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Candida albicans, a commensal fungus of the oral microbiome, causes oral candidiasis in humans with localized or systemic
immune deficiencies. Secreted aspartic proteinases (Saps) are a family of 10 related proteases and are virulence factors due to
their proteolytic activity, as well as their roles in adherence and colonization of host tissues. We found that mice infected sublin-
gually with C. albicans cells overexpressing Sap6 (SAP6 OE and a �sap8 strain) had thicker fungal plaques and more severe oral
infection, while infection with the �sap6 strain was attenuated. These hypervirulent strains had highly aggregative colony struc-
ture in vitro and higher secreted proteinase activity; however, the levels of proteinase activity of C. albicans Saps did not uni-
formly match their abilities to damage cultured oral epithelial cells (SCC-15 cells). Hyphal induction in cells overexpressing Sap6
(SAP6 OE and �sap8 cells) resulted in formation of large cell-cell aggregates. These aggregates could be produced in germinated
wild-type cells by addition of native or heat-inactivated Sap6. Sap6 bound only to germinated cells and increased C. albicans ad-
hesion to oral epithelial cells. The adhesion properties of Sap6 were lost upon deletion of its integrin-binding motif (RGD) and
could be inhibited by addition of RGD peptide or anti-integrin antibodies. Thus, Sap6 (but not Sap5) has an alternative novel
function in cell-cell aggregation, independent of its proteinase activity, to promote infection and virulence in oral candidiasis.

Candida albicans is a commensal fungus that is often part of the
oral microflora of healthy people. Loss of host immunity, HIV

infection, corticosteroid use, or alteration of the oral microflora
following antibiotic therapies permits a pathogenic transition of
C. albicans to cause oropharyngeal candidiasis (OPC) (1, 2). Acute
pseudomembranous candidiasis is one of the most common
forms of OPC, in which C. albicans forms white patches on the
surface of the buccal mucosa, tongue, or soft palate. These super-
ficial fungal plaques can be lifted from underlying tissues for pur-
poses of clinical diagnosis and analysis (3).

C. albicans expresses specific sets of virulence factors that
promote hypha formation and adhesion and invasion of host
tissues (4). Secreted aspartyl proteinases (Saps) are recognized
virulence factors because they degrade host proteins to provide
nitrogen for fungal cell metabolism, contribute to adherence,
facilitate fungal epithelial and endothelial penetration, and are
immunogenic during infection (5–7). Microbial proteinases
are classified as serine, cysteine, metallo-, or aspartyl protein-
ases according to the site of catalytic hydrolysis of substrate
peptide bonds; however, C. albicans produces only aspartyl pro-
teinases (5, 6).

C. albicans expresses a family of 10 SAP genes that are clustered
into groups SAP1 to SAP3, SAP4 to SAP6, SAP7, SAP8, and SAP9
and SAP10 based upon their sequence homologies and pH activ-
ities (8, 9). Sap1 through Sap8 are processed and transported via
the secretory pathway to produce released extracellular enzymes,
whereas Sap9 and Sap10 are glycosylphosatidylinositol (GPI)-an-
chored cell proteins. Thus, C. albicans Sap1 to -8 account for all
secreted (extracellular) proteinase activity, and they are exclu-
sively aspartyl proteinases (5, 6, 9). Each C. albicans Sap protein
has a distinct substrate cleavage site and pH optimum. Sap1 to
Sap3 and Sap8 have activity at lower pH values (2.5 to 5.0),
whereas Sap4 to Sap6 have better activity at higher pH values (8,
10). C. albicans Sap expression levels and substrate activities are
regulated by cell morphotype and environmental cues, so that
SAP1 to SAP3 are expressed predominantly in yeast cells, whereas

hyphal cells express mainly SAP4 to SAP6. However, hypha-spe-
cific secreted Sap4 to -6 were found to have substrate ranges and
enzymatic activities similar to those of yeast cell-secreted Sap2,
despite having different in vitro activities (5, 11, 12).

The plasticity of Sap secretion profiles and enzymatic activities
has created a challenge to understanding the in vivo functions of C.
albicans Sap proteins. C. albicans SAP4, SAP5, and SAP6 expres-
sion levels were found to be elevated in both mucosal and systemic
infections (12, 13). However, cross-sectional studies of C. albicans
SAP gene expression in human OPC showed that SAP2, as well as
SAP4 to SAP6, were predominantly expressed in OPC patients, as
well as Candida carriers (5, 13–16). C. albicans recovered from
murine OPC showed that Sap4 to -6 were highly expressed during
infection; however, other studies found a role for Sap1 to -6 in
fungal invasion and damage to oral and vaginal epithelial mucosal
surfaces (5, 14, 16–21). Thus, functional analyses of the abilities of
individual Saps to promote virulence in mucosal infection has
been inconclusive, due to different expression levels during the
course of infection.

In addition to their classical role as proteinases, some studies
have pointed to a role of C. albicans Saps in mediating fungal

Received 2 March 2015 Returned for modification 20 March 2015
Accepted 9 April 2015

Accepted manuscript posted online 13 April 2015

Citation Kumar R, Saraswat D, Tati S, Edgerton M. 2015. Novel aggregation
properties of Candida albicans secreted aspartyl proteinase Sap6 mediate virulence
in oral candidiasis. Infect Immun 83:2614–2626. doi:10.1128/IAI.00282-15.

Editor: G. S. Deepe, Jr.

Address correspondence to Mira Edgerton, edgerto@buffalo.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IAI.00282-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/IAI.00282-15

2614 iai.asm.org July 2015 Volume 83 Number 7Infection and Immunity

http://dx.doi.org/10.1128/IAI.00282-15
http://dx.doi.org/10.1128/IAI.00282-15
http://dx.doi.org/10.1128/IAI.00282-15
http://dx.doi.org/10.1128/IAI.00282-15
http://iai.asm.org


adhesion to and colonization of host tissues. High proteolytic ac-
tivity of C. albicans was correlated with increased adhesion to hu-
man buccal epithelial cells (17, 22) and increased organ (spleen
and kidney) colonization in mice (23, 24). However, these studies
compared fungal adhesion of C. albicans cells pretreated with pep-
statin A (a proteinase inhibitor that specifically inhibits most as-
partyl proteinases) rather than using gene deletion mutants. Thus,
it is not clear which of the C. albicans Sap family members might
have a role in adherence, nor is the mechanism by which they
contribute to adhesion to mucosal tissues known. Two hypotheses
for how Saps promote fungal adherence to host cells have been
proposed. In the first, secreted Saps modify the surfaces of host
cells by their proteinase activity to expose proteins that are more
favorable ligands for C. albicans binding. Alternatively, fungal cell
surface Saps themselves serve as ligands that are able to bind host
cells independently of their proteolytic activity (5).

We examined these alternative hypotheses by using a highly
virulent C. albicans SAP8 deletion mutant that overexpresses
SAP6 to understand the role of Saps in OPC. We determined for
the first time that Sap6 functions as a hyphal-morphotype-specific
cell-cell adhesion molecule independently of its proteinase activ-
ity and that this adhesion is mediated through its RGD motif.
These results suggest a new role for hypha-specific fungal aggre-
gation as a virulence factor mediated by Sap6.

