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M
any microbial infections involve
adhesion of the pathogen to tis-
sues and implanted devices and

the subsequent formation of biofilms on
these surfaces.1�4 Because biofilms protect
the pathogen from host defenses and are
resistant to many antimicrobial agents,
biofilm-related infections are difficult to fight.
Therefore, understanding the molecular me-
chanisms underlying microbial adhesion and
biofilm formation is a crucial challenge in
current microbiology and a key in medicine

for discovering the bases of infection pro-
cesses and for developing new antimicro-
bial strategies.
Candida albicans, the most common fun-

gal pathogen of humans, shows a remark-
able ability to adhere to abiotic surfaces,
cells, and tissues.5,6 Many C. albicans infec-
tions result from the formation of biofilms
on tissues, prosthetics, and catheters.2,3 Dur-
ing invasion of host tissues and the blood-
stream, C. albicans is recognized by the
immune system which elicits an immune
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ABSTRACT

Cellular morphogenesis in the fungal pathogen Candida albicans is associated with changes in cell wall composition that play important roles in biofilm

formation and immune responses. Yet, how fungal morphogenesis modulates the biophysical properties and interactions of the cell surface molecules is

poorly understood, mainly owing to the paucity of high-resolution imaging techniques. Here, we use single-molecule atomic force microscopy to localize

and analyze the key components of the surface of living C. albicans cells during morphogenesis. We show that the yeast-to-hypha transition leads to a

major increase in the distribution, adhesion, unfolding, and extension of Als adhesins and their associated mannans on the cell surface. We also find that

morphogenesis dramatically increases cell surface hydrophobicity. These molecular changes are critical for microbe�host interactions, including adhesion,

colonization, and biofilm formation. The single-molecule experiments presented here offer promising prospects for understanding how microbial

pathogens use cell surface molecules to modulate biofilm and immune interactions.
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response. Consequently, biofilm and immune interac-
tions are determined by the major molecular compo-
nents of the fungal cell surface, such as cell wall
mannoproteins and polysaccharides, chiefly β-glucans
and chitin. Specifically, cell surface mannoproteins
called “adhesins”5 mediate biofilm formation and are
major antigens that canmodulate immune responses.7

On the other hand, mannose-rich structures on the
C. albicans surface are recognized by a vast array of lectin
receptors from the immune system, including dectins,
macrophage mannose receptor, dendritic cell-specific
ICAM3-binding non-integrin, macrophage-inducible
C-type lectin, and the circulating mannose-binding
lectin.7 Understanding the role of adhesins and man-
nans in biofilm and immune interactions requires
studying the localization, properties, and function of
these molecules at the molecular level.
Fungal polymorphism is a remarkable trait of fungal

pathogens in which the cells grow and form biofilms as
either unicellular budding yeast cells or filamentous
hyphae, that is, tubular projections that are compart-
mentalized into cellular units with nuclei. In C. albicans,
both yeast cells and hyphae are crucial for biofilm
formation, suggesting that each cell type has a unique
role in the process.2 Cellular morphogenesis is asso-
ciated with changes in cell wall composition, and there
are clear indications that this cell surface remodeling
influences biofilm formation and the immune response.
However, to what extent proteins and carbohydrates
are differently exposed on yeast and hyphal surfaces is

still poorly understood, owing to the lack of high-
resolution imaging techniques.
Atomic force microscopy (AFM) is emerging as one

of the most powerful imaging tools of the modern cell
surface biologist, as is evident from the continuous
increase in numbers of papers published in the field
(for recent reviews, see refs 8 and 9). Originally in-
vented for structural imaging, AFM has evolved into a
multifunctional imaging tool, enabling researchers not
only to observe structural details of cells but also to
measure the localization, elasticity, and interactions of
the individual molecules.10,11 Continuous progress in
sample preparation, data recording, and interpretation
has enabled researchers to unravel the surface proper-
ties of cells from a wealth of organisms, from bacteria
to humans. In the fungal context, AFM has been widely
used to probe single proteins and polysaccharides on
yeasts.12�17 However, the imaging and manipulation
of singlemolecules on growing fungal hyphae has long
beenhampered by technical difficulties. Here, we show
that single-molecule AFM is a powerful tool for ima-
ging and analyzing the functional components of the
surface of C. albicans yeasts and hyphae, in relation to
function. We find that the molecular properties (i.e.,
distribution, adhesion, elasticity, and extension) of
individual adhesins and their associated mannans on
the two forms are very different, demonstrating that
the yeast-to-hypha transition is associated with dramatic
changes in the cell surface. This molecular remodeling
strongly enhances cell surface hydrophobicity and

Figure 1. Candida albicans morphogenesis, cell adhesion, and biofilm formation. Phase contrast (top) and fluorescence
(bottom) images of Calcofluor White stained C. albicans cells adhering on plastic surfaces after 5 min (a), 90 min (b), and 48 h
(c). The cartoons underneath the images emphasize the different steps leading to biofilm formation and the role of yeast and
hyphal cells in the process. Cells were grown overnight in YPDmedium, inoculated in RPMI to induce germination, incubated
at 37 �C with the plastic coverslips, and then rinsed with buffer solution.
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promotes fungal adhesion. The high-resolution method
presented here is the only technique currently avail-
able to simultaneously image and manipulate the
individual components of fungal cell walls, thereby
contributing to increase our understanding of the
biofilm and immune interactions of fungal pathogens.

RESULTS AND DISCUSSION

Candida albicans Dimorphism and Biofilm Formation. To
investigate the ability of C. albicans to attach to abiotic
surfaces and to form biofilms, yeast-form cells were
inoculated on polyethylene plates for 5 min, 90 min,
and 48 h in conditions inducing germination (RPMI
medium, 37 �C). Following adhesion, non-attached
cells were removed by successive washing and the
adhering cells were then stained with Calcofluor
White.18 As reported earlier,18 biofilm formation
started with the adhesion of yeast cells to the surface,
followed by the formation of germ tubes and micro-
colonies (Figure 1). In a later stage, the biofilm biomass
expanded and extracellular polymers accumulated.3

While formation of hypha is important for biofilm
formation, and in the subsequent colonization of the
host,7 little is known about the influence of morpho-
genesis on the exposure and biophysical properties of
specific molecules on the cell surface.

