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Cell surface hydrophobicity (CSH) is one of the important virulence attributes
which helps Candida albicans to be a successful fungal pathogen. It influences several steps
in pathogenesis of C. albicans leading to establishment of infection. CSH plays an important
role in adhesion of cells to host tissues and catheters/medical devices implanted in patients.
Adhesion to surfaces and subsequent biofilm formation are crucial because it may result in
resistance to antifungal drugs. This important pathogenicity determinant would also be an
attractive antifungal target. Various studies indicate that antifungal drugs tend to lower the
CSH of Candida cells. Interestingly, molecules of plant origin have been reported to modulate
CSH, reduce adhesion and interfere in biofilm formation by C. albicans. The review presents
a brief account of biochemical basis of CSH, its role in adhesion and biofilm formation by C.
albicans as well as explores it as an antifungal drug target.
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Commensal yeasts like Candida species
inhabit oral cavity, gastrointestinal tract, urino-
genital regions and skin surface of the humans '.
Among the Candida species, C. albicans is the
most frequently isolated from patients and has
been considered as a model for studies on human
pathogenic fungi 2. This fungus which is harmless
in healthy individuals may turn pathogenic in
people with compromised immune status 3. The
immunocompromised population susceptible to
C. albicans infections include cancer patients,
AIDS patients, patients under long term steroidal
treatment, chemotherapy or prolonged use of

antibiotics, patients under intensive care and
persons who have undergone organ transplantation
or surgeries, diabetic people, new born, old age
people, and patients using prosthetic devices/
medical implants *. Infections caused by C. albicans
range from superficial infections to systemic
diseases. Systemic candidiasis involves blood
stream infections, deep seated tissue infections of
heart, kidney, liver, spleen and brain 3. Moreover,
C. albicans readily colonizes prosthetic devices
implanted in the patient’s body to cause device
associated biofilm infections > ¢. It is estimated
that around 90% of the HIV infected persons
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experience candidiasis once in their survival
period’. At least 15% of the immunocompromised
people develop a systemic illness due to Candida
which may be associated with 75% of death rate
8. Candida albicans is the fourth most common
cause of hospital acquired infections and ranks
third in catheter related infections in the United
States of America °. The treatment cost associated
with Candida infections is estimated to be more
than US $ 1 billion per annum?®.

Various virulence attributes help
pathogenic behavior of C. albicans. Some of the
important virulence factors are morphogenesis,
adhesion, surface virulence molecules (receptors,
adhesins, and immune modulators), lytic enzymes
(e.g. secreted aspartyl proteases and lipases) and
biofilm formation *'°. Expression of a specific
virulence factor by C. albicans depends on the
site of infection, growth stage and also on the host
response. A small variation in virulence factor
may cause C. albicans to shift from commensal
to pathogen and vice-versa ''. Enhanced virulence
of C. albicans is found to be associated with an
important factor i.e. cell surface hydrophobicity
(CSH) 2. The CSH influences several steps in
pathogenesis such as, nonspecific (other than
ligand-receptor mediated) adhesion to host tissues
and implanted medical devices, enhanced germ
tube induction, increased co-aggregation and
colonization of cells, biofilm formation, avoidance
of neutrophil mediated killing and protection from
host defense mechanisms ' '* 5. This review
takes an account of biochemical basis of CSH in
C. albicans, factors responsible for its variation,
CSH as a virulence determinant and explores it as
an antifungal drug target.

