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ABSTRACT

Introduction: Candida albicans is an opportunistic pathogen that causes oral candidiasis.
A previous study showed that Bgl2p and Ecm33p may mediate the interaction between the
yeast and saliva-coated hydroxyapatite (SHA; a model for the tooth surface). This study
investigated the roles of these cell wall proteins in the adherence of C. albicans to SHA beads.
Methods: C. albicans BGL2 and ECM33 null mutants were generated from wild-type strain
SC5314 by using the SATI-flipper gene disruption method. A novel method based on
labelling the yeast with Nile red, was used to investigate the adherence.

Results: Adhesion of bgl2A and ecm33A null mutants to SHA beads was 76.4% and 64.8% of
the wild-type strain, respectively. Interestingly, the adhesion of the bgl24A, ecm33A double
mutant (87.7%) was higher than that of both single mutants. qRT-PCR analysis indicated that
the ALS1 gene was over-expressed in the bgl2A, ecm33A strain. The triple null mutant showed
a significantly reduced adherence to the beads, (37.6%), compared to the wild-type strain.
Conclusion: Bgl2p and Ecm33p contributed to the interaction between C. albicans and SHA
beads. Deletion of these genes triggered overexpression of the ALST gene in the bgl24/
ecm33A mutant strain, and deletion of all three genes caused a significant decrease in
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adhesion.

Introduction

Candida spp. are opportunistic pathogens and some
of the most common causes of fungal infections of
humans [1]. Although they are considered harmless
commensal organisms in healthy people, in immuno-
compromised individuals such as those with cancer,
or who have undergone repeated surgery or the intro-
duction of intravenous catheters, these fungi can
become serious pathogens. They can cause a variety
of mucosal and systemic infections, including pseu-
domembranous candidiasis, erythematous candidia-
sis, hyperplastic candidiasis, and also candidemia,
which can be fatal [2,3]. Candida albicans is the
most frequent cause of oral candidiasis [4] and pos-
sesses several factors, and specific abilities, that con-
tribute to its pathogenicity. These include
polymorphism, the yeast-to-hypha morphological
transition and biofilm formation. Although
C. albicans frequently causes mucosal infections, it
is also commonly present in the dental plaque on
teeth [5,6]. C. albicans is acidogenic [7] and thus
when present in biofilms on tooth surfaces will con-
tribute to dental caries. C. albicans biofilms form in
a sequential process including adhesion to host

surfaces, induction of hyphal growth, production of
extracellular matrix material, and finally dispersion of
yeast cells from the biofilm complex [8,9]. Candida
cells in a biofilm matrix exhibit high resistance to
antimicrobial drugs, and are hidden from the host
immune system, and this contributes to the virulence
of this fungus. The presence of C. albicans in dental
plaque may act as a reservoir for colonization of
mucosal surfaces that leads to oral candidiasis.

In the oral cavity, saliva has a number of functions. It
contains antimicrobial factors such as lysozyme and
histatins, and amylase to begin the breakdown of starch,
but it also contains several nutrients that microorgan-
isms can metabolize. Thus, saliva enables microbial
colonization of the mouth and it has been reported
that C. albicans can utilize salivary constituents for the
growth and the colonization of tooth surfaces [10,11].
Salivary proteins adsorb to oral surfaces to form the
acquired pellicle. The main component of tooth enamel
is hydroxyapatite and the adsorption of salivary pro-
teins to hydroxyapatite can promote microbial adhe-
sion. Salivary basic proline-rich proteins (bPRPs)
within the pellicle are thought to act as main receptors
for the adherence of C. albicans [12,13].
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C. albicans possesses many surface proteins
involved in adhesion that bind to host receptors.
These include the ALS (agglutinin-like sequence)
protein family, the Sap (secreted aspartic proteinase)
protein family, Hwplp, Ywplp, Pralp, and Cshlp
which have been well studied [14-19]. In addition,
surface mannoproteins, which constitute the outer
layer of the cell wall, are thought to be major candi-
dates for putative adhesins. Therefore, it is important
to investigate the functions of cell wall mannopro-
teins in order to understand the adhesion mechan-
isms, biofilm formation and virulence of C. albicans.
[2,7,9,10]

In previous work we discovered that two cell sur-
face mannoproteins, Bgl2p (35 kDa) and another
highly glycosylated mannoprotein (97.4 kDa) compe-
titively inhibited the attachment of C. albicans cells to
SHA beads (a model for the tooth surface), and to
membrane-immobilized salivary bPRPs [12]. The
importance of cell wall proteins in biofilm formation
is supported by studies showing that mutations in
these C. albicans proteins affect cell morphology,
cell integrity, adherence to different surfaces, and
compromise biofilm development [9,20,21]. Bgl2p,
for example, is required for C. albicans cell wall
maintenance, and disruption of the C. albicans
BGL2 gene interferes with cell wall integrity [22]
and the dimorphic transition. In addition, the null-
mutant showed attenuated in virulence for mice
when compared to its parent strain [22]. Our
N-terminal sequencing of the 97.4 kDa putative
C. albicans adhesin gave the amino acid sequence
ANXXXLXXAXP which is consistent with the
ANNSTLTTATP sequence in Ecm33p (residues
19-29), a glycosylphosphatidylinositol (GPI) -
anchored cell wall protein. C. albicans Ecm33p is
required for normal cell wall integrity and the yeast-
to-hyphal transition [23]. Deletion of ECM33 in
C. albicans leads to delayed hypha formation and
severely attenuated virulence in a mouse infection
model [23]. Therefore, both Bgl2p and Ecm33p are
required for normal cell wall architecture as well as
normal function and expression of cell surface pro-
teins in C. albicans [9,22,23]. In this study, we
hypothesized that the two mannoproteins Bgl2p and
Ecm33p are C. albicans adhesins that bind to recep-
tors in saliva-coated surfaces.

