxed in panel E. The insets in panels F and G show enlarged views of the respective color boxed areas.
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(Fig. 6D). In contrast, bacterial cells at the surface of the cellulose-
only �csgB macrocolony were not encased but only partially cov-
ered by flat sheets of irregular shapes (Fig. 6E). This sheet-like
matrix material was specifically cellulose, since knocking out bcsA

in the already curli-negative �csgB mutant background rendered
bacteria at the surface fully devoid of matrix material (data not
shown).

By contrast, the AR3110 macrocolony surface was nearly fully

FIG 6 A composite of cellulose and curli fibers covers the AR3110 macrocolony surface, while flagella form a dense mesh at the bottom. (A) Low-magnification
perspective-view SEM image of an AR3110 macrocolony area displaying a small ridge. (B) Low-magnification perspective-view SEM image of a macrocolony of
the �csgB derivative of AR3110 displaying small intertwined wrinkles. (C to E) High-resolution SEM images (50000x magnification) showing the surfaces
of macrocolonies formed by strain AR3110 and its indicated derivatives. (F) High-resolution SEM image (�50,000 magnification) revealing details of the mesh
of entangled filaments formed by bacteria at the bottom of the AR3110 macrocolony, which is not present in the AR3110 �fliC macrocolony showing
flagellum-free elongated rod-shaped cells arranged in a plane (G). (H) High-resolution SEM image (50,000� magnification) showing long cellulose sheets
interacting with flagella in the middle inner zone of a AR3110 �csgB macrocolony.
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covered by a massive amount of matrix material such that bacteria
were hardly visible anymore (Fig. 6C). Cells seemed to be
smoothly coated as well as connected by filaments, but curli fibers
and cellulose could not be distinguished anymore, suggesting that
together they form a composite material. For all strains under
investigation, very small and ovoid cells were found at the macro-
colony surface (Fig. 6C to E), a finding indicative of cells being in
stationary phase, i.e., a condition at which both matrix compo-
nents are produced. This surface pattern was regularly observed in
all surface areas of the macrocolony (e.g., flat sectors, ridges) that
at the macroscale exhibited CR staining.

SEM examination of the agar-touching bottom zone of the
AR3110 macrocolony showed the same pattern (Fig. 6F) as previ-
ously observed in W3110 macrocolonies (2), i.e., a dense mesh
formed by long and entangled flagella that was not present in a
�fliC mutant (Fig. 6G). These patterns were independent of curli
and cellulose as they were also observed at the bottom of macro-
colonies of �csgB, �bcsA, and �csgB �bcsA derivatives of AR3110
(data not shown). However, inside the macrocolonies, connec-
tions between cellulose and flagella could also be detected, with
the network of entangled flagella apparently serving as a scaffold
for the formation of cellulose filaments and elongated sheets
(Fig. 6H).

These inner biofilm zones were examined by SEM at four po-
sitions in the AR3110 macrocolonies: the tip, the middle part, and
the base of the ridge and in flat areas (Fig. 7). At all of these posi-
tions the regions close to the colony surface were very compact
with small ovoid cells encased by the basket-like structures typical
for curli fiber networks (red arrows, Fig. 7B and K). Further inside
at all four positions, this pattern changed with small bacteria only
partially wrapped in long sheets and sheaths (blue arrows, Fig. 7C
and E) that correlate to the elongated structures visualized by TS
(Fig. 5F to H). Further inside, entire sheets of fibrillar material
were observed (blue arrow, Fig. 7F), which correlates to strong TS
fluorescence in this area (Fig. 5F to H). This apparently cellulose-
rich zone delineated the boundary to the innermost cellular layer
in the ridges and to the bottom layer in the flat areas. In the cross-
sections of the flat area, these top and bottom layers also easily
broke apart during preparation (Fig. 7J and L). The division into
two physiologically distinct cell types was especially apparent at
the base of the ridges, where small matrix-encased stationary-
phase cells can be seen above the division line, whereas on the
bottom side long rod-shaped cells grew in vertical rows and filled
the space at the base of the ridge (Fig. 7G to I).