MATERIALS AND METHODS
Strains. C. albicans CAI4 (with URA3 replaced at the RPS1 locus using a
Clp10 plasmid) was used as the wild-type (WT) control and in animal
experiments. C. albicans �sap6 was constructed using the URA blaster
method (23). Both alleles were disrupted by two cycles of URA blasting
using a hisG-URA3-hisG cassette. Each integration and disruption step
was verified using PCR. For overexpression of SAP5 and SAP6, full-length
gene fragments were cloned into a CIp10 plasmid to obtain pCIp10-SAP5
and pCIp10-SAP6. These plasmids were linearized using the NcoI restric-
tion enzyme and transformed into the CAI4 (URA�) strain. The correct
integration and orientation of transformed SAP5 and SAP6 genes within
the RPS1 locus were confirmed by PCR. Strain auxotrophy after URA
removal using fluoroorotic acid (FOA) was verified. C. albicans �sap8
(URA�) and �sap4/5/6 (URA�) were kindly provided by B. Hube (Jena,
Germany). All the strains used in this study had similar growth rates in
vitro. C. albicans ALS mutant strains (URA�) were provided by S. Filler
(University of California—Los Angeles), and C. albicans �rbt1 (URA�)
was provided by A. Johnson (University of California—San Francisco).
The strains used are listed in Table 1.

Murine model of oral candidiasis. To determine the virulence of C.
albicans strains in oral candidiasis, immunosuppressed mice (C57BL/6J;
6- to 8-week-old females; Jackson Laboratory) were infected sublingually
as described previously (25). The animal protocols were approved by the
University at Buffalo Institutional Animal Care and Use Committee
(ORB06042Y). Ten mice were used in each experimental group, and ex-
periments were repeated at least twice. The mice were immunosuppressed
using 225 mg/kg of body weight cortisone 21-acetate (Sigma-Aldrich;
C3130-5G) subcutaneously on days �1, �1, and �3 of infection. Anes-
thetized mice were infected sublingually with cotton balls carrying 1 � 107

fungal cells for 2 h. The mice were monitored daily for weight loss. On the
fifth day postinfection, the mice were weighed and sacrificed by cervical
dislocation under anesthesia, and the tongues were collected immediately.
To quantify levels of Candida infection, one-half of the tongue tissue was
weighed, homogenized, and plated on yeast extract-peptone-dextrose
(YPD) plates to obtain the number of CFU per gram of tongue tissue. The
other half of the tongue was fixed immediately in 10% formalin and em-
bedded in paraffin, and thin sections were stained with periodic acid-
Schiff (PAS) stain for histological analysis. Some tongue tissues were

stained by terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) at the histology facility at Roswell Park Cancer
Institute to detect apoptotic cells. To quantify the fungal load in kidneys,
kidneys were removed aseptically, weighed, homogenized, and plated on
YPD agar to enumerate the CFU per gram of kidney tissue. For isolation of
RNA from fungal tongue plaques, Candida plaques were lifted whole from
the underlying tongue tissue and stored immediately in RNAlater (Life
Technologies) for further use. For microscopic analysis, fungal plaques
removed from the tongue surface were fixed immediately in 10% buffered
formalin and stored at 4°C. Statistical differences between groups (n � 10)
were determined by Student’s t test.

Total RNA isolation and real-time PCR. To reduce the amount of
murine cell RNA in the tongue plaque samples, tongue plaques were re-
suspended in 1 ml of TRIzol reagent (Life Technologies) for 5 min to
dissolve the mammalian cells and centrifuged at 2,000 � g for 5 min. The
cell pellet was resuspended in 1 ml of TRIzol reagent and vortexed (4
cycles; 6 m/s) with 0.45-�m glass beads using a FastPrep-24 instrument
(MP Biomedicals). Lysed cells (1 ml) were collected, and chloroform (200
�l) was added and then mixed vigorously for 15 s and maintained for 2 to
3 min at room temperature. The cell lysate was centrifuged at 11,500 � g
for 10 min at 4°C to separate the RNA-containing upper aqueous layer,
which was collected and mixed with 0.5 volume of 100% ethanol to pre-
cipitate total RNA from the Candida cells. The total precipitated RNA was
further purified using an RNeasy kit from Qiagen according to the man-
ufacturer’s instructions. Following isolation, RNA purity and concentra-
tions were determined using an Agilent Bioanalyzer 2100 (Agilent Tech-
nologies). cDNA was synthesized for each sample using an iScript cDNA
synthesis kit (Bio-Rad) following the manufacturer’s instructions, with
equal amounts of RNA (2 �g in a 20-�l reaction mixture).

To quantify SAP gene expression, synthesized cDNA (1 �l) was used to
amplify transcripts of selected genes using an iCycler iQ real-time PCR
detection system (Bio-Rad) as described previously (26). The standard
curve generated from cDNA dilutions from each sample was used to
quantitate mRNAs for the genes of interest using ACT1 as a normalized
control for each condition. The results were expressed as an average of
triplicate samples, and differences between experimental groups were
evaluated for significance using an unpaired Student t test and analyzed
with Prism 5.0 software.

Protein isolation and Western blotting. Candida plaques collected
from mouse tongues were suspended in 1% Triton X-100 for 10 min at
room temperature to remove murine cell contamination. The Candida
cells were pelleted by centrifugation at 3,000 � g for 5 min and stored at
�80°C. For protein extraction, the cell pellets were placed on ice and

TABLE 1 C. albicans strains used in this study

Strain Description
URA
statusa Reference

CAI4 �ura3::imm434 �ura3::imm434
RPS1 �rps1::CIp10-URA3

� This study

�sap8 �sap8::hisG �sap8::hisG-URA3-hisG � 32
�sap8/SAP8 �sap8::hisG �sap8::hisG RPS1

�rps1::CIp10-SAP8-URA3
� 32

�sap4/5/6 �sap6::hisG �sap6::hisG�sap4::hisG
�sap4::hisG �sap5::hisG �sap5::
hisG RPS1 �rps1::CIp10-URA3

� 23

�sap6 �sap6::hisG �sap6::hisG-URA3-hisG � This study
SAP5 OE �ura3::imm434 �ura3::imm434

RPS1 �rps1::CIp10-SAP5-URA3
� This study

SAP6 OE �ura3::imm434 �ura3::imm434
RPS1 �rps1::CIp10-SAP6-URA3

� This study

�als1/�als3 als1::hisG als1::hisG als3::dpl::200
als3::dpl200

� 48

�rbt1 �rbt1::hisG �rbt1::hisG-URA3-hisG � 49
a �, positive.
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resuspended in 300 �l 10% trichloroacetic acid (TCA) buffer (10 mM
Tris-HCl, pH 8.0, 10% trichloroacetic acid, 25 mM NH4OAc, 1 mM so-
dium EDTA). Total cellular lysates were isolated by disrupting cells using
acid-washed glass beads (as described above). Samples were placed on ice
for 5 min between cycles. The beads were removed, and the samples were
centrifuged at 4°C for 10 min at 15,000 � g. The supernatant was removed
and resuspended in 150 �l of buffer (0.1 M Tris-HCl, pH 11.0, 3% SDS).
Samples were boiled for 5 min and then centrifuged at 15,000 � g for 30 s.
The normalized protein content (20 �g) was separated by SDS-PAGE on
12% gels and transferred to nitrocellulose membranes. After transfer, the
membranes were incubated with primary antibodies at 4°C for 16 h in 5%
bovine serum albumin (BSA) buffer (0.5 g BSA, 10 ml Tris-buffered saline
with Tween 20 [TBST]), followed by washing with TBST. For Cek1 phos-
phorylation, anti-phospho-p42/44 MAP kinase (MAPK) (ERK1/2
Thr202/Tyr204) rabbit monoclonal antibody (P-Cek1) (Signaling Tech-
nology) was used as the primary antibody. Cek1 protein was used as a
loading control and detected by a polyclonal Cek1 antibody (raised
against two fragments of Cek1 protein, from amino acids 86 to 101 and
111 to 125, by Genemed Synthesis, Inc.). This Cek1 antibody recognizes
Cek1p, as well as its close homologue Cek2p. Goat anti-rabbit IgG-horse-
radish peroxidase (HRP) (Jackson ImmunoResearch Laboratories, Inc.)
was used as the secondary antibody. The membranes were then incubated
with secondary antibodies at 25°C for 1 h in blocking buffer, washed, and
used for detection using a SuperSignal West Pico detection kit (Thermo
Scientific).