In order to detect and quantify microbial adhesion
to tooth surfaces, several assays have been employed
including radiolabeling of the yeast cells [4] and
microscopy using crystal violet (CV) staining
[10,19]. In general, radiolabel-based assays have
high sensitivity and reproducibility compared to
quantifying using microscopy or viable cell counts
[10]. However, radiolabeling has safety concerns,
requires specialized handling and equipment, is time
consuming and costly. Nile red (NR, 9-diethylamino-

5-benzo-a-phenoxazine-5-one) is a lipophilic fluores-
cent dye that binds to intracellular neutral lipid [24].
Although NR has been widely used to label various
microorganisms, to the best of our knowledge, there
is no study reporting the use of NR to quantify yeast
adhesion.

In this research, we investigated the roles of Bgl2p
and Ecm33p in the adhesion of C. albicans to SHA by
generating null mutants of these genes and using
a novel NR staining assay. We found that the two
cell wall proteins Bgl2p and Ecm33p contribute to
interactions between C. albicans and saliva-coated
surfaces. Interestingly, we observed that the deletion
of both genes triggered compensatory responses in
C. albicans cells. In particular, the ALSI gene, encod-
ing a major GPI-anchored adhesin, was overex-
pressed in the bgl2A/ecm33A double mutant.
Deletion of all three genes caused a significant
decrease in the adhesion of C. albicans to SHA beads.

Material and methods
Strains and growth conditions

C. albicans strains used in this study are listed in
Table 1. Yeast cells were stored in YPD medium
(1% [w/v] yeast extract, 2% [w/v] peptone, 2% [w/v]
glucose) containing 50% [v/v] glycerol at —80°C. They
were routinely grown in YPD or glucose/salts/biotin
medium (GSB) consisting of 10 [g/L] glucose, 1.0 [g/
L] (NH,),SO,, 2.0 [g/L] KH,PO,, 0.05 [g/L] MgSO,
- 7H,0, 0.05 [g/L] CaCl, - 2H,0; and 0.05 [mg/L]
biotin [25].

Gene disruption

C. albicans gene sequences were obtained from the
Candida Genome Database web site (http://www.can
didagenome.org/cgi-bin/seqTools). The bgl2A null
mutant (BGL2M4) and the BGL2-restored strain
bgl2A/BGL2 (BGL2MK2) had been constructed

Table 1. C. albicans strains used in this study.

Source/
Strain Genotype Reference
SC5314 wild-type [27]
BGL2M4 SC5314, bgl2A::FRT/bgl2A::FRT [91
BGL2MK2  SC5314, bgl2A:FRT/bgl2A::BGL2-FRT 91
ECM33M4  SC5314, ecm33A::FRT/ecm33A::FRT this study
ECM33MK2 SC5314, ecm33A::FRT/ecm33A::ECM33-FRT this study
BEM4 SC5314, bgl2A::FRT/bgl2A::FRT, ecm33A:FRT/  this study
ecm33A:FRT
BEMK2 SC5314, bgl2A:FRT/bgl2A::BGL2-FRT, this study
ecm33A:FRT/ecm33A::ECM33-FRT
ALS1TM4 SC5314, als1A::FRT/als1A:FRT this study
ABM4 SC5314, bgl2A::FRT/bgl2A::FRT, als1A::FRT/ this study
als1A:FRT
AEM4 SC5314, als1A:FRT/als1A::FRT, ecm33A:FRT/  this study
ecm33A:FRT
ABEM4 SC5314,als1A::FRT/als1A::FRT,bgl2A::FRT/ this study

bgl2A::FRT,ecm33A::FRT/ecm33A::FRT
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previously by our group using the SATI flipper
method [9]. In the present study, the same method
was used to construct the ecm33A null mutant
(ECM33M4). In brief, plasmid pSFS2 (Table 2; [26])
was used which contains SATI (a nourseothricin
resistance gene) and the FLP recombinase between
direct FLP recombination target (FRT) repeats. For
the ECM33 deletion, the Kpnl-Xhol fragment of the
ECM33 upstream region (564 bp) was PCR amplified
from C. albicans SC5314 genomic DNA with ECM33
upstream forward and reverse primers (Table 3). The
NotI-Sacl fragment of the ECM33 downstream region
(555 bp) was also amplified, using ECM33 down-
stream forward and reverse primers (Table 3). These
two fragments were inserted on either side of the
SATI-lipper in pSFS2 (Supplementary Figure S1A).
The resulting plasmid was digested with Kpnl and
Sacl to excise the ECM33 deletion cassette which was
used to transform C. albicans SC5314 with selection
for nourseothricin resistance.

A recombinant PCR method (Supplementary
Figure S1B) was used to construct the revertant of
the ecm33A/A strain, ecm33A/ECM33 (ECM33MK2
containing a functional ECM33 gene), and revertant

Table 2. Plasmids used in this study.
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of the bgl2A/A,ecm33A/A strain, bgl2A/BGL2,ecm334/
ECM33 (BEMK2). Firstly, by using SC5314 genomic
DNA as a template, a fragment containing ECM33
and its upstream region was PCR amplified applying
the ECM33 upstream forward primer and the
ECM33-FRT-Frgl-reverse ~ primer  (Table 3,
Supplementary Figure S1B), which contained an
overlapping region (15 nucleotides) with the ECM33-
FRT-Frg2-forward primer. The other DNA fragment,
which contained the nourseothricin resistance mar-
ker SATI, the FLP recombinase, and the ECM33
downstream region, was PCR amplified from the
ECM33 deletion cassette (Supplementary Figure
S1A) using the ECMS33-FRT-Frg2-forward primer
and ECM33 downstream reverse primer. These two
DNA fragments were gel extracted and purified and
used as templates for recombinant PCR to generate
an ECM33 reinsertion cassette using the ECM33
upstream forward primer and ECM33 downstream
reverse primer (Supplementary Figure S1B). The
resultant ECM33 re-insertion cassette contained the
ECM33 upstream region, ECM33 coding region and
SATI1-flipper (flanked by FRT sequences) followed by
the ECM33 downstream region.

Name Description Source/Reference
pSFS2 Contains SATT flipper for gene disruption and constructing the reconstituted strains [26]

pSFS2.BGL2 Used to delete BGL2 gene this study
pSFS2.ECM33 Used to delete ECM33 gene this study
pSFS2.ALS1 Used to delete ALST gene this study

Table 3. Primers used for BGL2, ECM33, and ALST deletion and reintegration.

