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Abstract

Background: Curli, cellulose and the cell surface protein BapA are matrix components in

Salmonella biofilms. In this study we have investigated the roles of these components for the

morphology of bacteria grown as colonies on agar plates and within a biofilm on submerged mica

surfaces by applying atomic force microscopy (AFM) and light microscopy.

Results: AFM imaging was performed on colonies of Salmonella Typhimurium grown on agar plates

for 24 h and on biofilms grown for 4, 8, 16 or 24 h on mica slides submerged in standing cultures.

Our data show that in the wild type curli were visible as extracellular material on and between the

cells and as fimbrial structures at the edges of biofilms grown for 16 h and 24 h. In contrast to the

wild type, which formed a three-dimensional biofilm within 24 h, a curli mutant and a strain mutated

in the global regulator CsgD were severely impaired in biofilm formation. A mutant in cellulose

production retained some capability to form cell aggregates, but not a confluent biofilm.

Extracellular matrix was observed in this mutant to almost the same extent as in the wild type.

Overexpression of CsgD led to a much thicker and a more rapidly growing biofilm. Disruption of

BapA altered neither colony and biofilm morphology nor the ability to form a biofilm within 24 h

on the submerged surfaces. Besides curli, the expression of flagella and pili as well as changes in cell

shape and cell size could be monitored in the growing biofilms.

Conclusion: Our work demonstrates that atomic force microscopy can efficiently be used as a

tool to monitor the morphology of bacteria grown as colonies on agar plates or within biofilms

formed in a liquid at high resolution.

Background
Many microbes tend to form sessile communities on sur-
faces, where the cells are embedded in a self-produced
matrix of extracellular polymeric substances [1]. These

biofilms provoke major concern in many industrial proc-
esses and in medicine [1,2]. The formation of biofilms has
been described as a developmental differentiation proc-
ess, which is typically initiated by the attachment of free
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living bacteria to an exposed surface [2]. Subsequent
development often occurs along with the production of a
tight network of extracellular polymers that facilitates
dense adherence to each other and to the surface leading
to a differentiated three-dimensional biofilm architecture
[2-5].

The extracellular matrix can consist of various mixes of
polysaccharides, proteins and even nucleic acids [6],
where the composition depends on the nature of the con-
tributing species as well as environmental conditions [7].
The food-borne pathogen Salmonella enterica, as well as
other members from the Enterobacteriaceae family, forms
biofilms on biotic and abiotic surfaces during their natu-
ral life cycles [8,9]. Salmonella produces an extracellular
matrix with curli as the major proteinaceous component
[10]. Curli are amyloid fibers, which are involved among
other things in adhesion to surface, cell aggregation, envi-
ronmental persistence and biofilm formation [11-18]. As
a second matrix-component Salmonella enterica and path-
ogenic and commensal Escherichia coli strains secrete cel-
lulose [15,19]. Both curli and cellulose synthesis are
coregulated by a complex regulatory network (Fig. 1), in
which the LuxR type regulator CsgD (also described as
AgfD) plays a key role [20]. CsgD stimulates the produc-
tion of curli through the transcriptional activation of the
csgBAC operon. The activation of cellulose production is
indirect through the regulator AdrA [15,20]. Recently, the
discovery of BapA (biofilm-associated protein), a large
cell-surface protein required for biofilm formation by Sal-
monella enterica serovar Enteritidis was reported [21]. The
expression of bapA was demonstrated to be coordinated
with the expression of curli and cellulose, through the
action of CsgD [21]. CsgD has also been demonstrated to
regulate expression of the genes for an O-antigen capsule
[22]. This capsule was not important for multicellular
aggregation, but for environmental persistence [22].

Bacteria expressing curli and cellulose display a red, dry
and rough colony morphology (rdar) on Congo red agar
plates. Disruption of one or both of these components
leads to the development of distinct colony morphology
types [23]. Deficiency in curli and cellulose synthesis
causes a smooth and white (saw) colony appearance, a
defect in cellulose synthesis curli leads to brown (bdar)
colonies and a defect in curli expression to a pink (pdar)
morphotype [23].