Epithelial cell damage assay. SCC-15 epithelial cells (ATCC CRL-
1623) were routinely cultured in Dulbecco’s modified Eagle’s medium
(DMEM)-F12 (Lonza AG) with 10% fetal bovine serum (FBS) (Gibco) at
37°C in 5% CO2 in a CO2 incubator. Epithelial cell damage caused by C.
albicans WT and SAP deletion strains was determined by release of lactate
dehydrogenase (LDH) from epithelial cells following 24 h of incubation
with C. albicans strains using the Cytotoxicity Detection kit (Cayman
Chemical). For these assays, 200 �l (1 � 105 cells/ml) of SCC-15 epithelial
cells was seeded per well in 96-well tissue culture plates (Corning Inc.,
USA) and allowed to grow for 24 h to 95% confluence. Confluent epithe-
lial cells were washed twice with Dulbecco’s phosphate-buffered saline
(PBS) (Gibco), and 100 �l DMEM-F12 with 2% FBS per well was added
before infection with C. albicans strains. Cultures of C. albicans WT and
SAP deletion strains grown overnight at 30°C in YPD (BD Biosciences)
were washed in PBS and diluted to 5 � 105 cells/ml in DMEM-F12 with-
out FBS, and cells (100 �l) were added to each well at a multiplicity of
infection (MOI) of 1. The Candida and epithelial cells were coincubated
for 24 h at 37°C in 5% CO2, and then the plate was centrifuged at 500 � g
for 5 min, and 100 �l of the culture supernatant from each well was
collected and measured at A492 using a Bio-Tek plate reader. Uninfected
SCC-15 cells in DMEM-F12 and C. albicans alone were used as controls.
Uninfected SCC-15 cells in DMEM-F12 supplemented with 1% Triton
X-100 for 1 h were used as a positive control. Each experiment was per-
formed at least twice in triplicate, and differences between experimental
groups were evaluated for significance using an unpaired Student t test.

Proteinase activity assay. Culture supernatants from C. albicans
planktonic growth cells (yeast nitrogen base [YNB] medium supple-
mented with 2% glucose at 37°C for 12 h at 220 rpm) were obtained after
centrifugation at 4,000 � g for 10 min and filter sterilized by passing them
through a 0.22-�m syringe filter. The supernatants from C. albicans 12-h
biofilms were collected as described previously (27). Culture supernatants
of C. albicans WT and SAP deletion and overexpression strains were tested
for their proteolytic activities using a fluorescent-proteinase assay kit
(Thermo Scientific) with slight modifications. C. albicans culture super-
natants (100 �l) were incubated with 100 �l of fluorescein-labeled casein
(FTC) solution (100 �g/ml, prepared in 0.1 M sodium citrate buffer, pH
5.0) at 37°C for 1 h. Digestion of FTC into smaller fragments resulted in
loss of fluorescence that was measured at 485/538 nm using a microplate
reader. Proteolytic activity in culture supernatants was determined using
a standard curve plotted against the concentration of the reference pro-

teinase trypsin and relative fluorescence units (RFU) of the FTC substrate.
Each experiment was performed at least twice, and differences between
groups were evaluated for significance using an unpaired Student t test.

Recombinant Sap purification and labeling. Pichia pastoris clones
expressing C. albicans Sap5, Sap6, and Sap5 and Sap6 in which both RGD
sequences were deleted (Sap5�RGD and Sap6�RGD) were kindly provided
by Michel Monod (Centre Hospitalier Universitaire Vaudois, Lausanne,
Switzerland) and Jordan Tang (Oklahoma Medical Research Foundation,
Oklahoma City, OK). Recombinant proteins (rSaps) were expressed and
purified from P. pastoris as described previously (28, 29). Briefly, culture
supernatants from P. pastoris were concentrated 100-fold using a Vivas-
pin20 (Sartorious) and dialyzed overnight at 4°C against 10 mM sodium
citrate buffer (pH 5.0). The dialyzed culture supernatants were loaded on
a DEAE Sephadex A-25 column (GE Healthcare), washed with 10 mM
sodium citrate buffer, and eluted with 100 mM sodium citrate buffer (pH
5.0). The eluted proteins were then loaded onto a hydroxyapatite (Sigma-
Aldrich) column washed with 50 mM sodium phosphate buffer (pH 7.0)
and eluted with 150 mM sodium phosphate buffer (pH 7.0). The recom-
binant proteins (rSap5, rSap6, rSap5�RGD, and rSap6�RGD) were further
concentrated using Amicon centrifugal filter units (MiIlipore) and quan-
tified using a bicinchoninic acid (BCA) protein assay (Thermo Scientific),
and their purity was verified by SDS-PAGE. The proteinase activity of
each purified recombinant Sap was determined using a fluorescent-pro-
teinase assay as described above. The recombinant Sap proteins were heat
inactivated by autoclaving at 120°C for 20 min, and the loss of proteinase
activity was confirmed using a fluorescent-proteinase assay. rSap6 was
labeled with fluorescein isothiocyanate (FITC) (Sigma-Aldrich), using 50
�l of FITC (1 mg/ml in dimethyl sulfoxide [DMSO]) added to 1 ml of
rSap6 (2 mg/ml) buffered in 0.1 M sodium carbonate buffer (pH 9) and
incubated overnight at 4°C in the dark. FITC-labeled rSap6 (F-rSap6) was
purified using a Sephadex G25 column and stored at 4°C until further use.

Adherence assay. For adherence, SCC-15 oral epithelial cells were
grown to confluence in 24-well tissue culture plates at a cell density of 1 �
105 cells/ml/well. Confluent cells were serum starved overnight prior to
experiments. Epithelial monolayers were infected with C. albicans WT
and SAP strains prepared as for the cell damage assay described above. In
experiments with rSaps, C. albicans cells were preincubated with 10 �M
rSap6 or rSap5 for 30 min at 37°C and washed twice with PBS. C. albicans
cells were allowed to adhere to epithelial cells for 90 min at 37°C in 5%
CO2. Following incubation, nonadherent cells were removed by washing
the wells twice with PBS. Adherent Candida cells were collected by lysis of
epithelial cells using 1 ml of 0.1% Triton X-100 per well and plated on
YPD agar plates in triplicate for quantification of average numbers of
CFU. The initial inoculum was also plated in triplicate on YPD agar to
obtain the total number of CFU. Percent adhesion was calculated as fol-
lows: (average number of adherent CFU/average total number of CFU) �
100. The experiments were performed on two separate occasions. Statis-
tical differences were assessed using Student’s t test.