Live-Cell Imaging. To address this issue, we devel-
oped protocols for imaging yeast and hyphal cells of
C. albicans by AFM. Live-cell imaging requires attach-
ing the cells firmly onto an appropriate substrate.

As shown in Figure 2a,b, firm attachment of yeast cells
was achieved by trapping the cells mechanically into a
porous polymer membrane. As germinating hyphal
cells could not be immobilized using this strategy, we
tested several other approaches and we found that,
unlike yeast cells, hyphae were strongly attached by
letting them to adhere to hydrophobic alkanethiol
monolayers (Figure 2c,d). This protocol, consistent with
the hydrophobic properties of hyphal cells19 (see also
below), enabled us to image hyphae in liquid, without
using chemical fixation or charged macromolecules,
which is an important prerequisite for reliable single-
molecular imaging.

Detection and Localization of Single Als3 Proteins on Yeast
Cells. Adhesion of C. albicans is mediated by the Als
family of cell surface glycoproteins.5,20 Most ALS genes
are differentially expressed in different phases of
growth of the fungus. A striking example is Als3,21

which plays a pivotal role in biofilm formation22,23 and
in modulating immune responses7 and is known to be
expressed primarily in germ tubes and hyphae.21,24 Its
deletion strongly affects in vitro biofilm formation, but
not under in vivo conditions, probably due to higher
expression of the homologous gene ALS1 under these
conditions.22 Consistent with these reports, fluores-
cence microscopy using anti-Als3 antibodies and
FITC-conjugated secondary antibodies revealed that
the surface of wild-type (WT) germ tubes grown for 90
min was highly immunolabeled (Figure 3a,d), while the
surface ofWT yeast cells was poorly labeled (Figure 3b,e).

Figure 2. AFM imagingof living yeast cells andhyphae. Twodifferent approacheswere used to immobilizeC. albicans yeast cells
and hyphae nondestructively: (a,b) spherical yeast cells were immobilizedmechanically into porous polymermembranes, while
(c,d) germinating cellswereattachedonto solid substrata functionalizedwith hydrophobic groups. (b,d) Three-dimensional AFM
imagesof a yeast-formcell (b; 5μm� 5μm)andof agerminating cell (d; 15μm� 15μm). The twomethodsare simple anddonot
involve drying or chemical treatments that could lead to denaturation of the cell surface molecules.
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In addition, germ tubes from an als3Δ/als3Δ mutant
strain deficient for Als3 expression did not show any
fluorescence, confirming the specificity of the anti-
bodies (Figure 3c,f). Note that, in these experiments,
fungal cells were treated with goat serum to block
nonspecific antibody binding.24

While fluorescence imaging localizes Als proteins in
the cell wall, it lacks spatial resolution and does not
provide information on the biophysical properties
(adhesion, elasticity, extension) of the probed mol-
ecules. We therefore used AFMwith tips functionalized
with anti-Als3 antibodies to gain a molecular view of
the Als3 cell surface properties (Figure 4a). To ensure
single Als3 detection, the tip was functionalized with a
PEG�benzaldehyde linker using a well-established pro-
tocol.25 Figure 4b�d shows the adhesion force map,
the adhesion force histogramwith representative force
curves, and the rupture length histogram recorded
between the antibody tip and the surface of WT yeast
cells. A moderate proportion (14%) of force curves
showed adhesion signatures (Figure 4b,c) that we
attribute to the detection of single Als proteins based
on several control experiments (see below). Most
proteins formed very small clusters, yielding a mini-
mum protein surface density of ∼140 proteins/μm2

(Figure 4b). Two different force signatures were ob-
served, such as low adhesion force curves (Figure 4c,
top curves) displaying single small adhesion forces
(41 ( 15 pN) at fairly short distances (10�100 nm;
Figure 4d), and high adhesion force curves (Figure 4c,
bottom curves), showing sawtooth patternswithmulti-
ple large force peaks (331 ( 38 pN) and long ruptures
(150�400 nm; Figure 4d). Assuming that yeast adhe-
sins are 1100�2400 amino acids in length and that
each amino acid contributes 0.36 nm to the contour
length of a fully extended polypeptide chain, we found
that our measured 150�400 nm rupture lengths cor-
respond to the expected lengths of partially or fully
extended proteins.

Previously, we demonstrated that the low/short
and high/long force signatures reflect the dual detec-
tion of single Als by the anti-Als tip.14,26 The low force

peaks correspond to the weak molecular recognition
of specific epitopes in the Als threonine-rich (T) and
Ig-like regions. In contrast, the high force peaks repre-
sent the strongmultipoint attachment of the Als Ig-like
region to the antibody mounted on the tip, which acts
as a ligand for the Als adhesin, in other words, recipro-
cal binding of Als to the probe antibody. This reciprocal
Als binding to antibody leads to the sequential unfold-
ing of the tandem repeat (TR) domains of Als upon
pulling the tip.14 To better visualize these dual detec-
tion events, three-dimensional (3-D) maps of polymer
properties were constructed by combining adhesion
forces and rupture distances measured on every posi-
tion on the surface map (Figure 4e). The 3-D map
obtained for the yeast cell surface documents the
detection of both non-adhesive or weak events (gray)
and strong (green) adhesion events, with short and
long rupture lengths (z-axis). Our finding that, at the
single-molecule level, Als proteins are detected on
yeast-form cells suggests that Als3 may be more
abundant on the surface of yeast cells than previously
thought, and/or that other Als adhesins, like Als1, are
probed by the antibody through cross-reactions. The
apparent discrepancy between the moderate level of
AFM detection and the poor fluorescence labelingmay
be explained by the major differences between the
two techniques (see more details below). A key differ-
ence is that AFM was performed on native cells while
fluorescence data were obtained after blocking the cell
surface with serum.