Besides Congo red plate assays, other methods, such as
electron microscopy, liquid-air pellicles and microtiter-
plate biofilm assays have been used to characterize the
multicellular behaviour of Salmonella and to demonstrate
that curli, cellulose and BapA are important for biofilm
formation. However, in these assays the distinct roles of
the extracellular matrix components in time-dependent

formation of the biofilm morphology have not been stud-
ied. In this study we have in detail characterized the
impact of mutations in curli, cellulose and BapA expres-
sion on biofilm and individual cell morphology at high
resolution. To perform our studies we applied Atomic
Force Microscopy (AFM) in combination with light
microscopy. AFM is a powerful technique for imaging bio-
logical samples at the nanometer to micrometer scale
under nondestructive conditions [24-29].

Results
Morphotypes on agar plates at high-resolution

Curli and cellulose are the predominant matrix-com-
pounds in Salmonella enterica serovar Typhimurium (S.
Typhimurium) biofilms [23] (Fig. 1). The disruption of
both or either of these components leads to distinct
changes in colony morphology on Congo Red agar plates
[23] (Fig. 2A). To analyse these changes at high resolution
with AFM, colonies of S. Typhimurium UMR1 and its
mutated derivatives were carefully transferred onto a cover
slip and subsequently analysed by AFM in contact mode.
Our data show that the colonies consisted of small tightly
associated cells with a roundish cell shape (approx. 1.2
µm in diameter) (Fig. 2B and Fig. 3). Figure 2B shows that
the surface of the wild type and in particular of the mutant
MAE52, a strain overproducing curli and cellulose due to
a point mutation in the promoter region of the csgD gene,
was covered by a layer of extracellular material. This mate-

Current model of the regulatory network controlling the expression of extracellular matrix components required for biofilm formation in SalmonellaFigure 1
Current model of the regulatory network controlling the 
expression of extracellular matrix components required for 
biofilm formation in Salmonella. The curli subunits CsgA and 
CsgB are encoded by csgBA, which is positively regulated by 
the global regulator CsgD [20]. CsgD also activates cellulose 
production through the expression of AdrA, a member of 
the GGDEF protein family, which is involved in the activation 
of cellulose synthesis [15]. Recently, in S. Enterica serovar 
Entiritidis a large secreted protein, called BapA, has been dis-
covered. BapA was shown to be required for pellicle forma-
tion at the air-liquid interface and its expression was 
demonstrated to be coordinated with that of genes encoding 
curli and cellulose via CsgD [21].
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rial was not visible on a mutant lacking the global regula-
tor CsgD (MAE51) and a CsgBA mutant (MAE14), lacking
expression of the major curli subunit CsgA and the sur-
face-exposed CsgB nucleator (Fig. 2B). Subtle differences
were observed between the wild type and a bcsA mutant
(MAE222), disrupted in the gene encoding the bacterial
cellulose synthase. Recently, Latasa et al. have demon-
strated that besides curli and cellulose, CsgD also coordi-
nates the production of BapA, a surface protein required
for biofilm formation in Salmonella enterica serovar Enter-
itidis. We therefore tested the effect of a bapA mutation on
colony and cell morphology of Salmonella Typhimurium
(Fig. 2A and 2B). Our data show that the wild type and the
mutant MAE619 were indistinguishable regarding colony
morphology both on a Congo red agar plate as well as on
our high-resolution AFM images. This result agrees with
the earlier observation that a BapA deficient strain pro-
duced similar levels of cellulose and curli as the wild type
[21].

Imaging of Salmonella biofilms

We wanted to analyse the different morphotypes also on
biofilms grown on an abiotic surface in a liquid. We
allowed the bacteria to form biofilms on the mineral sur-
face mica, which was submerged in a rich growth
medium. For immobilisation the samples were air-dried
at room temperature prior to AFM and light microscopy
analysis. To follow possible changes induced by the
dewetting and drying processes, we also analysed the bio-
films before drying in their hydrated state with the light
microscope. Figure 4 shows that after 24 h the mica sur-
face was entirely covered with biofilm by the wild type
strain UMR1. The AFM data show that the biofilm con-
sisted of tightly associated bacteria, similar to the colonies

on the agar plate. We noticed however that the cells were
longer (approx. 1.7 µm in length) and not as shrunken
and roundish as the cells grown at the air-interface on agar
(Fig. 2B and Fig. 3). At the edges of the biofilm flagella
(approx. 20 nm in height) and some other thinner fim-
brial structures (approx. 5 nm in height) could be
detected. At some locations extracellular matrix was also
seen on and between the cells in the biofilm, but to lower
extents than in the colonies grown on agar. The topogra-
phy data indicate that the biofilm consisted of multiple
layers and that the thickness varied between different
areas (Fig. 5).