Primer name

Sequence 5'-3'

BGL2 upstream forward
BGL2 upstream reverse

AAGGTACCGATGTTGCTATAAATAGTACTCACATGA
AACTCGAGATGGGAAGAAGTGGGTATAAGAATG

BGL2 downstream forward
BGL2 downstream reverse
ECM33 upstream forward
ECM33 upstream reverse
ECM33 downstream forward
ECM33 downstream reverse
BGL2 check forward

BGL2 check reverse
ECM33 check forward
ECM33 check reverse

SAT1 check forward

SAT1 check reverse

on BGL2 check reverse

on ECM33 check forward
ECM33-Check1-R
ECM33-Check2-R
SAT1-Check-F
ECM33-FRT-Frg1 - reverse
ECM33-FRT-Frg2- forward
BGL2-FRT-Frg1- reverse
BGL2-FRT-Frg2- forward
ALST upstream forward
ALST upstream reverse
ALST downstream forward
ALS1 downstream reverse
ALS1 check forward

ALS1 check reverse

on ALST check reverse

AAGCGGCCGCTTTAACACTCAATTTCATTTTTTATCGTAACTTGG
AAGAGCTCCATGACAATATATTGTGCCAGTTC
AAGGTACCTCTTCCCTCTGAACATTACATCTAG
AACTCGAGGAAGGGAAGAAACAAATGGAAAGG
AAGCGGCCGCGGAACCAACACAAAGAAGTATCCAC
AAGAGCTCGGATTGAAAAACAAACGTGCAACTTCG
CTGGTGGTAGTGTAATCATTACACA
TCCCATGTTGCCAAATTAACATTGC
ACAGAGTTCAAACTTCTACACCATCTG
CATGGAATCACCGAATATGGAATTGC
GTGAAGTGTGAAGGGGGAGAT
CTGACGAACAAGCACCTTAGG
AACACCAAGGTTGAAAGCCAAATCACC
TCATCTTGAAGACTGAGGGTA
TCACTGCACACAATCCATCCA
GTTGGAAGCAGTAGCGGTGA
AGTCTCGAACGAAACAGCG
CTAGAAAGTATAGGAACTTCTTAGAATAAAGCAACACCAA
TTGGTGTTGCTTTATTCTAAGAAGTTCCTATACTTTCTAG
CTAGAAAGTATAGGAACTTCTTAGTTGAATTTACAGTCAA
TTGACTGTAAATTCAACTAAGAAGTTCCTATACTTTCTAG
AAGGTACCCTCGAATCTGCAATGAAAACG
AACTCGAGATTTCAATTGAGAGGAGGAAAGAGC
AAGCGGCCGCGATCACCTTTTTGGCTTGATCT
AAGAGCTCGAAGCGAATGCTAGAAAATGAACTG
CTGAAGGGAGATGGGAGAGAAT
GGTCAGGTGTGATCGAGGATA
ACCCAAAACAGCATTCCAAG
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The same strategy was used to generate the ALSI
deletion cassette. Firstly, the Kpnl-Xhol fragment of
the ALSI upstream region (544 bp) was PCR ampli-
fied from C. albicans SC5314 genomic DNA with
ALSI upstream forward and reverse primers (Table
3). Secondly, a NotI-Sacl fragment of the ALSI down-
stream region (515 bp) was amplified with ALSI
downstream forward and reverse primers. These
two fragments were inserted on either side of the
SATI-lipper in pSFS2. The resulting plasmid was
digested with Kpnl and Sacl to excise the ALSI dele-
tion cassette.

Transformation of C. albicans

C. albicans SC5314 cells were transformed with DNA
fragments using the lithium acetate method [27] with
slight modifications. C. albicans SC5314 cells were
diluted to 107 cells/ml in 50 mL fresh YPD medium
and grown at 30°C for two generation times (~4 h). The
cells were collected by centrifuging at 2,200 g for 5 min
and washed with distilled water. Washed cells were
resuspended in 600 uL distilled water, and 100 pL of
cell suspension was mixed with transformation mixture
(72 pL 1 M lithium acetate, 100 pL of 2.0 mg/mL single-
stranded carrier DNA, and 68 pL transforming DNA
solution). The transformation mixture was incubated at
30°C with rotatory mixing at 20 rpm for 2 h before heat
shocking in a 42°C water bath for 45 min. Cells were
harvested by centrifuging at 2,200 g for 5 min and
resuspended in 1 mL fresh YPD medium before being
incubated for 4 h at 30°C with shaking at 200 rpm for
recovery. Finally, the cells were collected by centrifuging
at 2,200 g and resuspended in 200 pl YPD. Then the cell
suspension was spread on YPD plates containing
200 pg/mL nourseothricin and incubated at 30°C for
1-2 days.

gRT-PCR

C. albicans cells were diluted to an ODgyo of 0.2 in
50 ml fresh YPD medium, and incubated at 30°C
until the ODgg reached 1-2. The cells were harvested
by centrifugation (2,200 g, 5 min) and the total RNA
was extracted using the glass beads lysis method [27].
The RNA samples were used as templates to synthe-
size first strand cDNA using the ReverTra Ace qPCR
RT Master Mix and the gDNA Remover kit (Toyobo,
Osaka, Japan). Real time PCR was performed using
the THUNDERBIRD SYBR qPCR Mix (Toyobo) with
the following conditions: 95°C for 10 min, followed
by 40 cycles of 15 sec at 95°C, 30 sec at 56°C, 1 min at
72°C. All RT-PCR primers used are listed in Table 4.
ACTI mRNA was used for signal normalization, and
gene expression levels were determined using Applied
Biosystems software and the AACt method.