Cell culture and microscopy. C. albicans cells were cultured overnight
in YPD broth, diluted to an optical density at 600 nm (OD600) of 0.3 in
prewarmed YNB medium supplemented with 1.25% GlcNAc, and incu-
bated for 3 h at 37°C to induce germination (30). Cells were collected by
centrifugation (100 � g), and germination was observed using a Zeiss
AxioImager fluorescence microscope. In some experiments, YNB supple-
mented with 10% fetal bovine serum (Gibco) was used for induction of
germination.

Fungal tongue plaques were resuspended in 1 ml 1% Triton X-100
(Sigma-Aldrich) for 10 min in order to dissolve murine epithelial cells and
then recovered by centrifugation at 3,000 � g for 5 min. Candida cells
were stained with calcofluor white M2R (Sigma Aldrich) and visualized
under a microscope at �20 magnification.

For Sap6 binding experiments, C. albicans cells (yeast and hyphal
forms) were fixed with 4% paraformaldehyde, incubated with F-rSap6 (10
�M) for 1 h at 37°C, centrifuged at 3,000 � g for 5 min, and washed twice
to separate cells from unbound F-rSap6. Control cells were incubated
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with FITC alone. The cells were visualized with a Zeiss AxioImager fluo-
rescence microscope at �63 magnification using the FITC channel.

Microcolony formation was examined as described previously (31).
Briefly, for induction of microcolonies, single colonies of C. albicans CAI4
and SAP deletion strains were inoculated and grown overnight in YPD
broth at 30°C at 220 rpm, washed twice with PBS, and diluted to 1 � 103

cells/ml in PBS. A total of 100 �l of cells for each strain was inoculated into
500 �l RPMI medium (Gibco) per well of a 24-well cell culture plate
(Corning Inc., USA) and incubated at 37°C for 24 h in the presence of 5%
CO2. Microcolonies were observed under a Zeiss AxioImager fluores-
cence inverted microscope at �20 magnification.

Cell aggregation assays. To study the effects of Saps on cell-cell aggre-
gation, C. albicans cells were grown overnight in YPD broth, diluted to an
OD600 of 0.3, and grown under hypha-inducing conditions (prewarmed
YNB medium containing 1.25% GlcNAc or 10% FBS at 37°C) or nonger-
minating conditions (YNB medium containing 2% glucose at 30°C) for 1
h or 3 h. The C. albicans cultures were divided, and one group was incu-
bated with purified rSaps (rSap5, rSap6, rSap5�RGD, and rSap6�RGD) at
concentrations of 2.5 and 10 �M for 15 min, while the other served as a
control. After incubation, the cells were fixed using 4% paraformalde-
hyde, and images were captured with a Zeiss AxioImager fluorescence
microscope. Each experiment was performed in duplicate and repeated
on three different days. Cell-cell aggregation was quantified by measuring
the average aggregate diameter of 50 aggregates per strain using Axiovi-
sion4 software.

For inhibition experiments, 10 �M RGD peptide (Sigma-Aldrich) or

an anti-integrin antibody (anti-integrin �M CBR1/5; Santa Cruz Biotech-
nology) at 1:100 dilution was added to C. albicans cells previously grown
for 1 h under hypha-inducing conditions (as described above) and incu-
bated with RGD peptide or anti-integrin �M antibody (IgG1) for another
30 min. C. albicans cells were collected by centrifugation at 4,000 � g for 5
min and washed twice with PBS. Cells pretreated with RGD peptide or
anti-integrin �M antibody were then incubated with 10 �M rSap6 for 15
min, and cell aggregation was measured microscopically, or they were
incubated with F-rSap6 (10 �M) and examined microscopically for cell
binding. A control isotype antibody (IgG1) was also used at 1:100 dilution
for inhibition experiments.

RESULTS
C. albicans Sap8 mutants are hypervirulent in OPC. Our previ-
ous work suggested a possible role for Saps, and in particular Sap8,
in the processing of signaling mucin Msb2 in C. albicans in vitro
(32). To directly assess the role of SAP8 in vivo, we examined the
virulence of a �sap8 strain in murine oral candidiasis. Mice in-
fected sublingually with the �sap8 strain developed thick fungal
patches that covered large areas of the dorsal surface of the tongue
by day 5 compared to the smaller and thinner fungal plaques pro-
duced by WT CAI4 cells (Fig. 1A, top row) and the complemented
�sap8/SAP8 cells (data not shown). Mice infected with the �sap8
strain lost significantly more body weight by day 5 and appeared
sicker throughout the duration of infection than those infected

FIG 1 C. albicans SAP6 expression elevates the severity of infection in oral candidiasis. (A) Mice infected with the C. albicans �sap8 strain had more extensive
and thicker fungal tongue lesions than mice infected with the CAI4 strain. PAS and TUNEL staining of the tongue epithelium showed denser fungal plaques and
more extensive apoptosis in tongues infected with C. albicans �sap8. (B) Infection with C. albicans �sap8 resulted in 3- to 4-log-fold higher numbers of CFU/g
of tongue tissue (***, P 	 0.001; ns, not significant), which was restored to WT levels in a �sap8/SAP8 complemented strain. (C and D) Infection with the C.
albicans SAP6 OE strain resulted in dense fungal tongue plaques and 4-fold higher numbers of CFU/g of tongue tissue, similar to infection with the �sap8 strain,
while infection with the �sap6 and �sap4/5/6 strains showed thinner fungal plagues and 2-fold lower numbers of CFU/g of tongue tissue than infection with the
CAI4 strain. In contrast, infection with the SAP5 OE strain was similar in all respects to infection with the CAI4 strain. Horizontal lines in panels B and D represent
statistical comparison between strains.
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with the wild-type CAI4 strain, while mice infected with the
�sap8/SAP8 complemented strain had weight loss similar to that
of mice infected with the WT (see Fig. S1A in the supplemental
material). Histological analysis of tongues in �sap8 strain-in-
fected mice confirmed our visual observations, in that these
plaques consisted of a thicker fungal mass with greater invasion of
the superficial epithelial layer accompanied by loss of its overall
architecture compared with WT-infected mice (Fig. 1A, middle
row). TUNEL staining showed higher numbers (a 38% increase)
of apoptotic cells in tongue epithelial layers of �sap8 strain-in-
fected mice than in WT-infected mice, confirming more extensive
cell damage within the epithelial layers (Fig. 1A, bottom row).
These apoptotic epithelial cells were often free of the underlying
epithelium and embedded in candidal plaques. C. albicans WT
infection resulted in 107 CFU/g tongue, similar to previous studies
(25), while infection with C. albicans �sap8 caused 3-log-fold
higher numbers, which were restored to WT levels in a comple-
mented �sap8/SAP8 strain (Fig. 1B). Immunosuppression is re-
quired for sustained infection by C. albicans cells in this murine
model; however, the �sap8 strain was able to infect 104 CFU/g
tongue tissue in nonimmunosuppressed mice (data not shown),
further illustrating the increased virulence of the strain. We fur-
ther investigated whether dissemination occurred by day 5 of oral
infection with the �sap8 strain. We found that kidney tissues had
103 CFU/g of C. albicans �sap8 cells while kidneys from mice
orally infected with the �sap8/SAP8 strain had no detectable fun-
gal cells (see Fig. S1B in the supplemental material). Thus, the
weight loss of mice infected with the �sap8 strain is likely due to
disseminated disease, as well as oral infection.