Differential Surface Localization of Als3 Proteins on Hyphae.
We then explored the spatial distribution of Als3 proteins
on germinating cells, focusing both on the germinated
yeast and on the germ tube regions (Figure 5). The Als3
distribution of the germinating yeast (Figure 5a�c)
was different from that of the nongerminating yeast
(Figure 4) in several respects: first, a higher detection fre-
quency was observed, 33%, corresponding to a mini-
mum protein surface density of ∼340 proteins/μm2;
second, most adhesion signatures were weak epitope
binding events (32 vs 9% on nongerminating yeast)
with rather short rupture lengths (10�200 nm), the

Figure 3. Fluorescence imaging of Als3 proteins. Fluorescence (a,b) and phase contrast (d,e) images of WT germinating (a,d)
and yeast (b,e; see on the right) cells grown for 90 min in RPMI medium, stained with anti-Als3 antibodies followed by FITC-
conjugated secondary antibodies. Unlike yeast cells, germ tubes weremassively immunolabeled. Fluorescence (c) and phase
contrast (f) images of a germ tube from an als3Δ/als3Δ (Δals3) mutant strain, revealing a lack of fluorescence. Similar results
were obtained in independent experiments with cells from different cultures.
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frequency of strong unfolding events being negligible
(1 vs 5%); and third, most Als3 proteins seemed to form
clusters of 100�500 nm equivalent diameter, some-
what similar to the clusters previously observed for
Als5 on force-activated ALS5 expressing Saccharomyces

cerevisiae cells.14 However, unlike Als5 clustering, Als3
clustering did not seem to require preactivation by

mechanical force. These observations suggest that the
amount of Als3 exposed on the surface of the yeast
region increases upon germination, and that they form
large clusters without the help of an external force.
A possible explanation for this behavior is that Als3
clustering observed during germination is induced
by mechanical stress associated with adhesion to the

Figure 4. Single-molecule detection ofAls3 proteins on yeast cells. (a) Cell wall inC. albicans ismade of an inner layer of chitin and
β1,3-glucan polysaccharides that confer strength and cell shape and an outer layer of mannose polymers, mannans (blue),
covalently associatedwith cell wall proteins such as Als adhesins (green). To probe single Als3 proteins,C. albicans yeast cellswere
imaged inbufferusingAFMtips terminatedwithananti-Als3 antibody. (b�d) Adhesion forcemap (b; 1μm� 1μm,color scale: 300
pN), adhesion force histogram (n= 1024 force curves) togetherwith representative force curves (c), and rupture length histogram
(d) obtained by recording force curves across the surfaceof a C. albicans yeast-form cell using an antibody-labeled tip. The inset in
(b) is a deflection image of the cell in which the * symbol indicates where the force map was recorded. The cartoons in (c)
emphasize the dual detection of Als3: while some curves showed single weak adhesion peaks reflecting Als epitope recognition
(top curves), others featured sawtooth patterns with multiple force peaks documenting Als Ig-to-ligand multipoint binding
followedby the unfolding of the entire protein (bottom curves). (e) Three-dimensional reconstructedmapobtainedby combining
adhesion force values (false colors, adhesion forces are shown in green) and rupture distances (expressed as z level) measured at
different x, y locations. Unless statedotherwise, all curveswere obtained at 20 �Cusing a contact timeof 100ms and a loading rate
of 10000pN s�1. Similar datawere obtained in several independent experiments usingdifferent tip preparations and cell cultures.
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hydrophobic substrate or due to cell wall remodeling
itself. Such remodeling stress is reminiscent of the
mechanism recently proposed for the clustering of
the cell integrity sensor Wsc1 in living S. cerevisiae

cells.16 Single-molecule AFM showed that clustering
of the sensor proteins was strongly enhanced under
stressing conditions, a phenomenon attributed to con-
formational changes resulting from stress-induced
deformation of the cell wall.

Importantly, we found that the distribution and
biophysical properties of Als adhesins on the germ
tube (Figure 5d�f) were very different from those on
the germinating yeast (Figure 5a�c). Adhesion events
were detected in almost all locations (95%), document-
ing themassive exposure of adhesins corresponding to
aminimumprotein surface density of∼970 proteins/μm2.
In addition, the number of unfolding events dramati-
cally increased (38 vs 1% on germinating yeast cells),
together with an increase of the rupture lengths. The
measured unfolding lengths were up to 600 nm, thus
larger than those on nongerminating yeasts (150�
400 nm), a finding that may be due to the fact that
some of the stretched proteins were indeed longer,
and/or that cell wall glycans were stretched, as well.
The 3-D map obtained for the germ tube clearly shows
the massive detection and unfolding of single Als
adhesins (Figure 5f, inset), which is in contrast with
the yeast region which shows a much lower adhesin
surface concentration with very infrequent unfolding
(Figure 5c, inset).

Specificity of Als3 Detection. To determine the specifi-
city of themeasured binding events, four independent
sets of control experiments were performed, that is,
blocking with free antibodies, blocking with goat
serum, use of mutant strains deficient for Als expres-
sion, and use of an AFM tip bearing an irrelevant anti-
body. Figure 6a�c presents the results of a blocking
experiment with free antibodies, that is, the classical
control in AFM molecular recognition studies. As can
be seen, treating WT germ tubes with free anti-Als3
antibodies led to a major reduction of adhesion fre-
quency (from 95 to 41%), indicating that a large frac-
tionof the binding events indeed reflectedAls3 adhesins.

In fluorescence studies, treatment of fungal cells
with serum is a classical control to block nonspecific
antibody binding (Figure 3). However, to the best of
our knowledge, such treatment has never been used in
AFM experiments. Interestingly, Figure 6d�f shows
that blocking WT germ tubes with goat serum led to
a dramatic reduction of detection frequency (from 95
to 22%) and,most importantly, to the disappearance of
strong interactionswith unfolding signatures (1% remain-
ing). This indicates (i) that serumproteinsmaskedmost
of the Ig-like regions of Als proteins, making them no
longer accessible for Als-to-ligand reciprocal multi-
point attachment and subsequent unfolding, and
(ii) that the remaining fraction (21%) of weak force signa-
tures indeed reflect specific Als epitopes recognized by
the antibody. These data strongly support our dual
detection model (Figure 4) and emphasize, for the first

Figure 5. Cellular morphogenesis leads to a major increase in the distribution and extension of Als3 proteins. (a,d) Adhesion
forcemaps (1 μm� 1 μm, color scale: 300 pN) recorded in buffer on the yeast (a) and germ tube (d) of a germinating cell using
ananti-Als3 tip. Insets: deflection images inwhich the * symbols indicatewhere the forcemapswere recorded. Thedashed lines
in (a) emphasize Als3 clusters. (b,e) Corresponding adhesion force histograms (n = 1024) together with representative force
curves. (c,f) Histograms of rupture distances (n = 1024) and 3-D reconstructed polymer maps (false colors, adhesion forces in
green). Similar data were obtained in several independent experiments using different tip preparations and cell cultures.
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time in an AFM study, the importance of control experi-
ments with nonspecific serum in order to separate the
relative contributions of specific epitope binding events
and strong unfolding events.