Impact of curli, cellulose and BapA on 24 h biofilms

With the aim to better understand how curli, cellulose and
BapA contribute to biofilm formation on submerged
slides, we compared the wild type biofilms with those
formed by the curli, cellulose and BapA mutants. Figures
4 and 5 show that the curli and cellulose overproducing
strain MAE52 formed a thicker and denser biofilm com-
pared to the wild type. The AFM images showed more fim-
brial structures at the edges of the cells than in the wild
type (Fig. 4). Like with the bacteria grown on the agar
plate, large amounts of extracellular material were detect-
able on and between the biofilm-associated cells. In con-
trast to MAE52, the csgD mutant MAE51 was deficient to
form a biofilm (Fig. 4 and Fig. 5). Only individual cells
and insular very small cell aggregates could be observed
after 24 hours. The AFM images showed flagella, but no
fimbriae or other apparent biofilm components. Also the
csgBA mutant failed to form an area-wide biofilm within
24 h, instead, a layer of loosely attached individual bacte-
ria was seen in the hydrated sample (Fig. 4). During the
dewetting process these loosely attached cells were
arranged into branched colonies on the surface. Similar,

Colony morphology of Salmonella TyphimuriumFigure 2
Colony morphology of Salmonella Typhimurium. The distinct 
morphotypes of UMR1 and its mutants MAE52 (csgD++), 
MAE51 (csgD), MAE14 (csgBA), MAE222 (bcsA) and MAE619 
(bapA) are visualized on LB agar plates supplemented with 
congo red and coomassie blue (A) and on the high resolution 
AFM images (B).

Cell dimensions of bacteria grown on agar plates and of bac-teria within biofilms grown for 4, 8, 16 and 24 h in a liquidFigure 3
Cell dimensions of bacteria grown on agar plates and of bac-
teria within biofilms grown for 4, 8, 16 and 24 h in a liquid. 
Each value represents the average of measurements of 20 
bacteria. Error bars represent standard deviations.
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but more irregular colonies were observed on the dried
biofilm samples of the cellulose mutant MAE222 (Fig. 4).
However, light microscope images of the hydrated bio-
film show that, in contrast to MAE14, this mutant partly
retained the ability to form three dimensional loosely
attached cell aggregates. This led us to suggest that curli
are more important for the formation of the initial cell
aggregates than cellulose. Like in the csgD mutant MAE51,
we could not detect any of the thin fimbrial structures in
the curli mutant MAE14, demonstrating these structures
were made up of curli. On the other hand, wild type levels
(or even slightly more) of the extracellular material could
be observed in the cellulose mutant MAE222. Probably,
this material mainly consists of curli. However, we cannot

rule out that another so far uncharacterized polysaccha-
ride, which has previously been suggested to exist [19],
might be one of the compounds of the extracellular mate-
rial.

Similar to the agar plates we were not able to detect a sig-
nificant difference between a bapA mutant (MAE619) and
the wild type in our liquid biofilm assay (Fig. 4 and Fig.
5). In contrast to the curli and cellulose mutant, the bapA
deficient strain formed a dense biofilm within 24 hours
and curli expression appeared to be the same as in the
wild type.