Table 4. Primers used for gRT-PCR.
Primer name

Sequence 5'-3'

ACT1 forward TGTGTAAAGCCGGTTTTGCC
ACT1 reverse TTGGATTGGGCTTCATCACC
ALST forward AGCGGTTCTCATGAATCAGC
ALST reverse CAGAAGAAACAGCAGGTGATGG
ALS2 forward AGCGGTTCTCATGAATCAGC
ALS2 reverse CAGAAGAAACAGCAGGTGATGG
ALS3 forward TCGTTGACATGGACAAGAGC
ALS3 reverse ACCAGCCCAAAACAGCATTC
ALS4 forward TGCCGGTTATCGTCCATTTG
ALS4 reverse ATGTGAAAGGTGCACGTTGC
ALS5 forward ACCCTGTGTTGACAACAAGC
ALS5 reverse ATAACCACTGTCGCAGTTGC
ALS6 forward TCCAATGCTGGCAATTACGC
ALS6 reverse AATGACCAACCCAACACAGC
ALS7 forward GCTGTTTTAGGTTGGAGCTTGG
ALS7 reverse TTGAAAACGCAGGGCATGAC
ALS9 forward ATCGACCTTTTGTGGATGCG

Preparation of SHA beads

SHA beads were prepared as previously described [4]
with modifications. Unstimulated whole saliva col-
lected from eight donors was stored on ice, and an
equal volume of saliva from each donor was pooled.
The pooled saliva was clarified by centrifugation at
3,000 g for 1 h and the supernatant was diluted with
an equal volume of KCl buffer (2 mM KH,PO,,
2 mM K,HPO, - 3H,0, 5 mM KCl, 1 mM CaCl,,
pH 6.5). Proteinase inhibitor (Protease Inhibitor
Cocktail, EDTA free, Nacalai Tesque, Japan) was
added to the diluted saliva at a final concentration
of 1 x protease inhibitor solution to prevent proteo-
lysis of saliva proteins. Prepared saliva solution was
aliquoted in glass tubes and stored at —80°C. These
stored samples were used in multiple experiments
and replicate assays ensuring consistency in the coat-
ing of hydroxyapatite beads. Pooled saliva solutions
were collected twice, and the protein concentrations
of the saliva solutions were measured in each experi-
ment by the Lowry method using a Bio-Rad DC
Protein Assay kit (cat no. 500-0116). The saliva pro-
tein concentrations were consistently 1.3 mg/mL
(Supplementary Figure S2).

Hydroxyapatite beads (Micro-Prep  Ceramic
Hydroxyapatite Type I 80 pm diameter, Bio-Rad)
were suspended in KCl buffer, washed with distilled
water 10 times, and dried in an oven at 60°C for 48 h.
Adhesion assays were performed as described pre-
viously [4]. In brief, exactly 12 mg beads (~4.8 x 10
beads) were placed in a 1.5 mL microfuge tube and
hydrated by incubation in 1 mL KCI buffer at 4°C for
16 h prior to use in an adhesion assay. The KCI buffer
was aspirated from the hydrated beads and 1 mL saliva
solution (50% [v/v] in KCl buffer) was added. The tube
was mixed with end-over-end rotation at 15 rpm at
room temperature for 1 h to allow adsorption of saliva
proteins to the hydroxyapatite beads. The supernatant
was aspirated, and the beads were washed twice with



1 mL KClI buffer. As a negative control, hydroxyapatite
beads were incubated in KCl buffer (non saliva-coated
beads [NSHA beads]).

In some experiments, hydroxyapatite beads were
coated with either skim milk (SM; Nacalai Tesque),
bovine serum albumin (BSA; Nacalai Tesque), or fetal
bovine serum (FBS; Gibco). These proteins were dis-
solved and diluted in KCl to give the same protein
concentration (determined by the Lowry method
using the Bio-Rad DC Protein Assay kit) as 50%
whole saliva in KCl buffer, (1.3 mg/mL;
Supplementary Figure S2).

Assay of C. albicans adhesion to SHA beads

Single colonies of SC5314 (wild-type), BGL2M4
(bgl2A/4), ECM33M4  (ecm33A/4), and BEMA4
(bgl2A/A, ecm33A/A) were pre-cultured in 5 mL
GSB medium at 30°C for 16 h. GSB medium is
a defined minimal medium that more closely resem-
bles growth conditions in the mouth than rich growth
media such as YPD. Cells were harvested by centri-
fugation (2,200 g for 5 min) and then diluted in KCI
buffer to an ODg, of 1.

To determine the ability of C. albicans cells to
adhere to the saliva-coated beads, cells (1 mL) at
ODgponm ranging from 0.05 to 1 were incubated
with SHA or NSHA beads at room temperature
with end-over-end mixing for 1.5 h. After incuba-
tion, loosely adhered C. albicans cells were removed
by washing the beads twice with 1 mL KCI buffer
and the washings were put in two new 1.5 mL
microfuge tubes (unattached cells). Input cells and
the unattached cells were stained with NR (final
concentration 1 pg/mL in 10% DMSO) for 1 h,
and fluorescence intensity associated with the cells
was measured using a Varioskan Lux LL154104
spectrophotometer plate reader (Thermo Fisher) at
530 nm and 570 nm, excitation and emission wave-
lengths, respectively. The fluorescence intensity was
determined using a fluorescence-intensity standard
curve generated by staining various numbers of
yeast cells with NR (Supplementary Figure $3). The
extent of adhesion was calculated by the following
formula:

AA(%) = (FI — FU)/FI x 100% (1)

AA = Adhesion ability; FI = Fluorescence intensity of
input cells; and FU = Fluorescence intensity of unat-
tached cells

In some experiments the adhesion of wild-type strain
SC5314 was taken to be 100%.
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The susceptibility of C. albicans strains to
Calcofluor white (CFW)

SC5314 (wild-type), bgl2A/A (BGL2M4), ecm33A/A
(ECM33M4), and bgl2A/A, ecm33A/A(BEM4) cells
were cultured in 5 mL YPD medium at 30°C overnight
and diluted in YPD to an ODgqo of 1. The cells were
then serially diluted (10-fold) in YPD medium. Three
microlitres of each dilution were spotted onto YPD
plates containing CFW (12.5 pg/mL), and incubated at
30°C for 24 h. Susceptibility of cells to CFW was indi-
cated by their inability to grow on this medium.