To further demonstrate that the weak recognition
events detected on native (57%, Figure 5d�f) and
serum-blocked (21%, Figure 6d�f) germ tubes are
due to Als3 epitopes, and not to other Als epitopes,
we analyzed an als3Δ/als3Δ mutant strain. As shown

in Figure 6g�i, als3Δ/als3Δ germ tubes blocked with
serum displayed a very low detection frequency (4%),
thus confirming that most recognition forces mea-
sured on WT germ tubes were indeed specific to Als3
epitopes. By contrast, als3Δ/als3Δ germ tubes that
were not blocked with serum (Supporting Information
Figure 1) showed a high detection frequency (85%)
with numerous unfolding events (29%), indicating that
other Als proteins, presumably Als1, were detected.

Figure 6. Control experiments demonstrate the specificity of Als3 detection. (a,d,g,j) Adhesion forcemaps (1μm� 1μm, color
scale: 300 pN) recorded in buffer with anti-Als3 tips onWT germ tubes after treatment with free anti-Als3 antibodies (0.1 mg/mL)
(a) or goat serum (d), on a als3Δ/als3Δ (Δals3) germ tube blocked with goat serum (g), and on a nonblocked als3Δ/als3Δ
als1Δ/als1Δ (Δals3Δals1) germ tube (j). (b,e,h,k) Corresponding adhesion force histograms (n = 1024) together with
representative force curves. (c,f,i,l) Histograms of rupture distances (n = 1024) and 3-D reconstructed polymer maps (false
colors, adhesion forces in green).
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Indeed, the transcription factor Bcr1 mediates Als1
overexpression in order to compensate the Als3
defect in als3Δ/als3Δmutants.22 Supporting this view,
we found that germ tubes from the double mutant
als3Δ/als3Δ als1Δ/als1Δ showed only few adhesion
events (7%), even in the absence of serum (Figure 6j�l).

Lastly, WT germ tubes were mapped with an irrele-
vant probe (i.e., an AFM tip modified with an antibody
directed against V5 epitopes; Supporting Information
Figure 2). The use of irrelevant antibodies clearly leads
to a major reduction of the low force Als3 epitope
interactions (11 vs 57%), while the high force interac-
tions remained. As expected, these strong interactions
were inhibited following pretreatment of the germ
tubes with nonspecific serum. The above findings lead
us to conclude (i) that both Als3 and Als1 proteins
contribute to the force signatures massively detected
on WT germ tubes, without substantial contribution of
other cell surface constituents, and (ii) that the con-
tribution of Als3 can be isolated by treating the cells
with serum or by using cell wall mutants.

A pertinent question is whether our single-molecule
AFM data are consistent with fluorescence results.
AFM of native germ tubes revealed they were almost
fully covered with Als proteins (95%), in agreement
with a high level of fluorescence labeling. After serum
blocking, however, the AFM detection frequency was
lower (22%, Figure 6e) because the AFM tip could no
longer bind the epitopes on Als proteins, while fluo-
rescence signal was high. This observation may be
explained by the major differences between the two
techniques. First, fluorescence labeling usually involves
prolonged contact, and it is well-known that the bind-
ing probability in AFM studies strongly depends on the
contact time between a receptor and its cognate
ligand. Consistent with this, we found that the detec-
tion frequency between serum-blocked germ tubes
and the anti-Als3 tip increased from 29 to 69%
when increasing the contact time from 100 ms to 2 s
(Supporting Information Figure 3). Note that molecular
force mapping of fungal cells at prolonged contact
times is extremely difficult with current technology
(drift, tip alteration, cell damage, etc.). Second, the
probabilities of antibody binding in AFM and fluores-
cence are likely to be very different due to differences
in antibody concentration. In AFM, a single antibody
fishes a single cell surface molecule for a very short
period of time, then moves to another location, while
in fluorescence, the whole cell surface is saturated with
a solution of antibodies for prolonged contact time.
Despite these differences, AFM and fluorescence data
are in qualitative agreement.

Taken together, the above observations provide
the first single-molecule evidence for the differential
surface localization and biophysical properties of
Als3 on germinating cells of C. albicans. The adhesin
is much more exposed on the germ tube than on the

germinating yeast cell, consistent with the notion that
the ALS3 gene is among the most highly upregulated
genes during the yeast-to-hypha transition.21 In addi-
tion, our results suggest major differences in protein
conformational properties and mechanical stability,
mechanical unfolding of the adhesins being only ob-
served on the germ tube. Hence, AFM is a powerful
complement to fluorescence in that it enables obser-
vation of live cells at nanometer resolution and under
physiological conditions, to localize cell surface con-
stituents at the level of singlemolecules, and to quantify
the biophysical properties of individual molecules,
including their adhesion, unfolding, and extension, in
relation to cellular function (cell adhesion).

Als3 Expression Correlates with Cell Surface Hydrophobicity.
Cell surface hydrophobicity is believed to be an im-
portant driving force for C. albicans adhesion.27�29 Als
proteins are thought to contribute to surface hydro-
phobicity via their hydrophobic TR domains that med-
iate adherence to hydrophobic substrates and can be
unravelled by mechanical force.26,30 We therefore pos-
tulated that the enhanced exposure of Als3 on hyphae
may contribute to increase their hydrophobicity and, in
turn, fungal adhesion to hydrophobic substrata. To test
this hypothesis, we mapped and quantified the hydro-
phobicity of C. albicans cells with nanoscale resolution
using AFM tips functionalized with hydrophobic groups
(CH3), a method known as chemical force microscopy
(CFM)31 (Figure 7). Force curves recorded on WT yeast
cells (Figure 7a�c) showed only few, evenly distributed
adhesion forces (8%) with moderate magnitude (50�
1000 pN) and short rupture lengths (10�50 nm). By
contrast, all curves (100%) obtained onWT germ tubes
(Figure 7d�f) showed large adhesion forces (500�
4000 pN) with extended rupture lengths (50�700 nm).