Since SAP8 is one of 10 members of the SAP gene family with
overlapping functions, we anticipated that the higher virulence of
the �sap8 strain might be the result of altered expression levels of
other SAP genes. Therefore, SAP1 to SAP10 expression levels were
measured by quantitative PCR (qPCR) from candidal tongue
plaques harvested from �sap8 strain-infected animals at day 5 and
compared with SAP gene expression from CAI4 tongue plaques
also collected at day 5 (Table 2). Only SAP5 and SAP6 genes were
more highly expressed (2-fold and 4-fold, respectively) in the
�sap8 strain than in WT cells from tongue plaques (Table 2). To
determine if this SAP gene expression profile was unique to cells
collected from infected tongues, we examined the �sap8 strain
with WT cells grown on agar surfaces with 10% serum. Similar to
the in vivo data, SAP5 and SAP6 genes were increased by 2-fold
and 3-fold in �sap8 cells compared to WT cells grown on agar,
recapitulating the selective increase in expression of these genes
found in vivo. However, �sap8 cells grown on agar had a signifi-

cant reduction in expression levels of SAP1 to SAP3, SAP7, and
SAP9 compared to WT cells grown on agar. Differences in ACT1
expression between in vitro agar surfaces and in vivo tongue sam-
ples did not permit direct comparison of SAP genes between con-
ditions (agar versus tongues). Thus, we hypothesized that the se-
lective increase in either SAP6 or SAP5 expression could be
responsible for the increased virulence observed in the �sap8
strain.

To test this, we compared C. albicans strains overexpressing
Sap5 (SAP5 OE) and Sap6 (SAP6 OE) with �sap6, �sap4/5/6, and
�sap8 mutants for virulence during OPC (Fig. 1C and D). Mice
infected sublingually with the SAP6 OE strain had 3-log-fold
higher numbers at day 5 (1010 CFU/g tongue), which was the same
as mice infected with the �sap8 strain. In contrast, infection levels
using the SAP5 OE strain were equal to WT levels, whereas mice
infected with the �sap6 or �sap4/5/6 strain had significantly (P 	
0.01) reduced levels of infection (
104 CFU/g) (Fig. 1D). Thus,
higher expression levels of Sap6 in the SAP6 OE strain were posi-
tively correlated with higher infection levels in OPC, as well as
increased weight loss (see Fig. S1A in the supplemental material)
and kidney dissemination (data not shown). The histology of the
tongue tissues from mice infected with the SAP6 OE strain was
similar to that produced by infection with the �sap8 strain in that
SAP6 OE candidal plaques were very thick and matted and under-
lying tissues had substantial disruption of the normal epithelial
architecture (Fig. 1C). In contrast, fungal plaques overlying tissues
infected with the �sap6 or �sap4/5/6 strain were only half as thick
as WT plaques and caused less destruction of the underlying
tongue epithelium, and animals had less weight loss from oral
infection (see Fig. S1A in the supplemental material).

Fungal plaques of the �sap8 and SAP6 OE strains have dense
colony architectures. Since the fungal tongue plaques produced
by infection were very thick and cohesive, we removed them from
underlying diseased tissues in large sections in order to examine
their architecture microscopically by staining with calcofluor
white (Fig. 2, top). Both �sap8 and SAP6 OE plaques showed
striking similarities in that they contained densely aggregated col-
onies with interwoven mats of elongated hyphae whereas WT
CAI4, �sap6, and �sap8/SAP8 (data not shown) plaques were
thinner and contained shorter hyphae with fewer interlocking hy-
phal regions (Fig. 2). We also compared the colony morphologies
of strains grown on plastic surfaces using RPMI media under 5%
CO2 and found that the �sap6 mutant had substantially reduced
microcolony formation compared to the WT, whereas the �sap8
and SAP6 OE strains formed larger and denser microcolonies with
more extensive hyphal projections (Fig. 2). These results sug-

TABLE 2 Expression profile of secreted aspartyl proteinase genes from tongue plaques or agar surfaces

Origin Strain

Expression levela

SAP1 SAP2 SAP3 SAP4 SAP5 SAP6 SAP7 SAP8 SAP9 SAP10

Tongue plaque WT 0.05 � 0.01 1.25 � 0.05 0.12 � 0.02 2.07 � 0.51 5.32 � 2.03 9.14 � 2.83 0.33 � 0.02 0.43 � 0.02 0.16 � 0.08 0.19 � 0.07
�sap8 0.11 � 0.03 1.43 � 0.70 0.12 � 0.01b 3.74 � 1.08 12.29 � 1.95c 38.21 � 5.08d 0.18 � 0.07 ND 0.05 � 0.02 0.18 � 0.04

Agar surface WT 3.64 � 1.08 4.44 � 1.05 2.63 � 0.96 2.24 � 0.63 12.72 � 2.36 21.34 � 4.49 4.31 � 1.34 0.14 � 0.09 4.30 � 0.94 1.64 � 0.03
�sap8 1.16 � 0.16b 2.38 � 0.32 0.21 � 0.04b 2.04 � 0.21 22.90 � 5.59c 63.79 � 6.44d 0.43 � 0.10c ND 1.24 � 0.58c 2.38 � 0.35

a Gene expression levels were calculated as a ratio to targeted gene/ACT1 expression calculated from a cDNA standard curve. Differences in expression values between the WT and
�sap8 strains for each gene and each growth condition were measured using Student’s t test. ND, not determined.
b P 	 0.05.
c P 	 0.01.
d P 	 0.001.
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gested that SAP6 has a role in the formation of a more cohesive
colony architecture and perhaps hyphal extension both in vitro
and in vivo.

Since Saps are involved in the Cek1 MAPK filamentation path-
way (32) and �sap8 tongue plaques were highly filamentous, we
compared levels of Cek1 phosphorylation from �sap8, �sap6, and
WT cells harvested from tongue plaques. After normalization by
protein content, �sap8 cells from tongue plaques had higher levels
of Cek1 and Mkc1 phosphorylation than the �sap6 and WT cells
(Fig. 2, bottom), showing that increased Cek1 and Mkc1 signaling
accompanied higher filamentation of �sap8 cells in vivo.

Secretion of Sap6 is not correlated with cell damage in oral
epithelial cells. We next examined whether differences in viru-
lence among the strains were correlated with the amount of Sap
proteinase secreted. The total Sap proteinase secreted into the me-
dia was measured both in planktonic growth (Fig. 3A) and in 12-h
biofilms (Fig. 3B). Both �sap6 and �sap4/5/6 strains had more
than a 50% reduction in total proteinase secretion compared with
WT cells under both planktonic and biofilm growth conditions,
while the �sap8, SAP5 OE, and SAP6 OE strains had an average
50% increase in proteinase secretion under both growth condi-
tions. To assess whether proteinase secretion levels affected fun-
gus-induced epithelial cytotoxicity, an oral epithelial cell line
(SCC-15 monolayers) was infected with the respective strains at
an MOI of 1:10, and subsequent cell damage was measured by
LDH release (Fig. 3C). Infection with the SAP6 OE and �sap8
strains showed significantly (P 	 0.001) greater cell damage (in-
creased by 30%) that positively correlated with increased levels of
secreted Sap6 in these strains. However, this relationship did not
extend to the �sap6 strain, as only a 20% decrease in cell killing
was observed despite more than 50% reduction in proteinase se-
cretion. Furthermore, the SAP5 OE strain showed no significant
difference from the WT in LDH release, although it showed 2-fold
more total proteinase secretion. Also, there was no significant dif-
ference in epithelial cell damage after infection with the �sap4/5/6
strain, despite 2-fold less proteinase secretion. Overall, we did not
find a correlation between Sap6 proteinase levels and epithelial
cell death as measured by LDH release, and thus, cell death as a
result of high levels of secreted Sap6 in the SAP6 OE and �sap8
strains is likely not the only reason for their high virulence.