Biochemical basis of CSH

Under different environmental and growth
conditions C. albicans cells can exist as either
hydrophilic (water interactive) or hydrophobic
cells (less water interactive). Hydrophobic cells
are considered to be more virulent than hydrophilic
cells '*. Comparative analysis of these two forms
of cells indicated that hydrophilic and hydrophobic
cells are biochemically similar, but ultrastructure
of their cell walls is different . The cell wall
of C. albicans is a complex structure made up
of polysaccharides (80-90%), proteins (5-15%)
and lipids (1-7%) '8. Three basic subunits of cell
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wall polysaccharide are B-glucan, chitin and
glycoprotein. B-glucan which constitutes 47 to
60% part of the polysaccharide is a branched
polymer of glucose with B- 1, 3 and B- 1, 6
linkages. Chitin is an unbranched polymer of N-
acetyl-D- glucosamine containing -1, 4 linkage
and have 6-9% share in the polysaccharide chain.
While, the mannoproteins which are polymers of
mannose (mannan) covalently associated with cell
wall proteins constitute up to 40 % part of the cell
wall polysaccharide . The CSH of C. albicans
is found to be susceptible to various protease
treatments indicating that surface hydrophobicity
is due to presence of proteins. Enzymatic digestion
is required to remove hydrophobic cell wall
proteins which suggested that the hydrophobic
proteins are tightly associated or covalently linked
to the cell wall matrix *. Various proteins are
extracted from the cell wall of C. albicans, from
which hydrophobic proteins (hydrophobins) are
specifically separated and analyzed . Most of the
identified hydrophobic proteins are in the range
of 34 to 60 kDa. For example, a 34-kDa B-glucan
branching enzyme, 37-kDa laminin binding
protein, 38-kDa Cshlp protein, 40-kDa alcohol
dehydrogenase, 41-kDa lysophospholipase and
58-kDa fibrinogen binding protein are some of
the characterized hydrophobic cell wall proteins
19.21-23° Among all the hydrophobic proteins,
Cshlp is found to be the main protein contributing
to hydrophobicity of C. albicans cell surface.
Freeze- fracture analysis of the cell surface of C.
albicans have revealed that hydrophilic cell surface
possess long, densely packed and evenly spaced
fibrils on the cell wall. Whereas, the hydrophobic
cell surface display short, evenly spaced and blunt
fibrils '3. The presence of similar hydrophobic
proteins on both i.e. hydrophilic and hydrophobic
yeast cell surfaces indicated that there is no
qualitative difference in proteins which determine
these two types. The only difference is that proteins
contributing to the hydrophobic behavior are
not readily exposed at the surface in hydrophilic
cells 8. This is because of the existence of high-
molecular weight mannoprotein fibrils which
mask the hydrophobic proteins on the cell surface
of hydrophilic cells ?2. Simple loss or attenuation
of the outer fibrillar layer of mannoproteins from
hydrophilic cells is found to result in exposure of
hydrophobic proteins on the cell surface 2. Cell
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surface hydrophobicity (CSH) of C. albicans
is thus due to direct contribution of various
surface hydrophobic proteins and the indirect
contribution of mannosylated glycoproteins which
form ectomural fibrils '**. The cell wall fibrillar
mannoprotein consists of mannose polymer linked
to the protein through asparagines by N-linked
glycosidic bond. The linked carbohydrate is
composed of chains of acid-stable -1, 6 linked
mannose and o-1, 2 linked mannose ', as well
as an acid-labile B-1, 2 linked mannose. The acid
labile branch is attached to the o-1, 2 mannan
chain via a phosphodiester bond #. There is no
overall difference in protein, hexose or phosphate
composition of mannoproteins extracted from
hydrophilic and hydrophobic yeast cells. Only
significant difference is the acid-labile -1, 2
oligomannosyl branching in mannoprotein '®
%, Acid labile mannan with -1, 2 linkages in
hydrophobic cells contains a longer chain of
oligosaccharides than that of hydrophilic cells
26, Computer models proposed that increase in the
chain length of -1, 2 oligomannan in hydrophobic
cells cause an inter-fibril interaction that leads to
fibril folding, aggregation, and inflexible helix
formation '°. The presence of long chain of -1,
2 linked mannose cause inter-fibril folding and
aggregation. As a result these fibrils tend to be
short and blunt which cannot mask the hydrophobic
proteins present on the surface of hydrophobic
cells. Short chains of acid-labile -1, 2 linked
mannose are incapable of inter-fibril interactions
and folding of fibrils can’t occur; hence, the long,
densely packed and evenly spaced fibrils mask
the hydrophobic proteins on the cell surface in
hydrophilic cells (Figure 1) '>'®, Regulation of a
single step in cell wall protein glycosylation i.e.
elongation of the acid-labile B-1, 2 oligomannoside
is sufficient to regulate the switch between
hydrophilicity and hydrophobicity of C. albicans
cell surface 'S.
Factors influencing CSH

