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Abstract
Despite the clinical importance of bacterial-fungal interactions, their molecular details are poorly
understood. A hallmark of such medically-important interspecies associations is the interaction
between the two nosocomial pathogens Staphylococcus aureus and Candida albicans, which can
lead to mixed biofilm-associated infections with enhanced antibiotic resistance. Here, we use
single-cell force spectroscopy to quantify the forces engaged in bacterial-fungal co-adhesion,
focusing on the poorly investigated S. epidermidis-C. albicans interaction. Force curves recorded
between single bacterial and fungal germ tubes showed large adhesion forces (~5 nN) with
extended rupture lengths (up to 500 nm). By contrast, bacteria poorly adhered to yeast cells,
emphasizing the important role of the yeast-to-hyphae transition in mediating adhesion to bacterial
cells. Analysis of mutant strains altered in cell wall composition allowed us to distinguish the
main fungal components involved in adhesion, i.e. Als proteins and O-mannosylations. We
suggest that the measured co-adhesion forces are involved in the formation of mixed biofilms, thus
possibly as well in promoting polymicrobial infections. In the future, we anticipate that this SCFS
platform will be used in nanomedicine to decipher the molecular mechanisms of a wide variety of
pathogen-pathogen interactions and may help designing novel anti-adhesion agents.

Keywords
AFM; cell-cell adhesion; pathogens; single-cell force spectroscopy; Candida albicans;
Staphyloccocus epidermidis; polymicrobial infections

INTRODUCTION
The interactions between bacterial and fungal pathogens are of high clinical importance as
they may lead to higher morbidity and mortality.1–4 Polymicrobial infections generally
involve the formation of mixed biofilms, i.e. attachment of various microbial species to a
substrate and to each other.5–8 Therefore, knowledge of the molecular mechanisms behind
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bacterial-fungal co-adhesion is critical to our understanding of mixed infections and may aid
in the development of novel anti-biofilm molecules.

A widely investigated example of such association is the interaction between
Staphylococcus aureus and Candida albicans.9–11 It has been shown that co-inoculation of
C. albicans and Staphylococcus aureus leads to mortality increases.2, 3, 12 In vivo, the
synergistic effect of the two microorganisms has been observed on mouse.12 When grown in
mixed biofilms, S. aureus has been shown to attach primarily to C. albicans hyphae.9, 10

Recent biochemical and microscopy studies have shown that the C. albicans adhesion
proteins Als mediate fungal-bacterial interactions,13 in particular Als3 which is primarily
expressed on germ tubes and is directly involved in the adhesion to Streptococcus gordonii14

and Staphylococcus aureus.15 Whether the other nosocomial Staphylococcus species S.
epidermidis also interacts with C. albicans and can lead to mixed infections has been much
less investigated. Both species showed extensive interactions when grown in mixed fungal-
bacterial biofilms.16 In addition, it appeared that the two species could modulate the action
of antibiotics and antifungals in mixed biofilms.16 So far, however, the adhesion forces
engaged in the S. epidermidis - C. albicans interaction have never been investigated.

Single-cell microbiology is a fast-growing field that uses emerging technologies for single-
cell analysis, thereby revealing population and cell heterogeneity, as well as rare events that
were otherwise not accessible.17, 18 In cell adhesion and biofilm research, single-cell force
spectroscopy (SCFS) offers unprecedented possibilities to quantify cell-cell and cell-solid
interactions at the single-cell and single-molecule levels.19, 20 In this report, we used SCFS
to quantify the forces engaged in the S. epidermidis-C. albicans interaction. As the yeast-to-
hyphae transition is important for C. albicans adhesion and biofilm formation,4, 21 we
measured the forces between single bacterial cells and fungal hyphae. The results emphasize
the important role of cellular morphogenesis, Als proteins and O-mannosylations in
controlling S. epidermidis-C. albicans co-adhesion.