Monitoring biofilm expression over time

The fact that we were able to monitor the expression of
curli and flagella in Salmonella biofilms, prompted us to
follow the expression of the extracellular structures during
the growth of the biofilm. Biofilms of strain UMR1 were
grown for 4, 8, 16 and 24 h and were analysed by micros-
copy as described above. After 4 h individual cells and
only a few sporadically dispersed cell aggregates were
observed on the mica surfaces covered with water (Fig. 6).
The AFM images revealed that the bacteria were distinctly
elongated (up to 4 µm in length) at this stage (Fig. 3 and
Fig. 6). Many of them were in the process of dividing as
the appearance of division septa indicated. Flagella were
detectable in moderate numbers, but no other extracellu-
lar structures could be observed. After 8 h a layer of indi-
vidual cells, which however did not form any aggregates,
covered the surface. We assume that the cells were loosely
attached to the surface because the dewetting process
arranged the cells into a pattern of small periodically dis-
persed colonies. The AFM data show that the cell length of
bacteria grown for 8 h was significantly decreased

Topography AFM images of biofilms formed by UMR1 (wt), MAE52 (csgD++), MAE51 (csgD), MAE14 (csgBA), MAE222 (bcsA) and MAE619 (bapA) after growth for 24 hours on mica surfacesFigure 5
Topography AFM images of biofilms formed by UMR1 (wt), 
MAE52 (csgD++), MAE51 (csgD), MAE14 (csgBA), MAE222 
(bcsA) and MAE619 (bapA) after growth for 24 hours on mica 
surfaces.

Cell and biofilm morphology of Salmonella Typhimurium UMR1 (wt) and its mutants MAE52 (csgD++), MAE51 (csgD), MAE14 (csgBA), MAE222 (bcsA) and MAE619 (bapA) after growth for 24 hoursFigure 4
Cell and biofilm morphology of Salmonella Typhimurium 
UMR1 (wt) and its mutants MAE52 (csgD++), MAE51 (csgD), 
MAE14 (csgBA), MAE222 (bcsA) and MAE619 (bapA) after 
growth for 24 hours. The first column shows light micro-
scope (LM) images (with a frame width of approx. 0.6 mm) 
before drying, the second column light microscope images at 
the same magnification after drying. The third and fourth col-
umns show AFM images at two different scan sizes.
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(approx. 1.7 µm) and no division septa were visible, indi-
cating that the growth rate had decreased. Compared to
the 4 hour time point flagellar expression was clearly
increased. After 16 h the formation of three dimensional
cell aggregates, firmly attached to the surface, had started.
At this time point we could also begin to see large
amounts of extracellular material that we earlier con-
cluded had curli as the major constituent. After 24 h a con-
fluent three dimensional biofilm was formed on the
surface as described above.

Biofilm formation in mutated strains over time

To investigate the effect of overexpression of curli and cel-
lulose on the time course of biofilm formation, we com-
pared biofilms of MAE52 grown for 4, 8, 16 and 24 h to
the wild type (Fig. 7). The light microscope images show
that the cells started to form aggregates already within 4 h,
apparently tightly bound to the surface as they were
hardly influenced by the drying procedure. Growth of the
aggregates rapidly gave rise to an area-wide biofilm on the
surface. AFM analysis revealed that flagella and large
amounts of biofilm matrix were produced at all time
points (Fig. 7). Noticeably, MAE52 exhibited a more irreg-
ular surface structure with indentations than the wild

type. We also analysed biofilm formation at the earlier
time points for mutants MAE51, MAE14, MAE222 and
MAE619 (summarized in Table 2). Interestingly, we were
able to detect some other pili-like fimbriae in the curli
deficient mutant MAE14 after 4 and 8 h (Fig. 8). Though
less abundant these pili were also seen in the bapA mutant
MAE619 and the cellulose mutant MAE222, but at no
time point in the wild type. The height (6 nm) and the
length (over 1 µm) of these features are in accordance
with the properties of Type 1 pili, previously characterized
by Korhonen et al. [30].

Discussion
In this study we have combined high-resolution atomic
force microscopy with light microscopy to study the roles
of curli, cellulose and BapA for the morphology of bacte-
ria grown as colonies on agar plates and within a biofilm
on a solid surface in liquid. Under both growth condi-
tions bacteria were visible on the AFM images as tightly
associated cellular units, resembling a tissue-like struc-
ture. This characteristic appearance was to a lesser extent
visible on scanning electron micrographs and images of
ultra-thin sections [20] as well as on confocal scanning
laser microscopy [15] previously taken of plate grown

Salmonella Typhimurium UMR1 biofilm development after 4, 8, 16 and 24 hFigure 6
Salmonella Typhimurium UMR1 biofilm development after 4, 
8, 16 and 24 h. The first row shows light microscope images 
(with a frame width of approx. 0.6 mm) before drying, the 
second row light microscope images at the same magnifica-
tion after drying and the third and fourth rows show AFM 
images at two different scan sizes. The arrows highlight the 
appearance of division septa after 4 h.