Various physicochemical and biological
factors influence cell surface hydrophobicity of C.
albicans ¥’. CSH is shown to undergo significant
changes within minutes of C. albicans exposure
to new environmental conditions . For example,
growth temperature influences the relative CSH
level inversely. Itis high at 23°C and decreases when
growth temperature increases from 23 UC to 37 UC
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2. The CSHI gene encoding Csh 1p was found to
be differentially expressed under different growth
temperatures 7. At 23°C to 30°C temperature, the
cell wall of C. albicans contains short, blunt fibrils
which allow exposure of hydrophobic proteins
on cell surface. Though the hydrophobic proteins
are also present at 37°C, masked hydrophobicity
is not measured in the conventional assays of
hydrophobicity measurement and the cells are said
to be hydrophilic 2. Cell surface hydrophobicity
varies also with the growth phase of C. albicans.
During exponential phase of growth, expression
of Csh 1p is higher which decreases in stationary
phase '’. Different morphological forms such as
yeast cell, pseudohyphae, and true hyphae vary
in CSH status. The expression of CSH is reported
to play a role in germ tube formation '* %, Germ
tubes of the C. albicans are highly hydrophobic,
regardless of the nature of mother yeast cell %.
Hydrophilic cells when grow at 37°C under germ
tube inducing conditions, their hydrophobicity is
found to increase prior to germ tube formation *.
Germ tube forms tend to be more hydrophobic than
parent yeast cells kept under same environmental
condition '!. Whether this increase in CSH is
due to enhanced expression of CSH 1p or due to
change in the structure of surface fibrillar layer is
not clear. CSH expression may change also with
the change of growth media. Sabouraud dextrose
broth gives less percentage of CSH; defined Lee-
Buckley-Campbell medium produces cells with
high CSH, while cells grown in yeast nitrogen
base (YNB) medium are with comparatively low
CSH 2?7, The effect of specific media components
that cause actual alterations in CSH have not been
investigated systematically'”.
CSH as a virulence factor in candida albicans
Knockout of CSHI gene showed that the
Cshlp is the principal protein affecting CSH . An
invivo study in mice has shown that the hydrophobic
cells of Candida are more virulent than hydrophilic
cells '*3. Presence of hydrophobic proteins on
surface may influence the initial distribution of
yeast cells in the body and determine a site for
colonization %. Hydrophobic cells are more rapidly
engulfed by polymorphonucleated neutrophils
(PMN) than hydrophilic cells. However, switching
of these engulfed cells to germ tube avoids the
killing by PMN *2. It is reported that hydrophobic
cells lack the 1, 2-f3 mannotetrose groups which
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are recognized by certain macrophages and thereby
less susceptible to phagocytosis through mannose-
receptor-mediated process '“'*. The organisms
displaying surface hydrophobicity are found to be
more capable of adapting to stringent nutritional
conditions. This may be because increased CSH
can act as a biosurfactant which help to dissolve
hydrocarbon aggregates or insoluble compounds .
Expression of CSH may also allow the colonization
of C. albicans at a site in the host body which is
usually unsuitable for growth -3,
Role of CSH in adhesion and biofilm formation
Candida albicans and other closely related
Candida species are the major agents of hospital
acquired infections. Superficial or systemic
candidiasis is usually found to be associated with
the ability of C. albicans to adhere on biotic or
abiotic substrates **. Adhesion of C. albicans to
host tissues or implanted devices may involve
specific or non-specific adhesion mechanisms.
Specific adhesion mechanism involve the ligand-
receptor mediated adhesion such as fibrinogen
binding proteins, laminin binding proteins,
fibronectin binding proteins, collagen binding
proteins, agglutinin like sequence (Als) proteins,
mannoproteins, and adhesins '**-¢. Non-specific
or non ligand-receptor mediated adhesion is the
most common way of adhesion. It involves physical
forces such as, electrostatic interactions, van der
waals interactions and hydrophobic interactions®”
38, First phase in adhesion is usually a non-specific
and reversible phase which involves some or all of
the non-specific interactions mentioned above *.
Surface hydrophobicity or hydrophobic interactions
play important role in non-specific adhesion of C.
albicans to host tissues or implanted medical
devices . Hydrophobic cells get excluded from the
water or aqueous environment due to interaction
of water molecules within itself than that of with
hydrophobic or non-polar particles *°. Hydrophobic
microorganisms thus tend to remain close to the
liquid- solid interface. As a result such hydrophobic
cells can easily interact with and adhere on the
solid surfaces *!, while hydrophilic cells tend to
be dispersed in the aqueous environment. CSH is
found to be involved in non-specific (non-ligand-
receptor mediated) adherence of Candida cells
to host tissues, extracellular matrix proteins and
to the implanted medical devices* ?. Cloning
and functional analysis of a C. albicans gene
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that encodes for 38-kDa Csh 1p suggested that
Csh 1p have a role in adhesion to epithelial cells,
endothelial cells, fibronectin and other extracellular
matrix proteins in the host . In many cases, the
CSH status of C. albicans is found to correlate
positively with the adhesion of C. albicans to host
tissues (such as buccal epithelial cells, vaginal
epithelial cells and extracellular protein matrix).
For example, it is revealed that adhesion of C.
albicans to buccal epithelial cells and acrylic
denture materials increased with increase in cell
surface hydrophobicity *>*2. During adhesion of
C. albicans to buccal epithelial cells, the outer
fibrillar layer becomes condensed or dispersed
so that contact between inner layer of Candida
cell wall and epithelial membrane is possible. It
indicates that hydrophobic proteins in the matrix of
C. albicans cell wall are responsible for adhesion to
host tissue **. Similarly, hydrophobicity correlates
with C. albicans adherence to various prosthetic
materials and medical devices ** . Few reports
claim that there is no significant correlation
between CSH and adhesion. Instead, various
factors may be working together to govern CSH
and its involvement in C. albicans adhesion to
solid substrates **. For example, no correlation is
observed between hydrophobicity of C. albicans
and its adhesion to buccal epithelial cells (BECs)
¥ Reinhart and coworkers (1988) showed absence
of relation between C. albicans CSH and adherence
to acrylic surfaces **. However, it is speculated that
these differences in results may be due to different
methodologies used for CSH determination **
40, 1t is suggested that adhesion of C. albicans
to plastic surfaces is influenced by CSH only if
the nature of plastic surface is hydrophobic ** .
Adhesion helps in colonization of Candida and
prevents it from being washed away from the
site of infection *¢. Adhesion of C. albicans to
the host tissues or biomaterials usually leads to
biofilm formation °. Studies have clarified that
CSH of various strains/ isolates of C. albicans, C.
tropicalis as well as C. parapsilosis correlate with
their ability to form biofilms **. Interestingly, it
has been found that expression of CSH/ gene is
up regulated in biofilm cells compared to that of
planktonic cells *. Reports indicate that CSH is an
important pathogenicity factor which is involved
in adhesion and biofilm formation. Data from
US National Nosocomial Infections Surveillance
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system shows that half of the nosocomial infections
caused by C. albicans are associated with adhesion
and biofilm formation on host tissues or implanted
medical devices ***. It is observed that adhered
cells behave differently than the planktonic cells
of Candida **. Colonization of medical devices
implanted in a patient may lead to device related
infections *°. Cells adhered to a solid surface
can withstand host immune defense and lead to
biofilm formation which may act as a source of
reinfections °. Biofilm growth causes failure of
organ system, resistance to antibiotic treatment and
severe systemic candidiasis that eventually results
in death %3,
CSH as a drug target