Results and discussion
Experimental set-up

To probe bacterial-fungal interaction forces by SCFS, we used a recently developed protocol
which combines the use of colloidal probe cantilevers and of a bioinspired polydopamine
wet adhesive.22 Single S. epidermidis cells were picked up with a polydopamine-coated
colloidal probe and approached towards a fungal cell immobilized on a hydrophobic
substrate (Fig. 1a). Using an integrated AFM-inverted optical microscope, the bacterial
probe was positioned on top of random spots across the fungal cell (Fig. 1b). Fluorescence
imaging confirmed that single bacteria attached on the probe were alive (Baclight LIVE/
DEAD stain; green color). Note that in Fig. 1b C. albicans was stained in blue (Calcofluor
White) for better visualization, but as this dye alters cell surface properties it was not used in
force experiments.

Bacterial-fungal adhesion: germ tube vs. yeast region
In C. albicans, the yeast-to-hyphae transition is associated with changes in cell wall
composition that play important roles in promoting biofilm formation.4 Consistent with this,
single-molecule analyses recently showed that cellular morphogenesis leads to a major
increase in the distribution and biophysical properties (stickiness, extension) of Als adhesins
on the fungal cell surface.23 With this in mind, we measured the adhesion between single S.
epidermidis cells and C. albicans hyphae (Fig. 2a). Fig. 2b shows a set of representative
force-distance curves recorded between individual bacteria and germ tubes. All curves
showed large adhesion forces (4.6 nN ± 1.5 nN; n = 975 force curves corresponding to cell

Beaussart et al. Page 2

Nanoscale. Author manuscript; available in PMC 2014 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pair #1 in Figs. 2c and d) with multiple, sequential peaks and extended rupture lengths (419
± 137 nm). The general features of the curves did not substantially change when recording
consecutive force curves (up to several hundreds) on the same spot, indicating that force
measurements did not alter the interacting cell surfaces. Also, similar force signatures were
observed when probing different regions of the germ tubes (e.g. apex vs. center of the tube),
suggesting that the adhesion properties of the tube were homogeneous. Figs. 2c and d show
that probing bacterial-fungal interactions using cells from independent cultures generally
revealed adhesion properties that were in the same range (pairs #1 and #2); however, in
some cases weaker adhesion was observed (1.9 nN ± 1.0 nN, pair #3), an effect that we
believe could reflect heterogeneity in the bacterial and/or fungal cell populations.

To determine whether the measured forces are specific to the C. albicans germ tube, we then
probed the yeast region of the germinating cell (Fig. 3a). As can be seen in Fig. 3, a drop in
adhesion frequency was observed (from 99 % on germ tube to 84 % on yeast; cell pair #1),
together with a decrease in adhesion forces (from 4.6 nN ± 1.5 nN to 0.6 nN ± 0.5 nN).
Sometimes, these effects were even more pronounced (cell pair #3). On close examination, a
number of force curves showed sawtooth patterns with multiple large force peaks rupturing
at around 500 pN and in the 300–600 nm range. In the light of earlier single-molecule
work,23–25 we suggest these features reflect the sequential unfolding of the tandem repeat
(TR) domains of Als proteins on the yeast surface. As the average forces measured on germ
tubes (4.6 nN) are much larger than those associated with single protein unfolding, it is
likely that the strongly adhesive signatures result from multiple Als unfolding interactions,
thus explaining why they consist of multiple poorly defined peaks.

Biological specificity of adhesion forces
To determine the specificity of the measured adhesion forces and rule out the possibility of
artifacts associated with the cell probe preparation, two control experiments were performed,
i.e. use of polydopamine-coated probes or silica probes instead of bacterial probes. As can
be seen in Fig. 4, use of these non-cellular probes led to a major reduction of adhesion
frequency (down to 1 % between polydopamine and the germinating yeast, Fig. 4a) and
mean adhesion force, indicating that the strong adhesion forces measured earlier indeed
reflect bacterial-fungal interactions. These data also confirm that the polydopamine adhesive
does not interfere with the measurements, e.g. through contamination of the bacterial probe.