Cellulose, together with curli fibers, generates cohesion and
elasticity and thereby determines the morphological shapes of
E. coli macrocolony biofilms. Colonies of the cellulose-positive
strain AR3110 exhibited stronger cohesion, e.g., during restreak-
ing, than colonies formed by the parental W3110 strain, a pheno-
type also associated with the rdar colony morphotype in Salmo-
nella (20, 21). This difference could be easily visualized by
covering the fully grown macrocolonies with liquid and then ex-
posing them to shear forces by slightly shaking the agar plates
manually. A curli- and cellulose-deficient mutant just released a
cellular haze dissolving into suspension during this procedure (see
Movie S1 in the supplemental material). A W3110 macrocolony—
with curli fibers as the only matrix component in its upper layer—
broke into rigid pieces that swam away and broke down further
(see Movie S2 in the supplemental material). In contrast, a
AR3110 macrocolony with its composite matrix of curli fibers and

cellulose, behaved more like a tissue (see Movie S3 in the supple-
mental material). Thus, its thick top layer detached from the agar
support essentially as an entire macrocolony, with its edges “wav-
ing” back and forth with the liquid current, whereas the bottom
layer—which reflects the pattern of wrinkles of the detached top
layer—remained on the agar. This behavior indicates that cellu-
lose in combination with curli fibers confers not only strong co-
hesion, but also high elasticity to the macrocolony biofilm—a
property consistent with the almost complete absence of breaks in
the high-resolution images of the surface of the macrocolonies
AR3110 or its curli-deficient cellulose-only derivative (Fig. 5 and
6). This pronounced elasticity is likely to be a prerequisite for
forming the highly curved surfaces associated with the ridges and
wrinkles of macrocolonies.

On the other hand, the rigidity and brittleness of the protein-
aceous matrix consisting of the curli fiber network alone seems the
basis for the formation of the macroscopic ring structures in the
macrocolonies of W3110 and the other curli� cellulose� strains
generated in the present study (Fig. 8). The formation of these
rings seemed to start with surface breaks in the circular zone of the
growing macrocolony where the layer of curliated cells was still
relatively thin and less confluent. These large breaks, which prob-
ably arose due to pressure generated by the still propagating cells
below, widened into grooves (Fig. 8D), with the adjacent curliated
cell layers rounding up and finally adopting the dome-like shapes
in cross-sections through the ring pattern of the mature macro-
colony (Fig. 8B). During this process, the grooves further deep-
ened into crevices (Fig. 8E and G) which extended deep down into
the colonies (Fig. 8B) and which were subsequently colonized by
cells that seemed to be pushed up from the bottom layers (Fig. 8F).
Initially, these cells emerged as rod-shaped flagellated cells (Fig.
8G) but probably due to starvation at their new position, they later
on switched on curli production (Fig. 8H), which could eventually
close the opening in the macrocolony structure by a “secondary”
curli network layer. In addition, small microbreaks also formed in
confluently curli-covered surface areas (Fig. 8C and I to K). These
tiny fissures seemed to open slowly with occasional curli fibers
stretching across them and did not affect the macroscopic overall
structure of the colony.

In conclusion, curli fibers and cellulose either alone or in com-
bination determine which three-dimensional structural elements
arise in a macrocolony biofilm. Concentric rings originate as
breaks in the brittle macrocolonies that produce exclusively curli
fibers in high amounts, whereas the formation of ridges and elab-
orate wrinkles starts by buckling up of the elastic tissue-like mac-
rocolonies containing cellulose, with further elevation of stable
ridges requiring a curli/cellulose composite matrix.

DISCUSSION
E. coli macrocolony biofilms show a two-layer architecture that
reflects fundamentally different physiological states. We have
previously shown that cellulose-deficient E. coli K-12 (strain
W3110) forms macrocolony biofilms consisting of two physi-
ologically distinct layers of cells (2): growing flagellated cells at
the outer colony edges, as well as in the bottom layer, as op-
posed to small stationary-phase cells surrounded by a thick
network of curli fibers in the top layer and at the surface (except
at the outer rims). Despite its drastically altered macroscopic
morphology, the cellulose-“repaired” strain AR3110 equally
shows a microscopic two-layer architecture (Fig. 4B). Due to
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the flatness of the colonies, the transition between these layers
is even much sharper, with the thin bottom layer of growing
cells— only 
20 �m high—forming a tight mesh of flagella
indistinguishable from that of the cellulose-free W3110

(Fig. 6F; compare to images shown in reference 2). The top layer,
which is about 40 to 50 �m high, now produces curli fibers as well as
cellulose (Fig. 4B, Fig. 5F and H; see also Fig. S3 in the supplemental
material), with cellulose forming thick filaments and sheath-like