In the light of data obtained on reference sur-
faces,31 we conclude that the yeast surface is hydro-
philic, while the germ tube surface has very strong
hydrophobic properties, somewhat similar to those
measured for Aspergillus fumigatus hydrophobins.31

A unique feature of the C. albicans germ tube, though,
is the extended rupture lengths of the force signatures,
together with multiple poorly defined peaks, suggest-
ing that hydrophobicity may be associated with pro-
tein unfolding. As the average forces (500�4000 pN)
are much larger than those associated with single
protein binding and unfolding, it is therefore likely
that these signatures result frommultiple Als unfolding
interactions. Such a behavior is fully consistent with
differences in tip chemistry: while single-molecule
imaging with antibody tips (Figure 4) relies on the
use of a well-established protocol that ensures single-
molecule detection,25 CFM uses tips that are coated
with a dense monolayer of hydrophobic groups (CH3).
As a result, ∼40 CH3 groups interact with the cell
surface and are thus likely to simultaneously bind
multiple proteins.
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To demonstrate that the strong hydrophobic prop-
erties of WT germ tubes are associated with Als3
proteins, CFM was applied to the double mutant
als3Δ/als3Δ als1Δ/als1Δ. As shown in Figure 7g�i, all
of the curves featured adhesion forces that were much
smaller than those on the WT germ tube, and impor-
tantly, extended rupture lengths were missing. This
finding, togetherwith our Als3 data (Figure 5), provides
direct evidence that cell surface hydrophobicity in C.

albicans germ tubes originates from Als3 (and Als1)
proteins, presumably through theexposureof their hydro-
phobic TR domains. Our results also show that CFM is a
valuable method for imaging and quantifying the nano-
scale surface hydrophobicity of fungal cells, including
mutants, in a way that was not possible before.

Germination-Dependent Surface Properties of Mannan Glyco-
conjugates. While the genes encoding Als3 proteins

are highly upregulated during the yeast-to-hypha
switch, it is unclear whether the structure of the various
mannans decorating the cell surface also differs be-
tween the yeast cells and hyphae. To tackle this
problem, we used single-molecule AFM imaging with
tips labeled with the lectin Concanavalin A (ConA)
to probe the distribution and extension of mannan
glycoconjugates on the two fungal forms. Figure 8a�c
shows the adhesion force map, the adhesion histo-
gramwith representative force curves, and the rupture
length histogram recorded on the surface of yeast cells
with a ConA tip. The curves showed essentially single
(or double) weak recognition events of 67 ( 30 pN
magnitude, with rupture lengths ranging from 10 to
200 nm, that were distributed across the cell surface.
In the light of previous work15 and of blocking experi-
ments (see below), these recognition signatures can be

Figure 7. Cell surface hydrophobicity dramatically increases during cellular morphogenesis. (a,d,g) Adhesion force maps
(1 μm � 1 μm, color scale: 3000 pN) recorded in buffer on a nongerminating WT yeast cell (a), a WT germ tube (d), and an
als3Δ/als3Δ als1Δ/als1Δ (Δals3Δals1) germ tube (g) using hydrophobic tips. (b,e,h) Corresponding adhesion force
histograms (n = 1024) together with representative force curves. (c,f,i) Histograms of rupture distances (n = 1024) and 3-D
reconstructed hydrophobicity maps (false colors, adhesion forces in orange). Similar data were obtained in independent
experiments using different tips and cultures.
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attributed to the detection of single mannose residues
associated with mannoproteins. The distribution and
extension of the mannan chains observed on C. albi-

cans are quite similar to those measured earlier on
S. cerevisiae brewing yeast strains.15 We note that our
measured rupture lengths are in the range of the outer-
wall mannan fibril length measured recently by trans-
mission electron microscopy (TEM; ∼116 nm).32 Yet, it
is not surprising that some of our rupture distances are
longer than the fringe thickness, as (i) electron micro-
scopy is performed in the dried state and (ii) AFM dis-
tances represent the lengths ofmechanically stretched
glycopolymers.

Single-molecule imaging revealed major changes
in mannan properties during cellular morphogenesis.
Figure 8d�f shows that the surface density (61%) and
extension (10�500 nm) of themannose-rich glycocon-
jugates were higher on germinating yeast cells than on
nongerminating ones, a difference that can be further
visualized in the 3-Dmaps (see insets in Figure 8f vs 8c).

Interestingly, a substantial fraction (12%) of the force
signatures showed strong interactions (>200 pN) with
sawtooth patterns with large rupture lengths, reflect-
ingmannoprotein unfolding. These signatures are con-
sistent with strong reciprocal binding of Als proteins,
with ConA acting as the ligand, thus similar to Als
binding to the antibody probe. As we shall demon-
strate below, these mechanical signatures indeed re-
present the detection and subsequent unfolding of Als
proteins, facilitated by initial weak binding of the lectin
to Als mannosyl residues.7,20,33 These force-induced
protein unfolding events also explain our very long
rupture lengths (up to 500 nm), much longer than the
∼116 nm mannan fibril length measured by TEM.32

Imaging of germ tubes demonstrated amore abun-
dant distribution of mannosylations than on yeast
cells (77%), with a higher proportion of both weak
recognition events (54%) and strong unfolding events
(23%) (Figure 8g�i; Supporting Information Figure 4).
Notably, analysis of the quintuply mutated strain