Als proteins and O-mannosylations on the C. albicans surface are required for bacterial
adhesion

Cell-surface glycoproteins and mannose-rich glycoconjugates play key roles in C. albicans
surface interactions.26 Specifically, Als adhesins mediate cell adhesion and biofilm
formation, and mannose-rich polymers are recognized by a variety of lectin receptors on
immune cells. We therefore reasoned that both compounds may be involved in bacterial-
fungal adhesion. To test this hypothesis, we measured the forces between single S.
epidermidis cells and C. albicans mutant strains altered in cell wall components. Figs 5a and
b show the curves obtained on germ tubes from the double mutant als3Δ/als3Δ als1Δ/als1Δ,
in which the genes coding for the expression of Als1 and Als3 proteins have been deleted.
Adhesion forces and rupture distances that were much smaller than those on the WT were
observed, thus demonstrating that Als3 and/or Als1 proteins, primarily expressed on germ
tubes, are required for bacterial-fungal association. Similar observations have recently been
reported for the interaction between S. aureus and C. albicans.15, 27 We suggest that N-
terminal immunoglobulin-like regions of Als proteins specifically binds peptide ligands on
the bacterial surface, i.e. peptide sequences containing the “τϕ+” motif.28
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Can the measured adhesion forces be converted into a surface density of interacting
molecules? As the specific binding force of single Als proteins was previously measured to
be ~330 pN,23 we estimate that the 4.6 nN forces would correspond to ~14 Als bonds. The
obtained values may be converted into protein surface densities, considering the cell-cell
contact area. As a rough approximation, the contact zone of a deformable sphere (the
bacterium) pressed on a more rigid flat surface (the fungus) may be estimated by the
following equation29, 30 A = π R δ, in which A is the contact area, R the radius of the cell,
and δ the cell deformation. Considering a cell radius of 0.5 µm and a deformation of 30 nm
(estimated from indentation curves), we found a contact area of ~0.05 µm2, thus yielding a
protein surface density of around 280 proteins/µm2. Note that this value is an upper estimate
as we expect that the curvature of the fungal germ tube will lower the cell-cell contact area.
Nevertheless, this density is roughly consistent with the value expected for fungal adhesins,
and with numbers estimated from single-molecule imaging experiments.23

Another important finding is that the C. albicans double mutant strain mnt1Δ/mnt1Δ mnt2Δ/
mnt2Δ defective in O-linked mannosylations31 showed similar reduction in adhesion
probability and adhesion strength (Figs. 5c and d), suggesting strongly that fungal
mannosylations are recognized by lectins on the bacterial surface. In addition, smaller
rupture distances were observed, consistent with the notion that mannosylations in the
mutant are shorter. That O-linked mannosylations are important for bacterial-fungal
adhesion agrees well with earlier reports showing their involvement in adhesion to host
cells31 and to Pseudomonas aeruginosa bacteria.32 This result is also consistent with the
notion that adhesion of bacterial pathogens, such as Pseudomonas aeruginosa, involves
mannose-binding lectins on the bacterial surface.33

Conclusions
In recent years, there have been several attempts to apply AFM force spectroscopy to probe
the adhesion forces engaged in bacterial-fungal interactions, including the important S.
aureus – C. albicans interaction.15, 27 These results are difficult to interpret at the molecular
level because of a poorly-controlled methodology: cells are attached on the cantilever using
protocols that may lead to cell surface denaturation or cell death, multiple cells are attached
and probed together, cell positioning and cell-substrate contact area are poorly controlled.
We have shown that SCFS with polydopamine-coated colloidal probes is a valuable
approach for quantifying the adhesion forces of medically-important bacterial-fungal
interactions. Unlike most other protocols used in microbiology, this method is non-
destructive (living cells are probed), guarantees true single-cell measurements and affords
precise positioning of the interacting cells, thereby ensuring true and reliable single-bacterial
cell analysis. Fig. 6 summarizes our main findings, that is: i) S. epidermidis strongly binds to
C. albicans germ tubes but poorly adheres to yeast cells, emphasizing the important role of
the yeast-to-hyphae transition in mediating adhesion to bacterial cells; ii) co-adhesion
primarily involves two types of highly adhesive and extended macromolecules, i.e. Als
proteins and O-mannosylations, that we believe bind to Als ligands and lectins on the
bacterial surface. When subjected to mechanical force, the interacting cell surfaces will
detach but the cells will remain bridged through these extended polymers. Our finding of
strong S. epidermidis-C. albicans adhesion forces is reminiscent of the well-known S.
aureus-C. albicans interaction3, 9, 15, 27, 34 thus suggesting that the S. epidermidis-C. albicans
co-adhesion quantified here will favor the formation of mixed biofilms, and in turn promote
polymicrobial infections.
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Methods
Microorganisms and cultures