Salmonella Typhimurium MAE52 biofilm development after 4, 8, 16 and 24 hFigure 7
Salmonella Typhimurium MAE52 biofilm development after 4, 
8, 16 and 24 h. The first row shows light microscope images 
before drying, the second row light microscope images after 
drying and the third and fourth rows show AFM images at 
two different scan sizes. The frame width of each image is 
approx. 0.6 mm.
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cells, most probably due to differences in the way of sam-
ple preparation and imaging technology.

We noticed that the bacteria grown at the air-interface
were rounder, smaller in size and more tightly attached to
each other, whereas the biofilm-associated bacteria grown
in liquid medium retained a more elongated structure. We
were able to detect extracellular matrix, predominantly
consisting of curli fibres, as a layer on and between the
cells grown on agar. In the liquid biofilm assay curli fibers
were visualised as thin fimbrial structures at the edges of
the biofilms and on and between the bacteria by the AFM,
resembling largely the electron micrographs of curli pub-
lished by Chapman et al. [12].

Noticeably, no striking differences in morphology were
observed between the curli mutant MAE14 and the CsgD
mutant under either condition. Thus, in contrast to curli,
cellulose expression could not be directly visualised by
AFM. One explanation for this finding could be that the
sensitivity of cellulose to the washing and drying proce-
dure makes its visualisation difficult [31,32]. Another pos-
sibility is that cellulose is expressed at relatively low levels

and that it is not secreted into the environment. Cellulose
might be embedded in the LPS layer and thereby alter the
ability to adhere to the surface and to other cells. Our light
microscopy data from the biofilm assay show that both
curli and cellulose are necessary for the formation of a
biofilm within 24 h, wherein curli seem to be more
important for the formation of the early cell aggregates
than cellulose.

The results from the time course of biofilm growth show
that the wild type began to form aggregates and to bind
firmly to the surface first after curli production had started
between 8 and 16 h. Thus, curli seem to be indispensable
for the formation of cell aggregates and for making strong
attachment to a surface.

BapA has recently been discovered as a large secreted pro-
tein in Salmonella Enteritidis, which is loosely associated
with the cell surface and required for pellicle formation at
the air-liquid interface [21]. Noticeably, the results from
our biofilm assays show that neither the biofilm and col-
ony morphology nor the ability to form a biofilm within
24 h on a submerged surface was altered in a bapA mutant
in S. Typhimurium. Since BapA is a large surface protein
one would expect that the disruption of BapA would cause
changes in the cell surface appearance. Similar to the wild
type the surface of this mutant was characterized by an
orange-peel appearance that already has been discussed in
earlier studies [26,33].

An interesting finding was that in some mutants, but not
in the wild type, pili-like structures occurred at the early
time points of biofilm formation. These pili-fimbriae were
most abundantly found in the curli mutant MAE14 and to
a lesser extent in the bapA and the cellulose mutants. This
finding leads us to suggest that expression of pili, curli and
other surface structures might be coregulated.

Several immobilisation strategies have been described in
the literature for studying bacteria with AFM, including
chemical fixation, air-drying, several kinds of coating or
the use of porous membranes [29,34-37]. However, most

Table 1: Strains used in this study.