Confocal images of C. albicans cells adhered to
SHA beads

The adhesion assay was performed as described
above. After loosely adhered C. albicans cells were
removed from the SHA beads by washing the beads
twice with 1 mL KCI buffer, the cells that were still
attached to beads were stained with NR (1 mL KCI
buffer containing NR in 10% DMSO at a final
concentration of 1 pug/mL). Ten microlitres of the
bead suspension were transferred to a glass slide
and mounted with a cover slip. The C. albicans
cells adhering to SHA beads were observed with
a Zeiss laser scanning confocal microscope
(LSCM780). Z-sections were collected over
83.3 um. A total of 246 sections were obtained
and reconstructed into 3D and 4D images using
IMARIS software (Bitplane, Inc. Saint Paul,
MN USA).

Ethical approval

Approval to conduct the study was obtained from
the Research Ethics Committee of the Tokyo
Institute of Technology in accordance with the
Ethical Guidelines for Clinical Research and
Ethical Guidelines for Epidemiological Research
(issued by the Ministry of Health, Labor and
Welfare and Ministry of Education, Culture,
Sports, Science and Technology - Japan).

Statistical analysis

Statistical analysis was performed using the
GraphPad Prism 8 software. Results were analysed
with the parametric T-test. The cut-off for statis-
tical significance was set at p < 0.05. All data are
represented as mean and standard error (SD).
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Results

Construction of strains disrupted in BGL2,
ECM33 and ALS1, and restoration of these genes
in C. albicans disruptants

In order to investigate the role of Bgl2p and
Ecm33p in the adherence of C. albicans to SHA
beads we constructed several gene deletion mutants
of C. albicans. The bgl2 null mutant (BGL2M4) and
the BGL2-restored strain (BGL2MK2) had been
constructed previously [9]. We generated the
ecm33 null mutant (ECM33M4) of C. albicans
SC5314 as described in Material and methods.
The ECM33 gene was also deleted in the bgl2 null
mutant (BGL2M4), and as a result, we obtained
a bgl2A/A and ecm33A/A double null mutant
(BEM4). The doubling times of the bgl2A/A,
ecm33A/A, and bgl2A/A/ecm33A/A mutants were
only slightly higher than that for wild-type
C. albicans SC5314 (Supplementary Figure S$4).
We re-inserted the BGL2 and ECM33 genes in the
null mutants, as described in Material and meth-
ods, to construct the restored strain bgl2A/BGL2
(BGL2MK2) and ecm33A/ECM33 (ECM33MK2).
Further investigation of those cells identified the
need to delete ALSI. Therefore, we constructed
the als] null mutant (ALS1M4), als1A/A,bgl2A/A
double null mutant (ABM4), alslA/A,ecm33A/A
double null mutant (AEM4), and als1A/A,bgl2A/A,
ecm33A/A triple null mutant (ABEM4), using the
same protocols. All genotypes were verified by PCR
amplification of the genomic loci in transformants
and DNA sequencing. A list of the C. albicans
strains generated is given in Table 1.

Optimizing and calibrating the C. albicans
adhesion assay based on NR staining

Nile red (NR) is a lipophilic fluorescent dye that has
been used to stain mammalian cells [28], bacteria
[29], microalgae [30-32], and yeast cells [33]. We
developed a novel adhesion assay based on NR stain-
ing of C. albicans cells to overcome the limitations of
radiolabeling and microscopy techniques. First, we
optimized and validated the assay. We measured NR
fluorescence over a range of excitation and emission
wavelengths and found that the optimum excitation
and emission wavelengths were 530 nm and 570 nm,
respectively, (Supplementary Figure S5), and there
was no autofluorescence of yeast cells at these wave-
lengths (Supplementary Figure S6). We also investi-
gated the best solvent for the NR. NR gave the highest
fluorescence signal in KCl buffer containing 10%
DMSO (Supplementary Figure S6), the signal
remained stable for at least 5 h after staining
(Supplementary Figure S7), and cells stained at the
stationary phase gave stronger fluorescence signals
(Supplementary Figure S3). Next, we found that
there was a strong relationship between the NR fluor-
escence and the C. albicans cell concentration over an
ODgoo nm range of 0.125 to 1.0 (Figure 1,
Supplementary Figure S8). The NR fluorescence pla-
teaued when the ODgyy nm Value exceeded 2.0. There
was also a linear relationship between the cell con-
centration and ODg¢yy nm Vvalue with ODgo = 0.15
corresponding to a cell concentration of 1 x 10° cells/
mL. This indicated that the NR fluorescence, up to
values of 15 AU (arbitrary units), could be used to
quantify the number of C. albicans cells adhering to
hydroxyapatite beads. We confirmed that C. albicans
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Figure 1. Correlation between NR fluorescence intensity and C. albicans cell concentration. Cell concentrations were
determined by measuring the optical density at 600 nm using an ASV11D spectrophotometer. The fluorescence intensity of NR-
stained cells at 530 nm excitation and 570 nm emission wavelengths was measured using a Varioskan Lux LL154104 spectro-
photometer plate reader (Thermo Fisher) for cell suspensions at various ODggy nm Values. Results are means (+ SD) of three

independent experiments.



cells adhered to the SHA beads by performing an
adhesion assay, staining the C. albicans cells asso-
ciated with the beads with NR, and visualizing the
cells with confocal microscopy. We found that when
beads were incubated with cells at ODgyy = 0.15,
approximately 10° cells adhered to each bead and
this number was considerably higher when beads
were incubated with cells at ODggo = 1.0 (Figure 2,
Supplementary movie 1 and 2). The number of
C. albicans cells adhering to each bead corresponded
to the numbers measured in a previous study using
radiolabelled cells (260 cells/bead [4]).