C. albicans SC531435 was cultivated in YPD medium (1% yeast extract, 2% Bacto-peptone,
2% D-glucose, supplemented with 2% agar) at 30°C. A few colonies were inoculated in
YPD liquid medium and incubated overnight (30°C, 200 rpm). For hyphae formation,
germination was induced by inoculating 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.36 We used two C. albicans mutant strains, i.e. als3Δ/als3Δ als1Δ/
als1Δ (designated as Δals3Δals1) with deletions of both alleles of ALS genes (kindly
provided by Aaron Mitchell, Carnegie Mellon University, Pittsburgh, PA)37 and mnt1Δ/
mnt1Δ mnt2Δ/mnt2Δ (designated as Δmnt1Δmnt2) yielding defective O-linked
mannosylations (kindly provided by Neil Gow, University of Aberdeen, UK).31 S.
epidermidis ATCC 35984 cells were grown in Trypto-Caseine-Soy (Bio-rad) at 37°C, 150
rpm. Overnight cultures were diluted in fresh media to an OD600 nm of 0.1. The cells were
harvested in the exponential growth phase (5 hours at 37°C, 150 rpm), and washed 3 times
in 50 mM Tris-NaCl buffer. For cell probe preparation, 50 µL of a 100-fold diluted solution
were transferred in a glass petri dish and the bacteria were let to settle for 15 min.

Immobilization of C. albicans
Germinating yeast cells of C. albicans were immobilized through hydrophobic attachment
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 Tris-NaCl buffer, pH 7.5. Drops (200 µL) of the concentrated
suspension were deposited on the hydrophobic substrates and let stand for 3 h. The substrate
was then rinsed to remove unattached yeast and fixed on a glass-bottom petri dish using
double-sided tape. A droplet of buffer was then deposited on the substrate to avoid drying of
the immobilized yeast.

Bacterial cell probes
Using a Nanoscope VIII Multimode AFM (Bruker corporation, Santa Barbara, CA),
triangular shaped tipless cantilevers (NP-O10, Microlevers, Veeco Metrology Group) were
slowly immersed in a very thin layer of UV-curable glue (NOA 63, Norland Edmund
Optics) spread on a glass slide, and slowly brought into contact with a silica microsphere
(6.1 µm diameter, bangs laboratories). After 3 min of contact, the colloidal probe was cured
for 10 min under a UV-lamp. The cantilever was then immersed for 1 hr in a 10 mM Tris
Buffer solution (pH 8.5) containing 4 mg/mL dopamine hydrochloride (99%, Sigma). The
probe was then washed and dried under N2.

Proper attachment and positioning of bacteria on the colloidal probe were achieved using a
Bioscope Catalyst (Bruker Corporation, Santa Barbara, CA) equipped with a Zeiss Axio
Observer Z1 and a Hamamatsu camera C10600. To check the viability of the bacteria, a
Live-dead Baclight viability kit (Invitrogen, kit L7012) was used. Prior to attachment, 2 µL
of a 1:1 Syto 9 (green fluorescent nucleic acid stain)/Propidium iodide (red-fluorescent
nuclear and chromosome counterstain) mixture at 1.5 mM were added to a drop of 50 µL
bacteria suspension and mixed thoroughly. The suspension was deposited in the glass petri
dish where the substrate covered with C. albicans had been previously attached, and the
bacteria were let to incubate with the dyes for 15 min in the dark. 4mL of buffer were then
added to the petri dish, immerging both the bacteria deposited at the bottom of the petri dish
and the C. albicans substrate. The colloidal probe was then mounted into the AFM and
brought into contact with an isolated bacterium. When proper attachment of the bacterium
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was achieved, the probe was positioned over the C. albicans surface without dewetting.
Using this protocol, we never (rarely) observed floating bacteria interacting with C. albicans.