FIG 7 Spatial arrangement of cellulose, curli and flagella and cell physiology in the context of the two-layer biofilm architecture. For an overview, low-
magnification SEM images of AR3110 cross-sections at the tip (A), middle body (D), and base (G) of a ridge and a flat area (J) are shown in the left column of
images. The middle and right columns show color-boxed images at �12,000 magnification corresponding to the color-boxed zones in the overview images. A red
arrow in panel B points to basket-like matrix structure typical for curli fiber networks. Blue arrows in panels C, E, F, and H label sheet-like material indicative of
cellulose. A yellow arrow in panel E points to flagellum-like filaments in the inner region of the ridge characterized by elongated growing cells. Yellow arrows in
panels H and I point to rod-shaped bacteria in the growth zone below the ridge. A red arrow in panel K points matrix-encased bacteria in the upper layer with
starving cells. Blue and yellow arrows in panel L indicate cells in contact with sheet-like and filamentous matrix material at the base of the upper colony layer and
elongated rod-shaped cells entangled by flagella in the lower layer, respectively.
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structures that extend vertically into the top layer, as well as thick and
flat sheets that delineate the border between the two layers, in partic-
ular within the ridges (Fig. 7).

It is important to note that this two-layer architecture is not a

consequence of matrix formation. Rather, it is a function of the
gradient of nutrients which are provided from the solid growth
medium below and around the colony. In fact, it also forms in
mutants free of cellulose and curli, as can be concluded from mor-

FIG 8 Deep breaks in the macrocolony surfaces of strains that produce curli but not cellulose generate concentric ring morphology. (A) Top-view image of a mature
W3110 macrocolony grown at 28°C on a CR plate showing the curli-dependent ring pattern. (B) Fluorescence image at low magnification of a cross-section through a
W3110 macrocolony grown in the presence of TS. (C) Enlarged top-view image of W3110 macrocolony rings. The arrow indicates naturally occurring breaks at the top
of the rings. (D, E, and F) SEM images showing changes at the W3110 macrocolony surface over the course of ring formation. The arrow in panel F indicates bacteria
colonizing the crevice at late time points. (G) SEM image of the colony surface (at �24,000 magnification) showing the initial bacterial colonizers of a crevice (day 6, ff.,
in panel F), which are rod-shaped and carry flagella. (H) SEM image (at �12,000 magnification) showing bacteria later during the colonization of a crevice (day 7, ff.),
which have almost filled the crevice, have become shorter and in part have started to generate curli around their cell bodies. (I, J, and K) SEM images showing microbreaks
at the top of a mature W3110 macrocolony (at �6,000, �12,000, and �24,000 magnifications, respectively).
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phological hallmarks such as the different cell shape, the absence
or presence of cell division, and flagellum formation in the two
layers (2). Actually, the small and ovoid cells in the top layer grow
slowly and finally cease to grow as they have switched to a RpoS-
based stationary-phase physiology, which not only confers high
stress resistance but is also a prerequisite for the production of
curli fibers and cellulose (39). Once these matrix components are
assembled the two layers can be physically disrupted (Fig. 7J and
see also Movies S1 to S3 in the supplemental material). Since this
stratification reflects the two fundamentally different physiologi-
cal strategies of bacteria— optimizing growth versus optimizing
maintenance and survival (39, 40)—and the formation of nutrient
gradients is associated with any biofilm formation, we expect a
two-layer architecture to be rather general in bacterial biofilms.
Whether the starving cells make up the upper or the lower layer,
actually depends on species-specific metabolic properties, in par-
ticular whether oxygen is essential for growth or not (as discussed
in reference 2).

When our E. coli K-12 strains are grown on salt-free LB me-
dium, expression of the regulator CsgD is high enough to generate
the high levels of curli and cellulose required for buckling up into
ridges and wrinkles. However, when bacteria are grown on yeast
extract-Casamino Acids (YESCA) medium, the production of
curli and cellulose is insufficient to generate complex morphology
(S. Herbst and R. Hengge, unpublished data). Such conditions are
therefore convenient for studying wrinkling-inducing conditions
or mutations. In a recent study with the uropathogenic E. coli
strain UTI89 grown on YESCA medium, the presence of ferric
chloride could induce macrocolony wrinkling, which allowed to
float off an upper colony layer. This was interpreted as “bimodal
population development” into two distinct layers induced by oxi-
dative stress, although the csgBAC and yaiC (adrA) genes were not
induced further by this treatment (41). These floated layers were
shown to contain cells that were H2O2 resistant and expressed
curli (41), which are both RpoS-dependent functions (39), a find-
ing consistent with physiological two-layer architecture being a
function of the nutrient gradient building up in macrocolonies
under all conditions rather than being induced de novo by oxida-
tive stress. Taken together, this indicates that oxidative stress may
specifically stimulate cellulose formation and therefore the tissue-
like cohesion and elasticity required to generate the macroscopic
colony structure observed by DePas et al. (41), as well as in our
study.