Figure 8. Imaging and stretching single mannan glycoconjugates during cellular morphogenesis. (a,d,g) Adhesion force
maps (1 μm� 1 μm, color scale: 300 pN) recorded in buffer on a nongerminating yeast (a), on a germinating yeast (d), and on a
germ tube (g) using an AFM tip labeled with ConA lectins. Insets: deflection images in which the * symbol indicates where the
force maps were recorded. (b,e,h) Corresponding adhesion force histograms together with representative force curves. (c,f,i)
Histograms of rupture distances (n=1024) and 3-D reconstructed polymermaps (false colors, adhesion forces in blue). Similar
data were obtained in independent experiments using different tips and cultures.
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mnt1Δ/mnt1Δ mnt2Δ/mnt2Δ mnt3Δ/mnt3Δ mnt4Δ/
mnt4Δ mnt5Δ/mnt5Δ defective in O-linked and
N-linked mannosylations revealed a substantial reduc-
tion of mannosylations, both in terms of short/weak
and long/strong events (Figure 9a�c). This shows that
AFM is capable of detecting changes in the level and
nature of protein mannosylations in cell wall mutants,
and that it should therefore be a valuable tool in future
phenotypic studies ofC. albicansglycosylationmutants.

Next, we addressed the origin of the weak and
strong binding events by analyzing the double mutant
als3Δ/als3Δ als1Δ/als1Δ. Figure 9d�f reveals that
double mutant germ tubes showed the same amount
of weak recognition events as the WT but a complete
lack of unfolding signatures. The same behavior was
observed by blocking WT germ tubes with nonspecific
serum (Supporting Information Figure 5d�f). These
independent experiments demonstrate that weak re-
cognition events are associated with mannosylations

while strong unfolding events reflect Als binding. Our
measured lengths for mannosylations, 10 to 200 nm,
are similar to those measured on yeast cells and
roughly in the range of the ∼73 nm mannan fibril
length measured by TEM.32 We further assessed the
specificity of the weak recognition events by blocking
als3Δ/als3Δ als1Δ/als1Δ germ tubeswith freeR-methyl
mannoside. Figure 9g�i shows that treatment of the
double mutant with mannoside led to a much lower
frequency of adhesion events (from 53 to 10%), indicat-
ing that they are associated with non-Als mannosyla-
tions. The same result was observed by treating serum-
blocked WT germ tubes with mannoside (Supporting
Information Figure 5g�i). Thus, the weak interac-
tions showed the characteristics of ConA binding to
R-mannosyl groups, while the strong events again had
the properties of Als Ig regions binding to a ligand.

To summarize, our data show that, although the
general composition of the cell walls of the different

Figure 9. Probing mannans on cell wall mutants. (a,d,g) Adhesion force maps (1 μm� 1 μm, color scale: 300 pN) recorded in
bufferwith a ConA tip on amnt1Δ/mnt1Δmnt2Δ/mnt2Δmnt3Δ/mnt3Δmnt4Δ/mnt4Δmnt5Δ/mnt5Δ (Δmnt1�5) germ tube
altered in O-linked and N-linked mannosylations (a), on a als3Δ/als3Δ als1Δ/als1Δ (Δals3Δals1) germ tube (d), and on a
als3Δ/als3Δ als1Δ/als1Δ (Δals3Δals1) germ tube blockedwith 200mMmethylR-D-mannopyranoside (g). (b,e,h) Correspond-
ing adhesion force histograms togetherwith representative force curves. (c,f,i) Histograms of rupture distances (n=1024) and
3-D reconstructed polymer maps (false colors, adhesion forces in blue). Similar data were obtained in independent
experiments using different tips and cultures.
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C. albicans forms (nongerminating yeasts, germinating
yeasts, and hyphae) are similar,7 the distribution and
properties of the various macromolecules show major
differences. Our main finding is that Als3 adhesins and
mannans are not only more abundant on hyphae but
that they are also more sticky and more extended,
providing evidence that these components are impor-
tant for cell surface interaction (biofilm formation, im-
mune response). The results also emphasize major
differences between nongerminating and germinat-
ing yeasts, a behavior which until now had been
overlooked.

CONCLUSIONS

Understanding how C. albicans morphogenesis
modulates themolecular composition and interactions
of the fungal cell surface is an important, yet still
unsolved, issue in microbiology. Our single-molecule
experiments demonstrate that germination of C. albi-
cans leads to a major increase in the distribution,
adhesion, unfolding, and extension of Als3 adhesins
andmannosylations on the cell surface. These changes
are accompanied by a major increase in cell surface
hydrophobicity. We believe these cell surface changes
are function-related as they may play key roles in
promoting adhesion to biotic and abiotic surfaces
(Figure 10). Applicable to a wide variety of fungal
species, these single-molecule analyses open new
avenues for tracking the molecular components of
hyphae in the context of cellular morphogenesis and
for understanding their involvement in pathogenesis
and host defense.
Our finding that the surface density, adhesiveness,

and unfolding of Als proteins strongly increase on
hyphae is fully consistent with the notion that the
ALS3 gene is highly expressed and upregulated during
themorphogenetic switch21 and provides new insights
into the molecular mechanisms underlying fungal
adhesion and biofilm formation. In addition, we have
also shown that Als1 proteins are also highly expressed
during morphogenesis, at least on cells deleted for

Als3. We propose a model in which the adhesion of
germinating cells is activated by the combination of
two factors, that is, the expression of Als3 (and Als1) in
large amounts and themechanically induced exposure
of hydrophobic sequences (Figure 10). We expect that
the large amounts of Als TR domains on germ tubes
and their force-induced unfolding will lead to ex-
tended conformations in which hydrophobic groups
are freshly exposed and favor hydrophobic interac-
tions. Supporting this view, pioneering studies have
shown that cell surface hydrophobicity plays a role in
the adhesion of C. albicans to biotic and abiotic sur-
faces.27�29 Germ tubes are thought to largely contri-
bute to hydrophobicity,34 but the molecular origin of
this enhanced hydrophobicity is unclear. Our data
strongly suggest a model in which surface hydropho-
bicity originates both from the inherent hydrophobi-
city of Als TR domains and from their force-induced
exposure and unfolding. In nature, mechanical con-
tacts between the cells andother surfaceswill generate
forces that are strong enough to unravel Als proteins,
thereby strengthening adhesion (Figure 10, left).
In addition to enhancing hydrophobic interactions,
Als unfolding may also change the exposure and con-
formation of the N-terminal Ig domains and, in turn,
promote specific adhesion to host constituents
(Figure 10, center), including epithelial cells, endothelial
cells, and extracellular matrix proteins, and the subse-
quent colonization of mucosal surfaces. As a matter
of fact, Als3 proteins have been shown to bind to
N-cadherin on endothelial cells and E-cadherin on oral
epithelial cells through their N-terminal portion.35 This
interaction is similar to cadherin�cadherin binding,
providing evidence that Als3 is a molecular mimic of
human cadherins. Our proposed mechanism is remi-
niscent of the cryptic sequences found in animal cell
proteins involved in cell adhesion andmechanosensing
(e.g., spectrin, talin, titin, fibronectin, and cadherins),
known to contain sequences that can be unraveled by
force and lead to alterations in molecular recognition
sites or the exposure of new peptide sequences.36