Force measurements
AFM measurements were performed at room temperature (20 °C) in Tris-NaCl buffer at pH
7.5 using a Bioscope Catalyst AFM (Bruker AXS Corporation, Santa Barbara, CA). Using
the inverted optical microscope, the bacterial probe was approached towards a fungal cell.
Multiple forces curves were recorded on various spots using a maximum applied force of
250 pN, a contact time of 50 ms, and constant approach and retraction speeds of 1000
nm.s−1. For each condition, the interaction forces between at least 3 pairs of bacterial-fungal
cells from independent cultures were measured.
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Fig. 1.
Single-cell force spectroscopy of bacterial-fungal interactions. (a) Schematic of the
experimental set-up. (b) Using an integrated AFM-inverted optical microscope, the S.
epidermidis probe (green) is approached towards a C. albicans hyphae (blue). The image
was obtained using epifluorescence microscopy while the inset shows a merged phase/
epifluorescence image.
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Fig. 2.
SCFS quantifies the adhesion forces between S. epidermidis and C. albicans germ tubes. (a)
Key cell wall components that are involved in C. albicans surface interactions are cell-
surface glycoproteins (in green) and mannose-rich glycoconjugates (in blue). (b) Typical
force-distance curves recorded in Tris NaCl buffer between S. epidermidis and C. albicans
hyphae. (c, d) Adhesion force (c) and rupture length (d) histograms obtained by recording
force curves between 3 cell pairs from different cell cultures, and representative of a total of
7 cell pairs (n > 500 force-distances curves for each pair).
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Fig. 3.
C. albicans germinating yeasts show much weaker adhesion than germ tubes. (a)
Germinating yeasts express fewer Als proteins than germ tubes. (b) Typical force-distance
curves recorded in Tris NaCl buffer between S. epidermidis and C. albicans germinating
yeasts. (c, d) Adhesion force (c) and rupture length (d) histograms obtained by recording
force curves between 3 cell pairs from different cell cultures, and representative of a total of
6 cell pairs (n > 500 force-distances curves for each pair).
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Fig. 4.
Control experiments using polydopamine and silica probes. (a–f) Adhesion force (a, c, e)
and rupture length (b, d, f) histograms, together with representative force curves, obtained
by recording force curves between polydopamine-coated probes and C. albicans germinating
yeasts (a, b) or germ tubes (c, d), and between silica probes and C. albicans germ tubes (e,
f). For each probe, similar data were obtained in 3 independent experiments.
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Fig. 5.
Als proteins and O-mannosylations on the C. albicans surface are required for bacterial
adhesion. (a–d) Adhesion force (a, c) and rupture length (b, d) histograms, together with
representative force curves, obtained by recording force curves in Tris NaCl buffer between
a single S. epidermidis bacterium and a C. albicans germ tube from the mutant als3Δ/als3Δ
als1Δ/als1Δ (Δals3Δals1) (a, b) or a C. albicans germ tube from the mutant mnt1Δ/mnt1Δ
mnt2Δ/mnt2Δ (Δmnt1Δmnt2) (c, d). For each mutant, similar data were obtained in 3
independent experiments using 3 different cell pairs.
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Fig. 6.
Role of cellular morphogenesis, Als proteins and O-mannosylations in S. epidermidis-C.
albicans adhesion. Plots of the adhesion forces versus rupture distances measured between
S. epidermidis and WT germ tubes (black symbols), WT germinated yeasts (red symbols),
als3Δ/als3Δ als1Δ/als1Δ (Δals3Δals1) germ tubes (orange symbols) and mnt1Δ/mnt1Δ
mnt2Δ/mnt2Δ (Δmnt1Δmnt2) germ tubes (green symbols). Strong co-adhesion is only
observed on germ tubes and involves two types of highly adhesive and extended
macromolecules, i.e. Als proteins and O-mannosylations.
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