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Abstract
Candida albicans is a commensal fungus of the normal flora yet causes opportunistic infection
following trauma or surgery and during immunosuppression. C. albicans virulence factors include
morphogenesis into invasive filaments, adherence to host cells, and secretion of proteases. This study
evaluated the role of fungal hyphal extension in experimental C. albicans keratitis using genetically
altered yeast strains. Scarified corneas of adult BALB/c mice were topically inoculated with wild-
type (SC5314) or 10 transposon-induced mutant strains of C. albicans and monitored for 4 days post
inoculation. In vitro growth kinetics and the yeast strains’ ability to bud into pseudohyphae or hyphae
were also compared. The wild-type human isolate had a high degree of virulence in the murine cornea,
and four fungal strains deficient in genes regulating adherence or encoding membrane proteins did
not significantly differ from the parental strain (P > 0.3). Five yeast strains deficient in genes involved
in filamentation resulted in fully or partially attenuated keratomycosis (P < 0.0001). The overall
growth kinetics of wild-type and mutant strains were similar in rich media (P > 0.9), but mutants
with deficient morphogenesis had reduced filamentation in vitro. Phenotypic switching from yeasts
to filamentous forms facilitates the establishment and progression of experimental corneal disease
by C. albicans.
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1. Introduction
Candida albicans is a commensal fungus of the normal conjunctival flora [1] and an occasional
contaminant of contact lenses [2] and eye-banked donor corneas [3]. C. albicans and other
fungal eye infections are most commonly acquired following trauma or surgery, during
hospitalization, and with immunosuppression [4]. Research into the pathogenesis of fungal eye
infection is a pressing need to develop innovative approaches to prevent and to control disease.

Unlike highly specialized pathogens that express a single major virulence factor (e.g.,
Clostridium tetani), Candida albicans possesses a multitude of activities that contribute to its
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pathogenesis. Adherence, germination, enzyme production, and morphogenesis (the ability of
C. albicans to change from its yeast form to hyphal forms) may contribute to the virulence of
fungal infections. Phenotypic switching between yeasts and pseudohyphae and hyphae may
be a potentially important step in pathogenesis [5]. Rapid morphogenic interconversion and
hyphal extension have been associated with increased fungal invasiveness [6]. While the role
of fungal morphogenesis in producing human disease is unsettled [7], opportunities are arising
for probing the virulence pathways involved in fungal keratitis.

Fungal virulence is “the relative capacity of a microbe to cause damage to a host [8].” Ocular
pathogenicity of C. albicans begins with an adverse interaction between fungi and host tissues
[9]. Adherence and enzyme production contribute to the virulence of fungal infections, but
phenotypic switching from yeasts to pseudohyphae and hyphae is a key step in the pathogenesis
of candidiasis [5]. We used a traumatic keratomycosis mouse model to determine if genes
involved in morphogenesis, adhesion, or produce membrane proteins affect the virulence of
C. albicans during corneal infection.

2. Results
2.1 In Vitro Growth

Growth kinetics were similar (P < 0.05) for all C. albicans yeast strains (Figure 1), although
suv3−/− grew slightly slower than the other strains. Mutant strains filamented in YPD agar at
25°C or 37°C at rates similar to controls, except the sla2−/− mutant filamented 3 days later
(Table 2). No differences were seen between mutant and wild-type strains grown on SLAD
media (Table 2). Filamentation induced with fetal bovine serum and grown at 30°C produced
wrinkled colonies for control strains within 4 days (Table 2). Mutant strains produced similar
results as controls, except mds3−/− produced wrinkled colonies within 6 days while sla2−/− and
suv3−/− took up to 8 days.

On M199 media buffered at pH 4, SC5314, DAY286, mds3−/−, and rim13−/− produced
filaments at 5 days; int1−/−, ker1−/−, muc1−/−, and mlt1−/− produced filaments by 8 days; and
sla2−/−, suv3−/−, and sch9−/− did not produce filaments (Table 2). When grown at pH 8, all five
morphogenesis mutants (mds3−/−, rim13−/−, sla2−/−, sch9−/−, and suv3−/−) had no or reduced
filamentation (Figure 2).