Cellulose is a distinctly localized architectural element that
forms a “nano-composite” with curli fibers and confers tissue-
like properties. At the cellular level, cellulose fibers assemble into
irregular thick filaments and sheet-like structures that extend be-
tween cells (Fig. 6E) rather than tightly surrounding cells as the
“baskets” formed by amyloid curli fibers (2). Cellulose is not ran-
domly distributed within the upper macrocolony layer (summa-
rized in Fig. 9A). Rather, a massive accumulation of vertically
arranged cellulose filaments, sheets and possibly even long sheaths
along strings of cells can be seen close to the interface with the
lower layer, especially in the massively curved region of the tips of
the ridges (Fig. 5F to H, Fig. 7C and E). Along the interface itself,
large cellulose sheets are formed (Fig. 7F). In addition, a compos-
ite of cellulose and curli fibers can be visualized at the colony
surface (Fig. 6C), in which the two types of fibers in fact cannot be
distinguished. This matrix material even visually combines the
properties of curli and cellulose, as it surrounds the cells, but also

provides for filamentous and sheet-like connections between cells,
which in toto generates a relatively smooth and confluent protec-
tive surface. This may explain the earlier observation that a Sal-
monella biofilm matrix consisting of curli and cellulose is not di-
gested with either cellulase or proteinase K (12). In other words, E.
coli and Salmonella produce naturally in their biofilm matrix what
material scientists have been trying to optimize—a cellulose
“nanocomposite” material (42, 43). Notably, cellulose can also
assemble along flagella, as could be detected in the transition zone
between the growing and starving cell layers (Fig. 6H), suggesting
that cellulose in general easily assembles along or around filamen-
tous scaffold structures.

Only the combination of cellulose and curli fibers generates the
pronounced cohesion, stability, and elasticity of the macrocolo-
nies of strain AR3110 required to develop complex morphology.
Elasticity in particular may be due to high water incorporation by
cellulose (42). In contrast, an upper layer matrix with curli fibers
only stabilizes cells at their place but is brittle and breaks into the
ring structures typical strains producing high levels of curli only
(Fig. 8). On the other hand, in a macrocolony that produces cel-

FIG 9 Cellulose localization and the generation of ridges in macrocolonies.
(A) Schematic summary of cellulose location and two-layer architecture in
AR3110 macrocolonies. Red and orange layers illustrate zones of stationary
and post-exponential-phase-like physiology, respectively. Blue lines indicate
zones rich in cellulose. (B) Schematic representation of radial expansion of a
colony. Circle lines of a radius of r, 2r, and 3r represent the border of hypo-
thetical colonies. Red and blue lines in colonies with a radio of r and 2r,
respectively, have the same length but different curvature angles, i.e., bacteria
positioned at these outer rim lines of an expanding colony can grow into
successively smaller areas (illustrated by the hatched red and blue areas). Due
to “tissue-like” cohesion and elasticity of a colony that generates both curli
fibers and cellulose, this results in the colony buckling up into radially oriented
ridges.
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lulose only, small wrinkles are initially generated, but then cellular
crowding seems to push still growing cells into the initially form-
ing cavities and seem to overgrow the wrinkles over time (Fig. 4D).
In conclusion, curli fibers function as a cellular “mortar” that
keeps cells in place, whereas cellulose confers elastic cohesion to
this cellular “building material.” It should be noted that a recent
report attributed ethanol-induced or dimethyl sulfoxide-induced
increased cohesion and elasticity of pellicle biofilms of the uro-
pathogenic E. coli UTI89 to increased curli expression (44, 45).
Unfortunately, cellulose was not considered in those studies, and
our observations of the distinct biofilm properties conferred by
curli and cellulose, as well as the coregulation of both components
by CsgD and c-di-GMP, suggest that cellulose biosynthesis may
well be stimulated in parallel to curli expression under these con-
ditions.