The susceptibility of C. albicans null mutants to
CFwW

To investigate the impact of gene disruptions on
C. albicans cell wall integrity, we tested the susceptibility
of null mutants to CFW, a chemical which interferers
with cell wall construction [34]. C. albicans SC5314
(wild-type),  bgl2A/A  (BGL2M4),  ecm33A/A
(ECM33M4), and bgl2A/A, ecm33A/A (BEM4) cells
were serially diluted and inoculated on YPD agar and
on YPD agar containing CFW (12.5 pg/mL), and incu-
bated at 30°C for 24 h. All of the null mutants were
more susceptible to CFW than the wild-type parental
strain (Figure 3). The ecn33A/A strain was more sensi-
tive to CFW than the bgl2A/A strain and the double
mutant bgl2A/A, ecm33A/A showed the highest suscept-
ibility to CFW (Figure 3A). This result indicated that
when these cell surface mannoproteins are not
expressed there is a decrease in the integrity of the
C. albicans cell wall. Restoring the BGL2 and ECM33
genes to the respective null mutants reduced their
susceptibility to CFW (Figure 3B). CFW binds to chitin
in fungal cell walls. Although the blg2A/A and ecm334/
A null mutants, and especially the triple mutant bgl2A/
A,ecm33A/A,als1A/A, were more susceptible to CFW
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than the wild-type SC5314 strain (Figure 3C), we did
not determine whether this was due to a different chitin
content in the cell walls.

Saliva promoted C. albicans cell adherence to
hydroxyapatite beads

All oral surfaces are coated with a salivary protein
pellicle. Therefore, it is important to include saliva in
oral adhesion studies. In this study, we used hydro-
xyapatite (HA) beads as a model for the tooth surface
and so investigated the influence of human saliva on
adherence of C. albicans cells to HA beads. HA beads
were incubated in human saliva for 1 h (to make SHA
beads), washed and then C. albicans cells (SC5314)
were added. It was found that 93.8 + 4.9% of the
input yeast cells bound to the SHA beads, whereas
only 17.0 = 9.0% of SC5314 cells bound to uncoated
HA beads (Figure 4). This result demonstrated that
saliva promoted C. albicans adherence to HA beads
significantly (p < 0.0001, increased adherence
5.4-fold), and was consistent with our previous
results [4,10] and when we repeated the radiolabel
assay (Supplementary Figure S9 and Figure S10)
using the previous protocol. [10] To determine
whether this promotion of adherence was specific to
salivary proteins, HA beads were coated with other
proteins: bovine serum albumin (BSA), fetal bovine
serum (FBS), and skim milk (SM). It was found that
FBS and BSA, unlike saliva, did not promote adhe-
sion greatly (by 1.2-fold and 2.7-fold, respectively).
Interestingly, SM promoted the adhesion of
C. albicans to HA beads to almost the same extent
as saliva (5.2-fold) (Figure 4). From these results, we
inferred that saliva, and skim milk, contain compo-
nents which, when bound to HA beads, act as recep-
tors for C. albicans adherence.

Figure 2. Confocal microscopy Z-stack imaging to visualize C. albicans adhering to saliva-coated beads. The C. albicans
SC5314 cells that attached to hydroxyapatite beads were stained with NR. Confocal images were captured with a Zeiss LSCM780
laser scanning microscope. Scale-bar: 20 pum. (A) Bead that had been incubated with C. albicans SC5314 cells at ODggonm = 1, (B)
Bead that had been incubated with C. albicans SC5314 cells at ODggonm = O.1.
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Figure 3. Susceptibility of C. albicans strains deleted in BGL2 and ECM33 to Calcofluor white (CFW). (A) C. albicans
SC5314 (wild-type), bgl2A/A (BGL2M4), ecm334/A (ECM33M4), and bgl2A/A,ecm334/A (BEM4) were serially diluted and spotted
onto YPD agar plates and YPD agar plates containing 12.5 ug/mL CFW and incubated at 30°C for 24 h; (B) C. albicans SC5314
(wild-type), and restored strains bgl2A/BGL2 (BGL2MK?2), ecm33A/ECM33 (ECM33MK2), and bgl2A/BGL2,ecm33A/ECM33 (BEMK2)
were serially diluted and spotted onto YPD agar plates and YPD agar plates containing 12.5 pg/mL CFW and incubated at 30°C
for 24 h: (C) C. albicans SC5314 (wild-type), als1A/A (ALSTM4), als14/4,bgl2A/A (ABM4), als14/A,ecm334/A (AEM4), and als14/4,
bgl2A/4, ecm334/A (ABEM4) were serially diluted and spotted onto YPD agar plates and YPD agar plates containing 12.5 pg/mL

CFW and incubated at 30°C for 24 h.

The BGL2 and ECM33 null mutants, but not the
double BGL2 and ECM33 mutant, showed
significant defects in adherence to SHA beads

To determine whether Bgl2p or Ecm33p might be
adhesins involved in adhesion to saliva-coated tooth
enamel, the adherence of C. albicans null mutant
strains to SHA beads was compared to that of the
parental strain SC5314. The null mutants with the
genes restored, bgl2A/BGL2 (BGL2MK2), ecm33A/
ECM33 (ECM33MK2), and bgl2A/BGL2, ecm33A/
ECM33 (BEMK2) were used in adherence assays as
controls. Deletion of both alleles of either the BGL2
or the ECM33 gene reduced C. albicans adherence by
more than 20% compared to the adherence of the
wild-type strain (Figure 5; p < 0.001). Returning the
BGL2 or the ECM33 gene to the respective null
mutants restored their ability to bind to SHA beads
(bgl2A/BGL2,ecm33A/ECM33; Figure 5). These results
suggested that both Bgl2p and Ecm33p confer some
ability of C. albicans to adhere to SHA beads.
Surprisingly, we found that disruption of the
ECM33 gene in the bgl2A/A null mutant did not
reduce adhesion further but, in fact, increased

adhesion of this mutant (bgl2A/A,ecm33A/A; Figure
5). Returning the BGL2 and ECM33 genes to the
double disruptant did not alter adhesion to SHA
beads significantly  (bgl2A/BGL2,ecm33A/ECM33;
Figure 5). Similar results were obtained using assays
measuring the adherence of radiolabeled C. albicans
cells (Supplementary Figure 10). The increase in
adherence when two potential adhesins had been
deleted led us to hypothesize that there was
a compensatory induction of expression of another
adhesin in the bgl2A/A,ecm33A/A double mutant.