FIG 2 Architectures of in vivo fungal plaques and microcolony formation of
the �sap8 and SAP6OE strains show similar higher density and elongated
filaments. (Top) Fungal plaques were removed from tongues, stained with
calcofluor white, and observed under a DAPI (4=,6-diamidino-2-phenylin-
dole) filter at �20 magnification. Plaques from tongues infected with the
�sap8 and SAP6 OE strains contained fungal cells with longer and more com-
pact hyphae than plaques from tongues infected with the �sap6 and WT CAI4
strains. (Middle) Microcolonies of the �sap8 and SAP6 OE strains grown
under 5% CO2 were denser and more highly filamentous than those of the
CAI4 strain, while the �sap6 strain had the thinnest microcolony formation,
although filament length was similar to that of the WT. (Bottom) Higher levels
of Cek1 phosphorylation were found in fungal cells from tongue plaques in-
fected with the �sap8 and SAP6 OE strains than in tongue plaques infected
with the CAI4 and �sap6 strains.

FIG 3 Protease secretion and epithelial cell damage were both increased only in the �sap8 and SAP6 OE strains. (A and B) Total proteinase activity after 12 h in
either planktonic (A) or biofilm (B) growth was quantified using FTC solution as the substrate. Under both culture conditions, the total proteinase activity was
2-fold higher in the �sap8, SAP5 OE, and SAP6 OE strains (**, P 	 0.01; ***, P 	 0.001) than in the CAI4 strain. (C) An epithelial cell line, SCC-15, was infected
with the CAI4, �sap4/5/6, �sap6, �sap8, SAP5 OE, and SAP6 OE strains for 12 h, and the cell damage was measured by LDH release. There was no significant
change in LDH release in SCC-15 cells infected with the �sap4/5/6 and SAP5 OE strains compared to cells infected with the CAI4 strain. Both the �sap8 and SAP6
OE strains induced significant cell damage (*, P 	 0.05; **, P 	 0.01). The results represent the averages from triplicate samples from two independent
experiments. The error bars indicate standard deviations.
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Sap6 causes concentration-dependent aggregation in germi-
nated cells independent of its proteolytic activity. Since �sap8
and SAP6 OE plaques had extensive hyphal formation, we next
compared the relative ability of each strain to form hyphae after
incubation with YNB medium containing 1.25% GlcNAc at 37°C
for 3 h (Fig. 4). While the percentages of germinated cells and
hyphal lengths were similar among all the strains upon exposure
to GlcNAc, we unexpectedly observed very substantial aggrega-
tion of germinated C. albicans �sap8 cells that did not occur in
germinated WT cells exposed to the same conditions. This aggre-
gation was similar upon hyphal induction with FBS but did not
occur in yeast phase �sap8 cells. Germinated SAP6 OE cells
formed even larger cellular aggregates, while germination of SAP5
OE cells produced only small cell aggregates (Fig. 4). Neither over-
expression strain formed cell aggregates as blastospores. Both
�sap6 and �sap4/5/6 strains formed typical hyphae; however, nei-
ther strain formed aggregates upon germination (data not
shown). To determine whether Sap proteinase activity was re-
quired for this aggregation phenotype, cells were treated with pep-
statin A (10 �M) under germination conditions; however, cells
did not undergo yeast-to-hyphal transition in the presence of pep-
statin A, likely a result of impaired MAPK signaling (32), so we
could not test for aggregation.

Since aggregation was found only in germinated cells with high
expression levels of Sap6 and to a lesser extent in cells overexpress-
ing Sap5, we hypothesized that secreted Sap5 or Sap6 might be
responsible for the observed aggregation phenotype. WT cells
were germinated in YNB medium containing 1.25% GlcNAc for 3
h, and then, rSap5 and rSap6 (2.5 �M and 10 �M) were added to
the cells and incubated for 15 min (Fig. 5). Germinated WT cells
formed aggregates after the addition of 2.5 �M rSap6, and even

larger aggregates were formed after the addition of 10 �M rSap6
(Fig. 5, top). Addition of rSap5 resulted in cell aggregates that were
only one-third the size of rSap6 aggregates, and many germinated
cells remained unaggregated in the presence of rSap5. Since Saps
have enzymatic activity as proteinases, we asked whether cell ag-
gregation might be a result of increased exposure of underlying
cell wall ligands as a result of proteolytic digestion by rSap6 or
rSap5. To test this, rSap5 and rSap6 proteinase activities were
abolished by heat treatment (120°C for 15 min), and the resulting
enzyme inactivation was confirmed by proteinase assay. Addition
of heat-inactivated rSap6 or rSap5 to germinated WT cells did not
change the levels of aggregation as measured by aggregate diame-
ter compared to native Saps (Fig. 5), showing that Sap5 or Sap6
enzyme activity is not required for aggregation. To confirm this, a
proteinase inhibitor (pepstatin A; 10 �M) was incubated with
rSaps, and then, the mixture was added to already germinated
cells. Addition of the pepstatin A proteinase inhibitor did not
change the levels of cell aggregation by either rSap6 or rSap5 (data
not shown), confirming that the cellular aggregation induced by
Saps is independent of its proteolytic function.

We next examined whether cell-cell adhesion could be induced
by addition of Sap6 or Sap5 to cells that do not express Sap4, -5, or
-6. C. albicans �sap6 and �sap4/5/6 strains were allowed to ger-
minate for 3 h and then incubated with rSap6 or rSap5 (Fig. 5,
bottom). Both �sap6 and �sap4/5/6 cells had levels of aggregation
similar to those of WT cells following addition of Sap5 or Sap6,
showing that extracellular Sap6 or Sap5 alone is sufficient to in-
duce aggregation in filamented cells and that this aggregation does
not require the cell wall modification induced by expression and
release of Sap4, -5, or -6 at the cell surface. However, in all cases,

FIG 4 Germination of �sap8 and SAP6 OE cells resulted in formation of large cell-cell aggregates. Cells were grown at 37°C for 3 h to form hyphae and observed
under �20 magnification. (Top row) No aggregation was found in yeast form cells of the CAI4, �sap8, SAP5 OE, and SAP6 OE strains. (Middle and bottom rows)
Hypha formation was accompanied by the formation of large aggregates in the �sap8 and SAP6 OE strains, but not in the wild-type CAI4 strain, while the SAP5
OE strain formed smaller aggregates. The boxed areas in the middle row are shown at higher magnification in the bottom row.
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Sap6 had a much greater ability to induce cell-cell adhesion than
its closest homologue, Sap5.