2.2 In Vivo Virulence
Wild-type and parental control strains produced moderate to severe disease in the murine
cornea. The severity of keratitis with the four mutants with genes deficient in membrane
proteins or involved in adhesion did not differ significantly (P > 0.3) from control strains
(Figure 3). Mutant strains lacking genes that regulate morphogenesis produced less disease
severity in the mice than the control strains. The sla2−/− strain produced a moderate infection
at 1 day PI but resolved after 4 days. After 2 days PI, this strain had significantly less severe
keratitis compared to controls (P < 0.0001). The mds3−/− strain produced a mild infection that
resolved by the 4 day follow-up and was less severe than control strains (P < 0.0001). The
rim13−/−, sch9−/−, and suv3−/− strains had completely attenuated virulence in the mouse
keratitis model (Figure 4).

3. Discussion
Virulence factors have been identified for Candida albicans infections of the blood, lung, or
kidney, but few studies have examined the molecular pathogenesis of fungal ocular infection.
The purpose of this study was to determine if C. albicans virulence factors identified in other
tissues also contribute to fungal infection in the cornea. The mutants used in this paper were
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selected from a transposon-induced mutagenesis library described previously [10]. A literature
search of the mutants characterized from the library was performed and those that were
previously hypothesized as virulence factors were selected for use in our mouse keratitis model.
These mutants were grouped into categories of genes involved in morphogenesis, adhesion, or
produced membrane proteins.

Our results confirm that virulence factors differ depending on the site infected, and suggest
that morphogenesis is important for C. albicans corneal infection. Adhesion appeared to have
a minor role in experimental keratitis, but the scarification process in the mouse model disrupts
the corneal epithelial barrier and may bypass the role of fungal adhesion mechanisms.

Filamentation has a key role in C. albicans corneal infection. Morphogenic conversion and
hyphal extension that contribute to fungal invasiveness are genetically regulated [11]. All
mutants used in this study that were deficient in genes regulating morphogenesis led to
attenuated virulence in the mouse keratitis model. Morphogenesis genes involved in keratitis
were rim13, mds3, sla2, sch9, and suv3. Complete attenuation was seen with the rim13−/−,
sch9−/−, and suv3−/− mutants, and mds3−/− mutant produced mild disease that resolved by 4
days. Keratitis scores for sla2−/− mutant produced a moderate disease similar to wild-type at
1 day PI, yet cleared by 4 days. The mechanism by which the mouse resolves the disease with
this mutant is not understood, but we propose that sla2 plays a later role in invasion that would
delay resolution.

Both rim13 and mds3 are known to be involved in the pathogenesis of candidiasis. Rim13p is
a calpain-like protease that likely mediates activation of the transcription factor Rim101p via
C-terminal cleavage [12,13]. The RIM101 pathway is required for alkaline pH-induced hyphal
formation [14] and RIM101p contributes to virulence in mouse models [13,15,16]. Our results
extend these finding to corneal infection. Mds3p is also required for growth and hyphal
formation at alkaline pH, although it appears to be independent of the RIM101 pathway [10,
15]. Mds3 is involved in virulence in a mouse systemic model [10] as well as the ocular model.

The results reported here are the first in vivo studies to implicate sla2, sch9, and suv3 as C.
albicans virulence factors. Sla2p is an actin-binding protein required for alkaline pH-induced
hyphal formation [17,18]. Sch9p is a serine threonine protein kinase required for embedded
hyphal growth [15]. Suv3p is an ATP-dependent RNA helicase involved in mitochondrial RNA
catabolism, a protein required for embedded hyphal growth, and growth under oxygen-limited
conditions [15].

Genes mutated in the strains used in this study that are involved in adhesion or that encode
membrane proteins were int1, muc1, ker1, and mlt1. These mutants produced similar keratitis
scores as wild-type, although muc1−/− began to resolve the disease after 2 days PI. Our findings
indicate that adhesion does not play a major role in C. albicans virulence of the traumatized
cornea. Int1p is an integrin-like protein [19] that mediates intestinal colonization [20], systemic
infection [21], and is involved in cell adhesion [22]. In the ocular model, however, int1 mutant
induced similar keratitis scores as wild-type controls. Muc1p is a cell surface glycoprotein
involved in a filamentous growth transduction pathway in S. cerevisiae [15] and is hypothesized
to be a virulence factor [23]. Ker1p is an alkaline induced protein of the plasma membrane,
and shown to attenuate virulence in the mouse kidneys and lungs [24]. Finally, Mlt1p is a
vacuolar membrane transporter of the ABC (ATP-binding cassette) family and is required for
virulence in a mouse peritonitis model [25]. Even though int1, ker1, and mlt1 are virulence
factors in systemic C. albicans infection, none of these mutants affected the severity of
experimental corneal infection.