Figure 10. Toward a molecular and functional view of Als3 and mannans during Candida albicans morphogenesis.
Germination of C. albicans leads to a major increase in the distribution and extension of Als3 proteins (green) and their
associated mannans (blue) on the hyphae surface, a phenomenon which promotes adhesion to various surfaces (see text for
details).
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Our experiments also show that formation of hy-
phae is accompanied by an increase in the exposure
and extension of mannosylations. Expression of Als
proteins contributes to these mannosylations because
these proteins are highly expressed in the germ tubes
and heavily glycosylated. This finding is likely to be
important for the interaction with epithelium cells and
with the immune system. Differential localization and
structure of mannose-rich molecules on hyphae versus
yeast cells have been suggested to play a role in

epithelial cell adhesion, endocytosis, colonization, pe-
netration, and invasion.7 Furthermore, as these glyco-
conjugates are recognized by a wide range of receptors
from the immune system, differences in mannan pro-
perties may also modulate the immune response
(Figure 10, right). For instance, differential dectin-
mediated recognition of mannans from hyphae and
yeast cells has been suggested, but the differences in
mannan structure that are responsible for these effects
are still unclear.7

METHODS

Microorganisms and Cultures. C. albicans SC531437 was culti-
vated on YPDmedium (1% yeast extract, 2% Bacto-peptone, 2%
D-glucose, supplemented with 2% agar) at 30 �C. A few colonies
were inoculated in YPD liquidmedium and incubated overnight
(30 �C, 200 rpm). Yeast cells were harvested by centrifugation,
washed three times with sodium acetate buffer, and resus-
pended in 10 mL of buffer to a concentration of∼1� 106 cells/
mL. For hyphae formation, germination was induced by inocu-
lating 250 μL of cell suspension in 8 mL of RPMI 1640 medium
buffered with MOPS (Sigma) at pH 7 and incubated at 37 �C,
200 rpm, for 90 min unless otherwise stated.18

We used mutant strains with deletion of both alleles of ALS
genes (kindly provided by Aaron Mitchell, Carnegie Mellon Uni-
versity, Pittsburgh, PA).23 These mutants were derived from CAI-
438 and included the simple mutants als1Δ/als1Δ (Δals1)30 and
als3Δ/als3Δ (Δals3)22 and the double mutant als3Δ/als3Δ als1Δ/
als1Δ (Δals3Δals1).23 We also used the mutant strain mnt1Δ/
mnt1Δ mnt2Δ/mnt2Δ mnt3Δ/mnt3Δ mnt4Δ/mnt4Δ mnt5Δ/
mnt5Δ (Δmnt1�5) in which both alleles ofMNT1�5 genes were
deleted, yielding defective O-linked andN-linkedmannosylations
(kindly provided by Neil Gow, University of Aberdeen, UK).39

Biofilm Assays. Cell adhesion and biofilm formation were
assayed on highly adhesive, round tissue culture coverslips
(diameter 13 mm, Sarstedt) using optical and fluorescence
imaging. Five hundred microliters of a cell suspension (1 �
106 cells/mL) prepared in RPMIwas added to awell of a clean 24-
well tissue culture plate containing a coverslip and incubated at
37 �C. After 5 min, 90 min, or 48 h, the coverslips were gently
rinsed with 2 � 1 mL of acetate and transferred to a clean well
containing 300 μL of acetate with 5 μL of Calcofluor White
(5 mg/mL). Images were acquired with a Zeiss Axio Observer Z1
equipped with a Hamamatsu camera C10600.

Fluorescence Microscopy. Following germination for 90 min in
RPMI, cells were washed twice by centrifugation in buffer. Cells
were resuspended in 15 μL/mL normal goat serum (Sigma) for
15 min at room temperature to block nonspecific antibody
binding and washed twice in buffer. They were further incu-
bated in a 18 μg/mL solution of anti-Als3 antibodies (kindly
provided by Dr. Scott Filler, Harbor-UCLA Medical Center)35 for
60 min at 4 �C and then in a 3 μg/mL fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG F(ab0)2 fragment-specific
antibody (Jackson ImmunoResearch 115-096-006) for 60 min.
Images were acquired with a Zeiss Axio Observer Z1 equipped
with a Hamamatsu camera C10600.

Atomic Force Microscopy. AFM measurements were performed
at room temperature (20 �C) in sodium acetate buffer supple-
mented with Ca2þ and Mn2þ at 1 mM (Con A tips) or not (Als3
imaging), using either a Nanoscope V Multimode AFM (yeast
cells) or a Bioscope catalyst (hyphae) from Bruker Corporation
(Santa Barbara, CA) and oxide-sharpened microfabricated Si3N4

cantilevers with a nominal spring constant of∼0.01 N/m (Micro-
levers, Veeco Metrology Group). The spring constants of the
cantilevers were measured using the thermal noise method
(Picoforce, Veeco Metrology Group).