Sap6 binds only to germinated C. albicans cells. As Sap6 is a
secreted protein that is highly expressed during filamentation (11,
12), we examined whether binding of Sap6 was specific to hyphae.
F-rSap6 was incubated for 1 h with WT CAI4 cells that either were
yeast form or were germinated by incubation with YNB medium
supplemented with 1.25% GlcNAc at 37°C. As expected from the
lack of cell-cell adhesion of yeast cells incubated with rSap6, there
was no detectable F-rSap6 associated with the surfaces of yeast
cells, and no subsequent binding of F-rSap6 to yeast cells was
observed even after 12 h of incubation (Fig. 6). In contrast, ger-
minated cells had abundant surface-associated F-rSap6 along hy-
phae (that was more intense at the hyphal tips), although binding
was also observed with the mother cell. Thus, Sap6 binding is not
specific to hyphae, although only germinated cells bind Sap6.
These data suggested that cell wall changes accompanying germi-
nation, rather than hypha-specific proteins, are permissive for
Sap6 binding. To explore this, we examined the roles of three
major hypha-specific adhesins, Als1, Als3, and Rbt1, in Sap6-me-
diated cell-cell adhesion. C. albicans �als1/�als3 and �rbt1 cells

were incubated under hypha-inducing conditions for 3 h to in-
duce robust hyphae, and then, rSap6 was added to the cells (see
Fig. S2 in the supplemental material). Both �als1/�als3 and �rbt1
mutants displayed cell aggregation similar to that of WT cells
upon addition of Sap6, showing that Als1, Als3, and Rbt1 adhesins
are not required for Sap6-mediated cell-cell aggregation.

Sap6 increased adherence of C. albicans to oral epithelial
cells. To determine whether Saps might also promote C. albicans
adhesion to oral mucosa, we examined the adherence of C. albi-
cans �sap8, �sap6, and SAP6 OE strains to SCC-15 oral epithelial
cells. Adhesion of the SAP6 OE and �sap8 strains to oral epithelial
cells was significantly (P 	 0.05) higher than that of WT cells,
while that of the �sap6 strain was significantly (P 	 0.05) reduced
(Fig. 7A). There was no difference between the adhesion of C.
albicans �sap4/5/6 and SAP5 OE strains and that of WT cells. To
further examine whether this increase in adhesion to oral epithe-
lial cells might be due to Sap6 itself, rSap6 or rSap5 was first added
to C. albicans. Preincubation with rSap6 increased adhesion of
WT cells by 20% (P 	 0.01) and also restored adhesion of both the
�sap4/5/6 and �sap6 strains to WT levels with rSap6 (Fig. 7B).
Interestingly, addition of rSap6 to �sap8 cells did not further in-

FIG 5 Addition of Sap6 to CAI4 cells causes hypha-specific cell-cell adhesion independent of its protease activity. (Top) CAI4 cells were germinated at 37°C for
3 h and then incubated with either native or heat-inactivated (120°C for 20 min) rSap6 or rSap5 (2.5 or 10 �M) for 15 min and observed microscopically. At least
50 different fields were measured for aggregate diameter using AxioImager software and averaged. Addition of native rSap6 (2.5 �M) to germinated CAI4 cells
resulted in the formation of large and compact aggregates whose size and density were tripled when incubated with 10 �M rSap6. Addition of rSap5 resulted in
the formation of smaller (one-quarter the size) aggregates than rSap6. (Bottom left) There was no significant difference in the aggregation of germinated CAI4
cells incubated with heat-inactivated rSap6 or rSap5 compared to native protein. (Bottom right) Germinated cells that did not produce Sap6 (�sap6 or �sap4/5/6)
showed cellular aggregation similar to that of CAI4 cells after addition of 10 �M rSap6 and rSap5. The error bars indicate standard deviations.
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crease its already elevated adhesion to oral epithelial cells. Prein-
cubation of C. albicans cells with rSap5 did not alter the adhesion
of any of these strains (�sap8, �sap6, or �sap4/5/6) (data not
shown).

The Sap 6 integrin-binding motif (RGD) mediates cell aggre-
gation. Since Sap4 to -6 all contain RGD molecular motifs known
to bind to epithelial cell surface integrins to induce cell adhesion
(29), we asked whether this RGD motif might mediate hyphal
aggregation induced by Sap6 and Sap5. Germinated WT cells were
incubated with rSap6�RGD or rSap5�RGD (2.5 �M and 10 �M) and
assayed for cell-cell aggregation. We found a significant reduction
(more than 60% at either 2.5 �M or 10 �M) in cell-cell adhesion
using rSap6�RGD compared to native rSap6 protein, and a similar
reduction (about 50%) was observed for cells preincubated with
rSap5�RGD (Fig. 8). Alternatively, WT cells were germinated for 30
min in the presence of RGD peptide (10 �M) or anti-integrin �M
antibody (1:100) and washed to remove unbound peptide or an-
tibody, and then the cells were incubated with rSap6. Pretreat-
ment of germinated C. albicans cells with RGD peptide resulted in
a reduction in cell aggregation (about 50%) similar to that found
for rSap6�RGD (Fig. 9, left). Pretreatment with anti-integrin �M
antibody resulted in some cell aggregation of control Candida
cells; however, no further aggregation was observed following ad-
dition of rSap6. The incubation of WT cells with the control iso-
type IgG1 did not affect aggregation or cell surface binding of
Sap6. These data show that a C. albicans cell surface RGD binding
receptor, recognized by this anti-integrin antibody, is involved in
hyphal aggregation mediated by Sap6. As expected, there was no
observable binding of F-rSap6 to germinated cells preincubated
with either RGD peptide or anti-integrin �M antibody (Fig. 9,
right). Thus, an RGD motif in Sap6 mediates hyphal cell-cell ad-
hesion.

DISCUSSION

Although it is known that Sap protein production is closely asso-
ciated with yeast-to-hyphal transition and that Saps contribute to
adherence and virulence, our data show for the first time a non-
enzymatic role for Sap6 in linking these functions through cell-cell
aggregation. It has been shown that SAP2 and SAP4 to SAP6 were
highly expressed in both carriers and oral candidiasis patients,
suggesting a state of “permanent interaction” between these Saps
and oral host tissues (5). Others found elevated SAP8, SAP5, and
SAP6 expression in human denture stomatitis clinical isolates (33)
and that SAP6, followed by SAP5, was among the most highly
expressed genes in mouse tongue plaques during oral candidiasis
(34). We unexpectedly found a hypervirulent phenotype of C.
albicans cells lacking SAP8 that was phenocopied by C. albicans
overexpressing SAP6, but not SAP5, in mouse oral infections. Fur-
thermore, deletion of SAP6 alone resulted in attenuated virulence,
similar to cells lacking SAP4 to SAP6 genes, showing a major role
for Sap6, but not Sap5, in virulence in oral candidiasis. The strik-
ing phenotype in oral infection with cells overexpressing Sap6 was
the density, thickness, and cohesiveness of fungal plaques com-
pared with WT plaques. Although the total proteinase activity was
significantly higher in mutants overexpressing Sap6 (�sap8 and
SAP6 OE strains), we found only a small increase in oral epithelial
cell damage in vivo, as well as in vitro. Thus, our hypervirulence
model pointed to a minimal role for proteinase activity in patho-
genesis of oral candidiasis.