The expression of adhesion-related genes in
C. albicans null mutants

Since the bgl2A/A,ecm33A/A strain (BEM4) showed
greater adhesion to SHA beads than bgl2A/A
(BGL2M4) or ecm33A/A (ECM33M4), we examined
the expression of a family of important C. albicans
adhesin genes in these strains. The ALS
(Agglutinin-Like Sequence) genes encode a family
of GPI-anchored cell surface glycoproteins, eight
of which (Als1-Als7 and Als9) have been reported
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Figure 4. Adherence of C. albicans SC5314 cells to HA
beads coated with various proteins. C. albicans cells (1
x 107) were incubated with uncoated, saliva-, skim milk
(SM)-, fetal bovine serum (FBS)-, or bovine serum albumin
(BSA)-coated HA beads (12 mg) at 28°C for 1 h. The percen-
tage of the input C. albicans cells attached to the HA beads
was calculated. Results are the means (+ SD) of at least three
independent experiments. Asterisks indicate significant differ-
ences to the adherence to uncoated HA beads (*** p < 0.001,
***¥ p < 0.0001).

to be involved in C. albicans adhesion [35-37].
Interestingly, qRT-PCR indicated that ALSI
mRNA was 3-fold higher than in SC5314 when
BGL2 was deleted, 2.5 fold higher when ECM33
was deleted and more than 6 times higher in the
bgl2A/A, ecm33A/A double mutant (Figure 6). The
expression of ALSI in the bgl2A/A, ecm33A/A, and
the double mutant returned to 1.39, 1.12 and 1.1

100+
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Adherence relative to SC5314 (%)
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times the expression level in SC5314, respectively,
when the BGL2 and ECM33 genes were returned
to the mutants. In contrast, there was no signifi-
cant increase in the expression of ALS2, ALSS5,
ALS7, and ALS9 when the BGL2 and/or the
ECM33 gene(s) were deleted, and indeed
a reduction of expression of ALS3 when ECM33,
but not BGL2 was deleted and in the bgl2A/A,
ecm33A/A double mutant (BEM4) (Figure 6).
This reduction in ALS3 expression in ecm33A/A
(39.1%) was relatively minor compared to the
overexpression of the adhesin gene ALSI
(695.9%) and is unlikely to be the cause of the
reduced adherence of ecm334/A cells. These
results indicate that the deletion of both the
BGL2 and ECM33 genes induces expression of
ALSI1 which may be responsible for the increase
in adherence of the C. albicans double mutant to
SHA beads. There were slight increases in the
expression level of ALS4 in BGL2M4 and ALS6
in BEM4 (Figure 6). This result suggested that in
addition to changes in the ALSI expression level,
other proteins such as Als4p and Als6p might play
a small role when BGL2 and ECM33 genes were
deleted.

ALS1 gene disruptions in mutant strains and
investigation of the effect on adherence to SHA
beads

The als1A/A (ALSIM4), als1A/Abgl2A/A (ABM4),
als1A/A,ecm33A/A  (AEM4), and als1A/Abgl2A/A,

*kk J
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Figure 5. Adherence of wild-type C. albicans SC5314 cells and homozygous BGL2, ECM33, and ALS1 single, double,
and triple mutants to SHA beads. Wild-type or mutant C. albicans cells (1 x 107) were incubated with SHA beads (12 mq) at
28°C for 1 h. The results are presented as percentage adherence relative to SC5314, which is set to 100%. Results are the means
of at least three independent experiments (+ SD). Asterisks indicate significant differences to the adherence of SC5314 cells (***

p < 0.001, **** p < 0.0001).
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Figure 6. Expression of C. albicans ALS genes in wild-type and mutant strains. C. albicans strains were cultured in YPD
medium and then total RNA was isolated and subjected to qRT-PCR. Gene expression was normalized against the C. albicans
ACTT1 gene and is reported for each ALS gene relative to expression in wild-type strain SC5314. All experiments consisted of
triplicate measurements (technical replicates) and experiments were carried out three times (biological replicates) (£ SD).

(*p < 0.05).

ecm33A/A (ABEM4) mutants were constructed from
SC5314, bgl2A/A (BGL2M4), ecm334/A (ECM33M4)
and bgl2A/A,ecm33A/A (BEM4) strains, respectively,
by the gene disruption method described in the
Material and Methods section. Deletion of ALSI in
SC5324 did not affect the susceptibility to CFW
(Figure 3C), and deletion of ALSI in the bgl2A/A,
ecm33A/A, and bgl2A/A,ecm33A/A mutants did not
affect the susceptibility of those mutants to CFW
further (Figure 3C). The adherence of the ALSI dis-
rupted strains to SHA beads was measured. Deletion of
ALSI in SC5314 (to form als1A/A) reduced the adher-
ence ability to a similar extent (72.6 £ 2.5% of SC5314)
as deletion of BGL2 (76.4 £ 13.0%) (Figure 5). Deletion
of ALSI in either a bgl2A/A or an ecm33A/A back-
ground did not reduce adhesion to SHA further
(Figure 5). As predicted, however, deletion of ALSI in
the bgl2A/A,ecm33A/A double disruptant (to form
alsIA/A,bgI2A/A,ecm33A/A) resulted in a significant
reduction in adherence to SHA beads (to 37.6 + 4.3%
of the SC5414 adherence; Figure 5). These results indi-
cated that reliance on Alslp for adherence to SHA
beads is triggered when both Bgl2p and Ecm33p are
inactivated, and highlight the importance of all three
proteins for the attachment of C. albicans cells to tooth
surfaces via saliva in the oral cavity.

Discussion

C. albicans is the Candida species most commonly
isolated from the mouth and is responsible for most
superficial oral fungal infections [7]. The oral cavity

provides many saliva-coated surfaces and niches that
can be colonized by C. albicans and it is important to
investigate how this opportunistic yeast interacts with
tooth surfaces when covered by saliva components.
The yeast cell wall is the vital point of contact
between C. albicans cells and the saliva-coated oral
surfaces [14]. Because of this important role, and
interactions with host immune systems, the
C. albicans cell wall has attracted a lot of attention
over the last few decades.