Emergence of drug resistant strains
and side effects due to toxicity limit the use
of most of the available antifungal drugs °. In
addition, there is increase in the incidence of
biofilm associated candidiasis. As such, new
strategies need to be explored against multiple
drug resistant infections of C. albicans 2. Most
of the available antibiotics kill the pathogenic
microorganisms to cure the infection; however,
a small number of mutants which are resistant to
the antibiotics may survive and grow. This kind of
natural selection is responsible for the emergence
of drug resistant population of microorganisms.

BLUNT & SHORT
OLIGOMANNAN
FIBRILS3

HYDROPHOBIC PROTEIRS
ON THE CELL SURFACE

HYDROPHOEIC CELL SURFACE
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To avoid this, a novel strategy of prevention of
specific virulence attributes instead of killing the
pathogen has been proposed *. Inhibition of CSH
may be used to restrict the pathogen (without
killing it) so that selection and emergence of drug
resistant population of C. albicans can be avoided.
Modulation of CSH may interfere with the ability
of C. albicans to adapt to various changes in
the microenvironment, its response to the host
immune system, adhesion to host tissue surfaces,
formation of biofilms and thus to establish the
infections. Various studies indicate that antifungal
drugs exert effect on pathogenicity of Candida
through modulation of CSH. For example, in a
study with ten isolates each of C. albicans and
C. tropicalis from HIV-infected individuals,
CSH is evaluated following one hour exposure
to sub-therapeutic concentrations of nystatin,
amphotericin B, ketoconazole, fluconazole and
S-flurocytosine. The results reveal that exposure to
these antifungals reduces the CSH in C. albicans
and C. tropicalis isolates to varying degrees from
14 to 34% **. Ellepola and Samaranayake (1998)
have demonstrated that exposure to antimycotics
nystatin, 5-fluorocytosine, ketoconazole and
fluconazole decreases CSH of oral isolates of
C. albicans as well as interfere with adhesion to
buccal epithelial cells **. One of the studies has