Growth mutant strains were similar to wild-type yeasts, indicating no obvious growth
advantage or disadvantage that would influence virulence in the mouse keratitis studies. The
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suv3−/− mutant did have a slightly slower growth pattern than the rest of the strains; however,
this decrease was not significant. We also noticed that the five mutants involved in hyphal
morphogenesis had a reduced ability or were unable to produce filaments when grown on M199
pH 8 agar. Alkaline-induced morphogenesis within or around fungal cells may affect virulence
in C. albicans corneal infection.

Candidiasis models are being developed for infection of several tissues and organs, but few
studies have focused on understanding virulence factors of C. albicans corneal infection [26].
Genes that contribute to C. albicans infection of the cornea differ from previously identified
virulence factors of other infection models, indicating the need for tissue-specific studies.

4. Materials and Methods
4.1 Strains and growth conditions

Yeast strains used for this study are listed in Table 1. SC5314 is a wild-type, highly virulent
C. albicans strain isolated from a human patient [27]. The C. albicans mutants come from a
library of fungal mutants derived from SC5314 by transposon-induced mutagenesis [10]. All
yeast strains were routinely grown in YPD (1% yeast extract, 2% peptone-tryptone, 2%
dextrose) media at 30°C. Yeast were harvested during exponential growth and suspended in
sterile phosphate-buffered saline (PBS).

4.2 In vitro growth kinetics
Each strain was grown overnight in 5 mL YPD liquid media. The concentration was determined
using a spectrophotometer to measure the optimal density (OD) at a wavelength of 600 nm and
a conversion factor of one OD600 unit being equivalent to 3 × 107 colony-forming units (cfu)/
mL [28]. After suspension of 1000 cfu of each strain in 5 mL YPD liquid media and incubation
at 27°C with continuous shaking for 7 days, concentrations were measured at 6, 9, 22, 34, 50,
76, 96, and 168 hours post inoculation (PI). Two independent experiments with triplicate
samples were performed.

4.3 Filamentation assays
Yeast strains were grown overnight at 30°C in YPD liquid media then diluted to a concentration
of 10 cfu/μL. Five μL were added to growth media that contained 1.5% agar. Embedded growth
in YPD agar was examined at 25°C or 37°C as described previously [29]. Growth on medium
199 (M199) containing Earle’s salts and glutamine but lacking sodium bicarbonate and
buffered with 155 mM Tris-HCl was observed at pH 4 and pH 8 [30]. Growth on YPD agar
supplemented with 10% fetal bovine serum and synthetic low ammonium dextrose (SLAD)
media (0.17% yeast nitrogen base without amino acids or ammonium sulfate, 50 μM
ammonium sulfate, and 2% dextrose) [31] was also monitored at 37°C. Colonies were
examined for filamentation daily for 14 days.

4.4 Virulence studies in a mouse model
Immunocompetent adult female BALB/c mice 6 to 8 weeks old were anesthetized, and their
corneas superficially scarified [28]. A 5 μL inoculum containing 1.0 × 105 cfu of each C.
albicans yeast strain was applied to the scarified cornea. Scarified mouse eyes inoculated with
sterile PBS served as the negative control. A minimum of 5 mice were used per group. Animals
were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research and our institutional policies. Mice were monitored daily for 4 days PI
and scored with the aid of a dissecting microscope [28]. A grade of 0 to 4 was assigned to each
of three criteria (area of opacity, density of opacity, and surface regularity) to yield a total score
of 0 to 12. A total score <5 was categorized as mild eye disease, from 5 to 9 was considered
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moderate, and > 9 was severe disease. Score results were evaluated for statistical significance
by the Kruskal-Wallis one-way analysis of variance test.
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Abbreviations
YPD  