A  method wused previously for measuring
C. albicans adherence to saliva-coated surfaces
involved labeling the yeast with [*°S]-methionine
[4], and GSB medium was used to mimic growth
conditions in the mouth. This method is reliable,
reproducible and sensitive, however, it is time-
consuming and expensive and poses a risk to
human health. Recently, several alternative fluores-
cent staining strategies have been developed to pro-
vide fast detection and quantification of yeast cells. In
our research, important criteria for choosing the opti-
mum fluorescent dye to measure yeast adhesion were
chemical stability under the experiment conditions,
low-cost, safety of use, and no interference with other
substances in saliva. We investigated using carboxy-
fluorescein diacetate succinimidyl ester (CFDA) to
stain C. albicans cells as this compound is cleaved
by intracellular esterase enzymes to form
a fluorescent amine-reactive product. We found that
CFDA stained C. albicans cells and gave a strong
fluorescence signal but there were also many esterases
in saliva resulting in a high background signal in our



SHA bead adhesion assay. We then focused on NR,
a commonly used fluorescent lipophilic dye that
binds to intracellular neutral lipids. NR has low fluor-
escence in water and other polar solvents, but gives
strong fluorescence signals in nonpolar environments
[24]. We found, using spectroscopy and confocal
microscopy, that once NR was absorbed by
C. albicans cells, the signal was stable, even after
2-5 h of staining. Also, once yeast cells were stained
with this dye, no washing steps were needed.
Therefore, we used NR to stain C. albicans cells for
the adhesion assays.

While uncoated HA beads showed low non-
specific binding of 17% of the input SC5314 cells,
we found that 93.8% of input yeast cells adhered to
SHA beads. This is consistent with previous reports
which have shown that bPRPs (basic proline-rich
proteins) and statherin promote attachment of
C. albicans cells to hydroxyapatite beads [4,10].
Control proteins FBS and BSA did not promote
much adherence of C. albicans cells to hydroxyapatite
beads but, surprisingly, skim milk did. It is interesting
to note that milk [38-40], like saliva [13], contains
proline-rich proteins and it might be these molecules
in milk that promote C. albicans adherence to HA
beads. Future studies could determine precisely
which components of skim milk promote this
adhesion.

The proteins Bgl2p (B-1,3-glucosyltransferase)
and Ecm33p (a GPI-anchored protein) are cell
wall proteins contributing to cell wall integrity
[9,41]. In this study, it was confirmed that
BGL2M4 (bgl2A/A) and ECM33M4 (ecm33A/A)
had higher susceptibility to CFW than SC5314
(wild-type), and the double disruptant (bgl2A/A,
ecm33A/A; BEM4) showed even higher susceptibil-
ity. As well as having compromised cell wall integ-
rity, BGL2M4 and ECM33M4 showed lower
adherence to SHA beads than SC5314.
Surprisingly, the double disruptant BEM4 demon-
strated increased adhesion to SHA beads. An ana-
lysis of the expression of the ALS adhesin gene
family in BEM4 revealed increased expression of
ALSI. The protein Alsl plays a major role in
C. albicans adhesion to human epithelial cells,
endothelial cells and even abiotic surfaces such as
silicone [42,43]. It is also a key component needed
for biofilm formation and the hyphal development
of C. albicans [43-45]. Deletion of ALSI reduced
adherence of C. albicans cells to SHA beads by
27.4%. This is similar to the reduction in adherence
of C. albicans to endothelial cells caused by dele-
tion of ALSI reported by Fu et al [35]. (35%).
Deletion of either BGL2 or ECM33 reduced adher-
ence of C. albicans cells to SHA beads by 23.6% or
35.3%, respectively. This indicates that individu-
ally, Bgl2p and Ecm33p contribute approximately
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as much to saliva-mediated adherence as Alslp.
Our results suggested that the double deletion of
BGL2 and ECM33, however, induced
a compensatory overexpression of the ALSI gene.

Deletion of ALSI in either the bgl2A/A or the
ecm33A/A background did not result in a strain
with increased adherence to SHA beads (as was seen
with the bgl2A/A, ecm33A/A strain). These results
demonstrated that ALSI expression is only induced
when both BGL2 and ECM33 are deleted, which was
substantiated by the significant reduction in adher-
ence of the bgl2A/A, ecm33A/A strain when ALSI was
also disrupted. Alslp along with other Als proteins
are well recognized adhesins, but their expression has
been predominantly studied under hypha inducing
conditions [35,46]. Much is known about ALSI
expression during morphogenesis and biofilm forma-
tion where adhesin gene expression is under the
control of transcriptional regulators such as Efglp,
Berlp, Tuplp and Nrglp [47,48]. However, there
have been very few studies on the expression of
adhesins in yeast cells. We were interested in adhesin
expression by yeast cells as they are responsible for
the colonization of saliva-coated surfaces. ALSI is
expressed by yeast cells when released from the sta-
tionary phase, but expression decreases during yeast
growth [49]. In contrast, expression of ALSI is
induced greatly during hyphal formation [49]. The
present study showed that the expression of ALSI in
yeast cells is increased in cells deleted in BGL2 and
ECM33. We have previously reported that disruption
of BGL2 resulted in decreased expression of tran-
scriptional regulator CPH2 during yeast growth [9]
and this may be responsible, in part, for changes in
the ALSI expression. Further experiments are needed
to elucidate the transcriptional network controlling
the expression of Bgl2p, Ecm33p and Alslp under
yeast and mycelia growth conditions.

It must be acknowledged that we only looked for
compensatory expression of ALS genes in the dis-
rupted strains. While there is strong evidence that
there is induction of ALSI when BGL2 and ECM33
are deleted, we cannot exclude the possibility that
expression of other adhesins is also induced. Further
research, including complete RNA sequencing of
mutant strains, may provide a more complete
mechanistic insight into the role of the cell wall
protein network in the adhesion ability of
C. albicans. This study does, however, provide strong
evidence that Bgl2p, Ecm33p and Alslp contribute to
C. albicans adherence to saliva-coated surfaces.
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