LONG & DENSE
OLIGOMANNAN
FIBRILS

HYDROPHILIC CELL SURFACE

Fig. 1. Diagrammatic representation of existence of long and dense layer of mannoprotein fibrils which mask the
hydrophobic proteins on the cell surface of hydrophilic cells. A longer chain of oligosaccharides in acid-labile -1,
2 linked mannan result in interfibrillar interaction and folding of fibrils on the surface of hydrophobic cells. This
leads to presence of short and blunt fibrils which exposes hydrophobic proteins exerting hydrophobicity to the cell
surface. Cell surface hydrophobicity (CSH) of C. albicans is due to direct contribution of various surface hydrophobic
proteins and the indirect contribution of mannosylated glycoproteins forming ectomural fibrils
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analyzed the effects of sub-lethal concentrations
of polyenes and azoles on C. dubliniensis. It
shows that compared with control, exposure
to amphotericin B and ketoconazole cause
a significant suppression of CSH; whereas,
fluconazole is inefficient in suppression of CSH
%6, Chlorhexidine gluconate (CG), a widely used
antiseptic in routine dental practice due to its broad-
spectrum antimicrobial (also anti Candida) activity
is demonstrated to suppress CSH in C. albicans
isolates. 0.0025% and 0.005% of CG which is
much lower than the concentration therapeutically
used (i.e. 0.2%) for mouthwash, lower the CSH
values by 21% and 45%, respectively. This
activity may be through the effect of CG on
cell wall structure and cell surface proteins 7.
Farnesol which is a quorum sensing molecule in
C. albicans lowers down the CSH of C. albicans.
More than 70% reduction in CSH of cells
treated with 100 pM concentration of farnesol
compared to control is reported *. Interestingly,
the sesquiterpene (farnesol) is also a constituent
of plant essential oils **. Plants are rich sources of
bioactive molecules with antimicrobial properties
%, Various phytochemicals have been evaluated for
their antifungal and anti-Candida potential -6,
It is observed that some of the natural molecules
exhibit modulation of CSH and hence specifically
inhibit Candida pathogenicity. For example,
hydroxytyrosol (HT) which is an antioxidant
in olive oil and leaves cause cell wall damage
which results into decrease in C. albicans CSH®.
Tetrandrine (TET), a bis-benzyl isoquinoline
alkaloid compound present in several natural plant
sources significantly reduces the CSH index from
0.73 to 0.56 at 4 pug/ml concentration; while, 32
pg/ml of it lowers the C. albicans CSH to 0.04
6. Sudjana et al. (2012) have demonstrated that
treatment with 0.125% Melaleuca alternifolia (tea
tree) essential oil decreases the hydrophobicity of
C. albicans isolates. They have proposed that
modulation of CSH may be one of the potential
mechanisms by which adhesion and biofilm
formation could be significantly reduced .
Brucea javanica and Piper betle extracts exert the
CSH reducing effect on seven Candida species
including, C. albicans, C. tropicalis, C. glabrata,
C. parapsilosis, C. krusei, C. dubliniensis and C.
lusitaniae. Concentration dependent reduction in
hydrophobicity of C. albicans is observed after
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treatment with water extract of B. javanica. More
than 50% lowering of hydrophobicity is observed
in C. albicans cells treated with 1 to 3 mg/ml
of these extracts, while 6 mg/ml concentration
caused 80 to 90% reduction in CSH . Sub-MIC
concentrations of cinnamaldehyde, citral, eugenol
and geraniol ranging from 25-100 pg/ml, are
reported to cause recognizable reduction in C.
albicans CSH . Ethanolic extract of the roots of
a Sri Lankan traditional medicinal plant, Pongamia
pinnata, possess hydrophobicity lowering potential
against C. albicans, at concentrations ranging from
0.8 t0 3.2 mg/ml . These studies indicate that plant
molecules exhibit significant CSH modulation
properties.

CONCLUSION

Cell surface hydrophobicity is an
important virulence attribute in C. albicans
which contributes to its successful survival inside
the host as well as its ability to establish an
infection and cause disease. It modulates important
virulence attributes like adhesion and biofilm
formation and hence contributes to multiple drug
resistance associated with these factors. Such an
important pathogenicity determinant would also
be an attractive antifungal target. Antifungal drugs
available against Candida are showed to modulate
CSH and affect its pathogenicity. Interestingly,
phytochemicals exhibit potential to lower CSH
and thereby prevent adhesion, biofilm formation
and overall pathogenicity of C. albicans. Efforts
need to be done for development of plant molecules
as specific inhibitors of CSH which may prove as
a novel strategy to overcome the limitations of
available antifungal drugs.
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