Bacterial Strain Genotype Reference or Source

Salmonella Typhimurium ATCC14028

UMR1 ATCC14028-1s Nalr [41]

MAE14 UMR1 ∆csgBA101::kmr [20]

MAE32 UMR1 P csgD2 [18]

MAE51 MAE32 ∆csgD101 [20]

MAE52 UMR1 P csgD1 [18]

MAE222 UMR1 bcsA101::MudJ [44]

MAE619 UMR1 bapA::catr This study

High resolution AFM images of pili-like fimbrial structures and flagella in the curli mutant MAE14 after 4 h at two differ-ent scan sizesFigure 8
High resolution AFM images of pili-like fimbrial structures 
and flagella in the curli mutant MAE14 after 4 h at two differ-
ent scan sizes.
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of them interfere with the natural ability of bacteria to
attach to a surface and are therefore not suitable for the
study of biofilms. In our study the AFM operations were
performed on plate grown colonies and on biofilms. Since
colonies are well attached to the agar plate and grow at the
air-interface, the colonies could be directly imaged with
the AFM, ensuring a simple and non-destructive way of
sample preparation, which to our knowledge has not been
reported elsewhere. For imaging of the biofilms, grown in
a liquid, we air-dried the samples prior to AFM analysis.
AFM imaging of dried bacterial samples is well established
[26,38-40], leading to the strong attachment necessary for
the AFM operation. Moreover, AFM on dried bacteria has
been demonstrated to allow for high-resolution imaging
of flexible and moving extracellular structures such as flag-
ella, fimbriae and biofilm matrix components [26], which
would be difficult to detect in liquid. According to previ-
ous studies drying does not seem to distort or destroy the
bacterial morphology [26]. Being aware that the drying
process could induce changes in the overall biofilm struc-
ture, we analysed the biofilms before and after drying with
the light microscope. We noticed that drying caused the
formation of small colonies on the surface, when bacteria
were loosely attached to the surface, e.g. in some mutants
or at the early time points (Fig. 4 and Fig. 6). This should

however not affect the parameters we have studied, such
as curli, flagella and pili expression as well as cell size and
shape.

Our work demonstrates the power of AFM as a useful tool
to monitor the expression of genes involved in bacterial
morphology during biofilm formation. The power of the
methodology would become even more significant, once
a way has been found to image biofilms in their hydrated
state under water with the AFM. However, there are several
challenges that have to be overcome, such as strong inter-
actions between the cells and the scanning tip as well as
difficulties in the immobilisation of the hydrated biofilms
[29].

Conclusion
Our work deepens the knowledge about the role of curli,
cellulose and BapA in biofilm formation. Our data illus-
trates that curli and cellulose but not BapA have a major
impact on the formation and the morphology of a bio-
film, wherein curli seem to be more important for the for-
mation of cell aggregates than cellulose. Here, we
demonstrate that AFM is a useful tool for studying bacte-
rial biofilms and colony morphology at high resolution,
complementing recent approaches, such as Congo Red

Table 2: Flagella, curli and pili expression and aggregating behaviour of wild type strain UMR1 and its mutants grown on mica surface 

over time.

Strain 4 h 8 h 16 h 24 h

UMR1 Flagella ++ +++ +++ ++

Curli - - +++ +++

Pili - - - -

Cell aggregation +/- - ++ +++

MAE52 Flagella ++ +++ +++ ++

Curli ++ ++ +++ +++

Pili - - - -

Cell aggregation ++ +++ +++ +++

MAE51 Flagella ++ +++ +++ ++

Curli - - - -

Pili - - - -

Cell aggregation - - - -

MAE14 Flagella ++ +++ +++ ++

Curli - - - -

Pili ++ + + -

Cell aggregation - - - -

MAE222 Flagella ++ +++ +++ ++

Curli + + +++ +++

Pili - + - -

Cell aggregation - - + +

MAE619 Flagella ++ ++ +++ ++

Curli - - ++ +++

Pili + + - -

Cell aggregation - - ++ +++

- not detected
+ detected at low amounts
++ detected at moderate amounts
+++ detected at high amounts
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plates, pellicle and biofilm microtiter plate assays or the
flow chamber system.