yeast peptone dextrose

PBS  
phosphate-buffered saline

OD  
optical density

cfu  
colony-forming units

PI  
post inoculation

M199  
medium 199
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SLAD  
synthetic low ammonium dextrose
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Figure 1.
In vitro growth kinetics. Each Candida albicans yeast strain was inoculated into YPD liquid
media. Mock-inoculated YPD liquid media served as the negative control. The optical density
was measured for the cultures at 6, 9, 22, 34, 50, 76, 96, and 168 hours PI. Two independent
experiments with triplicate samples were performed and the means were calculated and
reported. SC5314 is the wild-type C. albicans strain and DAY286 is the mutant control.
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Figure 2.
Filamentation assay on M199 pH 8. Each strain was grown overnight at 30°C in YPD liquid
media. The cultures were diluted to a concentration of 10 cfu/μL, where 5 μL was added to
medium 199 (M199) containing Earle’s salts and glutamine but lacking sodium bicarbonate
(Gibco BRL) and buffered with 155 mM Tris-HCl at pH 8 + 1.5% agar. Pictures were taken
at 14 day PI (A) SC5314, (B) DAY286, (C) ker1−/− (D) int1−/−, (E) muc1−/−, (F) mlt1−/−, (G)
rim13−/−, (H) mds3−/−, (I) sla2−/−, (J) sch9−/−, and (K) suv3−/−. A and B are controls, C to F
are mutants involved in adhesion or encode membrane proteins, and G to K are morphogenesis
mutants.
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Figure 3.
Mean keratitis scores for mutants in genes involved in adhesion or membrane proteins. Error
bars represent standard deviation. There is no statistical difference in any mutant strain score
at any time point when compared to the wild-type yeast strain, SC5314.
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Figure 4.
Mean keratitis scores for the morphogenesis mutants. Error bars represent standard deviation.
All mutants had partially or fully attenuated virulence in the mouse keratitis model.
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Figure 5.
Mouse corneas inoculated with C. albicans. Mouse eyes were scarified and inoculated with
105 cfu. Pictures were taken at 1 day PI using a slit-lamp biomicroscope and camera. (A)
SC5314 (wild-type), (B) DAY286, (C) rim13−/−, and (D) sterile PBS.
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TABLE 1
C. albicans Strains Evaluated in Mouse Keratitis Model

C. albicans Strain Possible Role in Pathogenesis Reference
SC5314 Wild-type strain that produces severe experimental keratomycosis Gillum et al. [27]
DAY286 Mutant reference strain that provides positive control Davis et al.[10]
ker1−/− Lysine/glutamate-rich plasma-membrane protein Galán et al.[24]
int1−/− Membrane protein involved in filamentation and epithelial adherence Bendel et al. [21]

muc1−/− Hyphal cell-wall protein Li & Palacek[23]
mlt1−/− ATP-dependent transporter protein Theiss et al.[32]

rim13−/− Protease involved in filamentation induced by the RIM101 pathway Noble et al. [15]
mds3−/− Protein involved in pH-dependent filamentation Noble et al. [15]
sla2−/− Protein that contributes to INT1-induced filamentation Asleson et al.[17]
sch9−/− Protein kinase involved in filamentation and chlamydospores formation Nobile et al.[15]
suv3−/− RNA helicase involved in chlamydospores formation Nobile et al.[15]
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TABLE 2
Filamentation Assays

Embedded Growth YPD with 10% serum SLAD M199 pH 4 M199 pH 8
Strain YPD at 25°C YPD at 37°C

SC5314 +++ +++ +++ + + +++
DAY286 +++ +++ +++ + + +++
ker1−/− +++ +++ +++ + + +++
int1−/− +++ +++ +++ + + +++

muc1−/− +++ +++ +++ + + +++
mlt1−/− +++ +++ +++ + + +++

rim13−/− +++ +++ +++ + + −
mds3−/− +++ +++ ++ + + −
sla2−/− + + + + − −
sch9−/− +++ +++ +++ + − +
suv3−/− +++ +++ + + − +

+++
filamentation observed after 3 to 4 days

++
filamentation observed after 5 to 6 days

+
filamentation observed after 7 days or longer

−
no filamentation observed within 14 days
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