Tissue-like properties conferred by cellulose allow to gener-
ate the intricate three-dimensional morphology of E. coli mac-
rocolonies. It has long been known that curli fibers and cellulose are
a prerequisite for complex macrocolony morphology (12). Based on
our high-resolution localization studies, we can now address the
question, how the combination of cellulose and curli fibers in specific
zones of the E. coli matrix generates this particular three-dimensional
architecture. In order to solve this question, it is helpful to conceptu-
ally deconstruct this complex morphology—summarily termed
“rdar,” “wrinkled,” or “rugose”—into specific elements. These in-
clude the size and flatness of the macrocolony, as well as distinct
morphological form elements such as “ridges,” “wrinkles,” and
“rings,” which can occur in radial, concentric, and/or irregular pat-
terns.

Mature AR3110 macrocolonies exhibit extreme size and flat-
ness �20 mm in diameter but only about 60 �m high in the flat
areas, as opposed to the 	200-�m high macrocolonies of W3110
(Fig. 4). This is probably a function of cellulose filaments and
sheets connecting to curli fibers and to flagella, which possibly
tethers cells together such that progeny cells below cannot just pile
up vertically but are forced to spread out laterally. Wrinkles and
ridges arise when macrocolonies buckle up, which is only possible
due to stability, cohesion, and elasticity of the cellulose/curli com-
posite matrix in the upper macrocolony layer. Recently, it was
proposed that buckling up of Bacillus subtilis macrocolonies into
wrinkles happens in regions of local cell death, which “provides an
outlet for lateral compressing forces” (46). Although that study
focused on central and rather old regions of the macrocolonies, we
observed that ridge formation started at the outer rims and then
propagated toward the older center of the E. coli macrocolonies
(Fig. 2). This points to an explanation, which relies on simple
geometry combined to the tissue-like properties of the macro-
colony. When a growing colony increases in size, sections of the
same length along the outer colony edges (illustrated by the same
length of the red and blue lines in colonies with a radius of r and 2r
in Fig. 9B) exhibit a continuous reduction in curvature. Thus,
although it seems counterintuitive, the larger the colony grows the
less is the horizontal space that cells can grow into. In a colony
with tissue-like cohesion and elasticity, the resulting tension can-
not be released by just piling up single progeny vertically (note
that the formation of the upper layer with curli and cellulose syn-
thesis begins quite close behind the outer colony edge [see Fig. S3
in the supplemental material]) (2). Rather, an entire region of the
colony has to locally bulge out upwardly. The resulting release of
tension in fact allows the regions between two newly elevating

ridges to flatten again (Fig. 2). At which positions the buckling
actually happens, seems random and may be influenced by micro-
heterogeneities at the agar surface.

Our data also show the amazing dimensions of the ridges. In
mature macrocolonies these can be 	4 mm high, which corre-
sponds to 	30-fold their width (of about 120 �m; Fig. 4B). In the
“city of microbes” (47), these ridges are the equivalent of “sky-
scrapers” thus demonstrating the superb stability and elasticity
conferred by the cellulose/curli nanocomposite material. Similar
radial ridges are generally observed in macrocolony or pellicle
biofilms of “undomesticated” bacteria. In the Gram-positive Ba-
cillus subtilis, their formation depends on a combination of an
amyloid-forming protein, TasA, and an exopolysaccharide (9,
10). Since amyloids are common in bacteria (48, 49), amyloid-
polysaccharide nanocomposites in the matrix may stabilize com-
plex biofilm architecture in many species.

Physiological roles of cellulose and the cellulose-generated
morphology of macrocolony biofilms. As we begin to under-
stand how a particular macrocolony architecture is generated, an-
other intriguing question is why bacteria produce this complex
morphology. What is the benefit of growing in extremely large,
flat, and wrinkled colonies; why invest all of the energy and carbon
sources to produce a matrix that allows to build huge ridges? Ox-
ygen concentration in macrocolonies decreases to ca. 10% of the
oxygen content of air at a depth of 
60 �m (41, 50). Since wrin-
kling of Pseudomonas aeruginosa or Bacillus subtilis is induced by
impaired respiration, it has been suggested that surface enlarge-
ment by wrinkling facilitates access to oxygen as a terminal accep-
tor for respiration (50, 51). For E. coli, we suggest that the benefi-
cial adaptation with respect to access to oxygen is the flatness of
the macrocolonies generated by the curli/cellulose matrix. The
buckling into wrinkles and ridges then seems a secondary and
physical consequence of the tissue-like properties of these very flat
biofilms.