In line with these in vivo results, both the �sap8 and SAP6 OE
strains exhibited strong cell-cell aggregation upon yeast-to-hypha
transition that was not observed in the same cells in yeast phase.
This aggregation could be reproduced by addition of rSap6 or
heat-inactivated rSap6 to germinated WT cells, thus showing that
Sap6 functions as an adhesin independently of its proteinase ac-
tivity. However, only germinated cells exhibited this aggregation,
suggesting that cell surface molecules that permit Sap6-mediated
cell-cell aggregation are exposed upon germination. It is unclear
from our experiments whether Sap proteinases have an enzymatic
role in cell wall remodeling to expose these adhesins, either di-
rectly or through MAPK signaling (32, 35), since experiments to
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FIG 7 Sap6 increases Candida adhesion to host epithelial cells. (A) SCC-15
epithelial cell monolayers were infected with the CAI4 and SAP deletion strains
for 90 min. After extensive washing, the adherent cells were harvested using
0.1% Triton X-100 and plated on YPD agar plates, and the plates were incu-
bated at 30°C for 24 h to determine the numbers of CFU of adherent fungal
cells. Both the �sap8 and SAP6 OE strains had significantly increased adhesion
to epithelial cells, whereas the �sap6 strain showed reduction in adhesion
compared to the CAI4 strain (*, P 	 0.05). (B) Candida cells were preincubated
with rSap6 (10 �M) for 30 min at 37°C, washed twice with PBS, and then
added to epithelial cells. The CAI4, �sap4/5/6, and �sap6 strains showed sig-
nificantly increased adhesion when preincubated with rSap6 (**, P 	 0.01;
***, P 	 0.001). The results represent the averages of triplicate samples
from at least two independent experiments. The error bars indicate stan-
dard deviations.

FIG 6 Sap6 binds to the surfaces of germinated C. albicans cells. Both yeast
and germinated cells of the CAI4 strain were incubated with FITC-labeled
rSap6 (10 �M) for 1 h and observed under �63 magnification using the FITC
channel. Germinated cells were incubated with 10 �M FITC alone as a control.
There was no detectable binding of FITC-rSap6 to yeast phase cells, while
germinated cells had abundant surface binding of FITC-rSap6 to hyphae and
with the mother cell. DIC, differential interference contrast.
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block Sap enzymatic activity with pepstatin A also inhibited ger-
mination. It is known that Sap9, a GPI-anchored cell wall protei-
nase, activates several cell surface proteins, including adhesins
Ywp1, Hwp1, and Rbt1, by enzymatic cleavage (35). Thus, it is
likely that Saps have dual roles, one enzymatic and involved in
germination and a second, nonenzymatic, function for cell-cell
aggregation that is mainly carried out by Sap6.

Our experiments found that addition of Sap6 to C. albicans
increased its adhesion to oral epithelial cells. However, these re-
sults could be due to adherence of larger cell aggregates rather than
to Sap6 increasing fungal adhesion to epithelial cells. Interestingly,
our histological examination of in vivo tongue plaques in �sap8
infection showed significantly thicker plaques, similar to elevated
adhesion as a result of cell aggregates. Nevertheless, greater cell-
cell aggregation would result in higher numbers of CFU per unit of
tongue tissue and higher morbidity in animals, suggesting that
increased aggregation is also a virulence mechanism.

We observed that high colonization of tongue mucosal sur-
faces by C. albicans �sap8 was also accompanied by profuse in-
flammation of epithelial tissues (as well as apoptotic cells) typical
of a proinflammatory cytokine response. Saps are involved in ac-
tivating proinflammatory responses in reconstituted human vag-
inal epithelium (RHVE) cells, as well as monocytes (27, 36). How-
ever, little is known about oral epithelial cell proinflammatory
responses during OPC, and particularly whether secreted Sap6 is
able to modulate the level of proinflammatory responses in oral
epithelial cells, similarly to monocytes.

One surprising finding from our data was the functional dif-

ferences between the related proteinases Sap5 and Sap6. Although
Sap5 and Sap6 are both 419 amino acid residues in length, there is
approximately 19% difference in the primary sequence, so that
they share 80.9% sequence homology. The crystal structure of
Sap5 has been solved (37) and extrapolated to the protein struc-
ture for the Sap4 to -6 subgroup. There is a highly conserved
secondary structure of the middle and back regions of Sap5 that
contains the aspartic proteinase active-site cleft required for sub-
strate and inhibitor (pepstatin A) binding (37). There are also
three extended loop structures (arms 1, 2, and 3) surrounding this
cleft, among which the arm 1 loops of Sap4 to -6 contain at least
one integrin-binding motif (RGD) at the surface-exposed tip of
the loop (29). Sap4 has a single RGD motif, while Sap5 contains an
RGDKGD motif and Sap6 has two sequential RGDRGD integrin-
binding motifs. No other Saps contain this motif, suggesting that
integrin binding is a biological function only of Sap4 to -6. Indeed,
these motifs were shown to be involved in Sap4 to -6 binding to
integrin molecules on A549 epithelial cells and could be inhibited
by RGD-containing peptides or by substituting Sap RGD motifs
(29). RGD motifs in fungal hyphae of basidiomycetes and other
plant fungal pathogens are also able to facilitate cell-cell aggrega-
tion to form thick biofilms and mediate adherence to host cells
(38, 39). Since variation in the RGD motif affects ligand binding
affinity to a particular integrin molecule (40), divergence of this
motif between Sap5 and Sap6 could be one of the possible reasons
for the differences we found in aggregation and virulence.

The identities of C. albicans cell surface molecules exposed
during germination that are bound by Sap6 are not yet known.

FIG 8 An RGD motif in Sap6 and Sap5 is required for cell aggregation. (Top) Germinated CAI4 cells were incubated with rSap6, rSap5, or rSap5 and rSap6 in
which both RGD sequences were deleted (rSap6�RGD and rSap5�RGD) at 2.5 �M or 10 �M for 15 min. Cell aggregates from at least 50 different fields were
observed by microscope (�10 magnification) and analyzed using AxioImager software to measure the average diameter. (Bottom) Germinated cells incubated
with rSap6�RGD or rSap5�RGD had more than 60% reduction in aggregate diameter compared to rSap6 and rSap5 at 2.5 �M and 10 �M. The error bars indicate
standard deviations.
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Our evidence shows that major hypha-specific adhesins, including
Als1, Als3, and Rbt1, are not involved. Our experiments using
recombinant Sap6 lacking an RGD motif showed that binding to
the C. albicans cell wall was greatly reduced, suggesting that a cell
surface ligand for RGD is involved. Fungal cells bind with host
ligands, including fibronectin, laminin, or iC3b (all of which con-
tain RGD motifs), through integrin-like and fibronectin receptors
(38, 41). C. albicans itself expresses a 185-kDa cell surface integrin-
like protein (Int1) with limited structural similarity to leukocyte
integrin �M that affects cell adhesion and aggregation (42–45). A
C. albicans cell wall fibronectin-binding protein also binds the
RGD region of fibronectin, as well as other extracellular matrix
proteins (38, 46, 47). Our data found that addition of anti-integrin
antibodies to germinated cells reduced Sap6 binding, further sup-
porting a role for integrin-like and perhaps other as-yet-unchar-
acterized integrin-like cell wall proteins in Sap6 binding.

We report here a novel functional role of the secreted aspartyl
proteinase Sap6 as a C. albicans adhesin that is mediated by its
RGD motif. Our results show that Sap6 is an important virulence
factor in oral candidiasis and also establish Sap6 as a multifunc-
tional protein that acts as both an adhesin and a proteinase during

infection. These new findings may provide an alternative thera-
peutic modality for candidiasis through modulation of Sap6
structure or function.
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