Yeast cells were immobilized by mechanical trapping into
porous polycarbonatemembranes (Millipore, Billerica, MA) with

a pore size similar to the cell size.40 After filtering a cell culture,
the filter was gently rinsed with the buffer, carefully cut (1 cm�
1 cm), attached to a steel sample puck using a small piece of
double face adhesive tape, and the mounted sample was
transferred into the AFM liquid cell while avoiding dewetting.
Germinating cells were immobilized through hydrophobic at-
tachment on solid substrata. To this end, glass coverslips coated
with a thin layer of gold were immersed overnight in a 1 mM
solution of 1-dodecanethiol (Sigma), rinsed with ethanol, and
dried under N2. After induction of germ tube formation in RPMI,
the cells were harvested and rinsed three times in acetate
buffer. Drops (200 μL) of the concentrated suspension were
deposited on the hydrophobic substrates and left to stand for
3 h. After rinsing of the unattached cells with buffer, the
substrates were analyzed by AFM. For single-molecule imaging,
a cell was first localized using a bare tip, after which the tip was
changed with an antibody or lectin-functionalized tip (see
below). Adhesion maps were obtained by recording 32 � 32
force�distance curves on areas of given size, calculating the
adhesion force for each force curve anddisplaying the value as a
color pixel. Serum blocking experiments were performed by
resuspending the cells in 15 μL/mL normal goat serum (Sigma)
for 15 min at room temperature and washing them twice in
buffer. For antibody and mannoside blocking experiments,
buffer solutions containing free anti-Als3 antibodies (0.1 mg/mL)
and methyl R-D-mannopyranoside (200 mM; Sigma) were in-
jected into the AFM chamber. Unless specified otherwise, all
force curves were recorded with a maximum applied force of
250 pN, using a constant approach and retraction speed of
1000 nm s�1.

For single-molecule imaging, AFM tips were functionalized
with anti-Als3 antibodies (kindly provided by Dr. Scott Filler,
Harbor-UCLA Medical Center)35 or with the Concavalin A lectin
(ConA, Sigma) using∼6 nm long PEG�benzaldehyde linkers as
described by Ebner et al.25 Cantilevers were washed with
chloroform and ethanol, placed in an UV-ozone cleaner for
30 min, immersed overnight into an ethanolamine solution (3.3 g
of ethanolamine into 6 mL of DMSO), then washed three times
with DMSO and two times with ethanol, and dried with N2. The
ethanolamine-coated cantilevers were immersed for 2 h in a
solution prepared by mixing 1 mg of acetal-PEG-NHS dissolved
in 0.5 mL of chloroformwith 10 μL f triethylamine, then washed
with chloroform, and dried with N2. Cantilevers were further
immersed for 5min in a 1% citric acid solution, washed inMilli-Q
water, and then covered with a 200 μL droplet of a PBS solution
containing antibodies or lectins (0.2 mg/mL) to which 2 μL of a
1 M NaCNBH3 solution was added. After 50 min, cantilevers
were incubated with 5 μL of a 1 M ethanolamine solution in
order to passivate unreacted aldehyde groups and thenwashed
with and stored in buffer.

For quantifying cell surface hydrophobicity by means of
chemical force microscopy,31 hydrophobic tips were prepared
by immersing gold-coated cantilevers (OMCL-TR4, Olympus
Ltd., Tokyo, Japan; nominal spring constant ∼0.02 N/m) for
12 h in 1mMsolutions of HS(CH2)11CH3 in ethanol and then rinsed
with ethanol. Force curves were recorded with a maximum
applied force of 500 pN.

A
RTIC

LE



BEAUSSART ET AL. VOL. 6 ’ NO. 12 ’ 10950–10964 ’ 2012

www.acsnano.org

10963

Conflict of Interest: The authors declare no competing
financial interest.

Acknowledgment. Work at the Université catholique de
Louvain was supported by the National Foundation for Scien-
tific Research (FNRS), the Université catholique de Louvain
(Fonds Spéciaux de Recherche), the Région Wallonne, the
Federal Office for Scientific, Technical and Cultural Affairs
(Interuniversity Poles of Attraction Programme), and the Re-
search Department of the Communauté franc-aise de Belgique
(Concerted Research Action). Work at Brooklyn College was
supported by NIH Grants SC1 GM083756 and R01 GM098616.
Work at VIB, KU Leuven was supported by Grant G.0804.11 from
the Fund for Scientific Research Flanders. Y.F.D. and D.A. are
Senior Research Associate and Postdoctoral Researcher of the
FRS-FNRS. S.K. holds a postdoctoral fellowship of K.U. Leuven.

Supporting Information Available: Additional figures. This
material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES AND NOTES
1. Costerton, J. W.; Stewart, P. S.; Greenberg, E. P. Bacterial

Biofilms: A CommonCause of Persistent Infections. Science
1999, 284, 1318–1322.

2. Douglas, L. J. Candida Biofilms and Their Role in Infection.
Trends Microbiol. 2003, 11, 30–36.

3. Finkel, J. S.; Mitchell, A. P. Genetic Control of Candida
albicans Biofilm Development.Nat. Rev. Microbiol. 2011, 9,
109–118.

4. Kolter, R.; Greenberg, E. P. Microbial Sciences: The Super-
ficial Life of Microbes. Nature 2006, 441, 300–302.

5. Dranginis, A. M.; Rauceo, J. M.; Coronado, J. E.; Lipke, P. N. A
Biochemical Guide to Yeast Adhesins: Glycoproteins for
Social and Antisocial Occasions.Microbiol. Mol. Biol. 2007,
71, 282–294.

6. Verstrepen, K. J.; Klis, F. M. Flocculation, Adhesion and
Biofilm Formation in Yeasts.Mol. Microbiol. 2006, 60, 5–15.

7. Gow, N. A. R.; van de Veerdonk, F. L.; Brown, A. J. P.; Netea,
M. G. Candida albicansMorphogenesis and Host Defence:
Discriminating Invasion from Colonization. Nat. Rev.
Microbiol. 2012, 10, 112–122.
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Probing Surfaces of Living Cells to Molecular Resolution.
Nat. Chem. Biol. 2009, 5, 383–390.

12. Gad, M.; Itoh, A.; Ikai, A. Mapping Cell Wall Polysaccharides
of Living Microbial Cells Using Atomic Force Microscopy.
Cell Biol. Int. 1997, 21, 697–706.

13. Touhami, A.; Hoffmann, B.; Vasella, A.; Denis, F. A.; Dufrêne,
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