In addition, the buckling up of certain regions of the colony has
biological consequences as it relatively rapidly moves large groups
of cells over large distances where they are exposed to novel mi-
croenvironmental conditions. For instance, during ridge forma-
tion, cells that used to be in the lower growth layer are rapidly
elevated to a position where they are exposed to strict starvation.
These cells form the thin layer inside the ridges that does not
switch on curli and cellulose production, which is consistent with
CsgD and curli genes being only weakly induced when cells are
exposed to sudden starvation (e.g., in minimal medium; E. Klauck
and R. Hengge, unpublished data). Also, at the bottom of a ridge,
a new zone for growth opens up. Due to the largest distance from
the colony surface, this zone can be expected to have the lowest
oxygen content in the macrocolony. However, E. coli, which can
easily switch to anaerobic growth, completely fills up these zones
below the ridges (Fig. 4B and Fig. 7G to I). This is in contrast to the
situation recently observed for the more oxygen-dependent B.
subtilis, where the zones below ridges remain open and serve as
channels that facilitate liquid transport (52).

From a more ecophysiological perspective, growing in very
large, flat, and tissue-like macrocolonies in an outside environ-
ment—many E. coli strains produce curli and cellulose only below
30°C—may provide the advantage of rapidly covering nutrient-
providing surfaces and therefore competing better with bacteria
that are more dependent on oxygen for growth such as Bacillus or
Pseudomonas species. Also, an outer colony layer covered by the
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curli/cellulose nanocomposite may provide superior protection
against predators or exoenzymes produced by competing species
in comparison to curli-only or cellulose-only surfaces. Further-
more, tissue-like cohesion of colonies may facilitate the transmis-
sion from the environment to a host and enhance survival during
the passage through the stomach of a new host.

Cellulose also modifies properties of the fibers or filaments it
assembles with and confers additional functions not associated
with colony architecture. Thus, it reduces curli-mediated adhe-
sion to surfaces (22). On the other hand, it allows Salmonella to
adhere to the chitinous surface of Aspergillus hyphae in mixed
biofilms (53), and it controls the adherence of Rhizobium to plant
roots (54). Cellulose can also counteract the proinflammatory ef-
fect of curli fibers when expressed in the mammalian host (55, 56).
Finally, cellulose can inhibit the rotation of flagella, which was
observed in a mutant deficient for the c-di-GMP-binding protein
YcgR, a protein that shuts down rotation by direct interaction
with the flagellar basal body (57). In fact, we could visually dem-
onstrate a tight entanglement of cellulose with flagella in the tran-
sition area between the growth and stationary phase layers of the
macrocolony (Fig. 6H).

Common and differential regulation of amyloid curli fibers
and cellulose and the environmental control of macrocolony
architecture. In the present study, we have focused on where in a
macrocolony cellulose and curli fibers occur and how these matrix
components together contribute to generating the specific mor-
phological elements of macrocolony biofilms. In fact, macro-
colony morphogenesis is regulated in response to many environ-
mental cues such as the presence of salt (58), oxidative stress (41),
ethanol (44), or humidity of the agar support. For instance, mac-
rocolonies can be rather stiff with a few very high and radial ridges
only, or they can present entire “landscapes” of elaborate wrinkles
and a large number of high ridges (Fig. 1 and 2). It is obvious that
not only location per se but also the amounts of and probably the
ratio between cellulose and curli fibers in specific zones of a mac-
rocolony determine stiffness and elasticity and therefore matter
for generating a specific morphology. At the molecular level, curli
and cellulose production are coregulated by CsgD (21), which in
turn requires RpoS and several c-di-GMP-producing and -de-
grading enzymes acting in a complex regulatory network (26, 27,
59, 60). The ratio between the two matrix components can be
affected by additional c-di-GMP signal input in the control of
cellulose production (29).

Finally, zones of different conditions in a macrocolony are not
restricted to the global physiological two-layer architecture. Actually,
the formation of biofilm macrostructures such as ridges or wrinkles
in turn generates novel microenvironments. In the future, it will be
interesting to see, whether and how c-di-GMP signaling by multiple
DGCs and PDEs spatially modulates the synthesis of curli, cellulose,
and perhaps additional matrix components and thereby controls bio-
film architecture in response to macro- and microenvironmental
conditions.
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