Methods
Bacterial strains

Bacterial strains employed in this study are listed in Table
1. Salmonella enterica serovar Typhimurium UMR1 was
chosen as it expresses the rdar morphotype, characterized
by the expression of cellulose and curli fimbriae [41,42].
Strain MAE619 (bapA::catr) was constructed according to
the Datsenko method [43]. Briefly, the chloramphenicol
cassette from plasmid pKD3 was amplified using the
primers bapA_start 5'-ATGCGTCTACTCGCCGTGGTTTC-
GAAATTGACTGGCGTCTGTG TAGGCTGGAGCTGCTTC-
3' and bapA_stop 5'-TCAACCGCTGGTTATCAGG
TGGTTGTTCTGCAACAGATCACATATGAATATCCTCCT-
TAGT-3'. The purified PCR product was subsequently elec-
troporated into UMR1 containing pKD46 (ampr).
Mutants were selected for the gain of chloramphenicol
resistance and the loss of ampicillin resistance and were
verified by PCR using the control primers STM2689before
5'-AATCCATCAGGAGCTGATTT-3' and STM2689after 5'-
ATAGTTTATCCCTTTTAAATATCACCG-3'.

Growth conditions

Salmonella strains were routinely grown in Luria broth
medium (10 g Bacto tryptone, 5 g Bacto yeast extract, 10 g
NaCl per liter) at 37°C overnight. Colony formation: For
analysis of Congo Red binding 3 µl of an overnight culture
suspended in the same volume of water were spotted onto
LB without NaCl agar plates supplemented with Congo
Red (40 µg ml-1) and Coomassie brilliant blue (20 µg ml-

1). Plates were incubated at 28°C for 24 hours. The devel-
opment of the colony morphology and dye binding was
analysed over time. For the AFM analysis bacteria were
spread on LB plates without NaCl and without the bind-
ing dyes and incubated for 24 h at 28°C. Biofilm formation:
Mica slides Grade V-4 (SPI® Supplies, USA) were cleaved
in thin layers (approximately 1 cm2), and subsequently
transferred into 6 well Corning culture plates (4 cm diam-
eter), each well containing 3 ml tryptonic broth medium
(10 g tryptone per liter). The mineral surface mica was
used as a substratum as it is atomically flat, giving a dis-
tinctly lower background than glass in the AFM analysis.
Overnight cultures were diluted 1:100 into the 6 well
plates, which were then incubated for 4 h, 8 h, 16 h or 24
h at 28°C without shaking.

Light microscopy

After incubation the biofilm-covered mica slides were
transferred into new petri dishes filled with double dis-
tilled water and analysed in their hydrated state with an
Eclipse E400 light microscope (Nikon instruments) and
images were taken with a connected CCD camera (Nikon
instruments). Light microscopy was performed a second

time after air-drying on the dried biofilms. All light micro-
scopy images were taken at the same magnification. The
frame width of each image corresponds to approx. 0.6
mm.

AFM sample preparation

Colonies grown on agar: Due to the rough and dry colony
appearance it was possible to carefully peel off the colo-
nies of strains UMR1, MAE52 and MAE619 from the agar
plates, to transfer them onto glass cover slips and to image
them subsequently with the AFM. The smoother colonies
of MAE51, MAE14 and MAE222 were carefully lifted up
together with some of the underlying agar, transferred
onto the cover slips and then analysed by AFM. Biofilms:
After incubation the biofilm covered mica slides were
dipped 3 to 4 times into double distilled water, air-dried
at room temperature in a dust-free environment overnight
and glued onto glass microscope slides using nail polish
prior to the AFM analysis. Air-drying was chosen as an
immobilisation strategy making the bacterial cells resist-
ant to the lateral forces exerted by the scanning tip, with-
out adding agents that interfere with the natural ability to
form biofilms on surfaces.

AFM operation

Bacteria were imaged with the Nanoscope Dimension
3100 and the BioScope SZ (Veeco Instruments Inc, NY,
USA). The instruments were operated using the contact
mode, an AFM operation mode where the force between
the tip and the surface is kept constant during scanning by
maintaining a constant deflection [24]. Images were
obtained using V-shaped silicon nitride nanoprobe canti-
levers MLCT-AUHW (Veeco) with a spring constant of
0.05 N/m. The data were analysed with the scanning
probe software WSxM (Nanotec). Deflection images were
used for illustration and topography images for measure-
ments on cell and colony properties. The cell length and
cell width of the bacteria was measured on height profiles
acquired with the WSxM software. Each presented value
represents the mean of measurements on 20 different bac-
teria. The level of flagella, curli and pili production as well
as the ability to form cell aggregates was estimated by vis-
ual observations.
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