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The virulence of Candida albicans in a mouse model of invasive candidiasis is dependent on the phospholipids phosphatidylser-
ine (PS) and phosphatidylethanolamine (PE). Disruption of the PS synthase gene CHO1 (i.e., cho1�/�) eliminates PS and blocks
the de novo pathway for PE biosynthesis. In addition, the cho1�/� mutant’s ability to cause invasive disease is severely compro-
mised. The cho1�/� mutant also exhibits cell wall defects, and in this study, it was determined that loss of PS results in de-
creased masking of cell wall �(1-3)-glucan from the immune system. In wild-type C. albicans, the outer mannan layer of the wall
masks the inner layer of �(1-3)-glucan from exposure and detection by innate immune effector molecules like the C-type signal-
ing lectin Dectin-1, which is found on macrophages, neutrophils, and dendritic cells. The cho1�/� mutant exhibits increases in
exposure of �(1-3)-glucan, which leads to greater binding by Dectin-1 in both yeast and hyphal forms. The unmasking of �(1-3)-
glucan also results in increased elicitation of TNF-� from macrophages in a Dectin-1-dependent manner. The role of phospho-
lipids in fungal pathogenesis is an emerging field, and this is the first study showing that loss of PS in C. albicans results in de-
creased masking of �(1-3)-glucan, which may contribute to our understanding of fungus-host interactions.

The yeast Candida albicans is a commensal fungus that has the
ability to cause systemic bloodstream infections in immuno-

compromised patients with neutropenia. C. albicans and other
Candida species are, together, the fourth leading cause of nosoco-
mial bloodstream infections, which have a mortality rate of ap-
proximately 30% (1). These fungi also have the ability to colonize
prosthetic devices such as artificial heart valves, and complications
arising from this colonization can have a mortality rate of greater
than 60% (2). C. albicans also causes superficial mucosal infec-
tions such as thrush or oropharyngeal candidiasis, particularly in
the immunocompromised, an affliction that can affect up to 50%
of AIDS patients (3).

Currently, there are effective drugs available to treat fungal
infections, but they are also limited, with some that have serious
side effects and others that are less effective because of drug resis-
tance (4–6). Therefore, it is crucial to discover new antifungal
targets that are conserved in fungi but not in humans and charac-
terize how inhibition or deletion of these targets affects the phys-
iology and virulence of the pathogen.

The de novo pathway for synthesizing the phospholipids phos-
phatidylserine (PS) and phosphatidylethanolamine (PE) is crucial
for virulence in a systemic mouse model of C. albicans infections
(7). In general, PS makes up 6% and PE makes up 15% of the total
cell membrane phospholipids (7). Occupying the first step in the
de novo synthesis pathway, the Cho1p PS synthase, which is re-
quired for PS synthesis, is a good potential target for antifungal
development, as it has no mammalian homolog (8), and its ab-
sence (cho1�/� mutant) leads to avirulence in a mouse model of
candidemia (7). PE synthesis is also affected in this mutant be-
cause PS serves as a substrate for the de novo synthesis pathway,
one of two pathways that synthesize PE. In this pathway, the par-
tially redundant PS decarboxylases Psd1p and Psd2p convert PS to
PE, and these enzymes are also required for virulence. When both
enzymes are knocked out simultaneously in a psd1�/� psd2�/�
double mutant, virulence is severely attenuated and PE levels drop
by approximately half (7). The cho1�/� and psd1�/� psd2�/�

mutants have in common a decrease in de novo PE synthesis, but
only the cho1�/� mutant lacks PS (7).

Both the innate and adaptive immunological responses of the
host play a role in controlling and eliminating fungal infections,
but the innate response is the early responder and is crucial for
controlling bloodstream infections (9, 10). The innate response is
mediated largely by phagocytic cells such as macrophages and
neutrophils, which recognize, phagocytose, and kill the pathogen
(11). Recognition is dependent, in part, on pathogen-associated
molecular patterns (PAMPs) that are present on the surface of the
pathogen, which can then be recognized by phagocytic pattern
recognition receptors (PRRs) (12–15).

Fungal cell walls contain the PAMP �(1-3)-glucan. The fungal
wall is composed of two layers; mannosylated proteins (mannan)
are enriched on the outer surface layer, and �(1-3)-glucan and
chitin are enriched in the layer beneath (16, 17). �(1-3)-Glucan is
a known PAMP that is recognized by Dectin-1, a C-type lectin
PRR that is expressed by macrophages, neutrophils, and dendritic
cells (12). Several cell wall mutants with increased exposure of
�(1-3)-glucan also exhibit increased recognition by phagocytic
cells, resulting in increased phagocytosis by macrophages and pro-
duction of cytokines, inducing a strong response by the innate
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immune system that may play a role in the faster elimination of
these mutants (18, 19).

In this communication, we report that the loss of PS in the C.
albicans cho1�/� mutant results in changes in cell wall structure,
notably, an increase in �(1-3)-glucan exposure on the cell surface.
The full mechanism of how phospholipids affect the cell wall is not
known, but it may relate to the manner in which phospholipids
like PS modulate signaling pathways like calcineurin, protein ki-
nase C, Hog1p, or Cek1p, which regulate the cell wall (20, 21).
Increased �(1-3)-glucan exposure induces increased Dectin-1
binding, mediating macrophage release of the cytokine tumor ne-
crosis factor alpha (TNF-�). The TNF-� response is important in
protecting against systemic candidiasis, and when the TNF-� re-
sponse is ablated by either knocking out the TNF-� response or
neutralizing the response with an anti-TNF-� antibody, mice are
more susceptible to systemic candidemia (22, 23). Interestingly,
we find that the psd1�/� psd2�/� double mutant does not exhibit
these phenotypes as strongly, suggesting that PS is specifically re-
quired for �(1-3)-glucan “masking” from immune recognition.

MATERIALS AND METHODS
Strains and growth media. All of the strains used for these experiments
are described in reference 7 or derived from these strains (Table 1). Strains
were cultured in YPD liquid medium (1% yeast extract, 2% peptone, 2%
glucose) or on YPD agar plates (24). The RAW264.7 mouse-derived mac-
rophage cell line (25) and human neutrophils were both cultured in RPMI
plus 10% fetal bovine serum and 1% penicillin-streptomycin (Gibco).
The RAW-BLUE cells that expressed elevated levels of Dectin-1 were cul-
tured in the same medium as RAW264.7 macrophages, only with the
addition of 200 �g/ml Zeocin (Research Products International Corpo-
ration).

For the generation of strains that express cytoplasmic green fluores-
cent protein (GFP) constitutively under the control of the promoter of the
gene for enolase (ENO1), we used the plasmid pENO1-yEGFP3-NAT (26)
and transformation methods that have been previously described (27). To
generate the cho1�/�::CHO1 reintegrant strain that expresses GFP, the
SAT1 marker was flipped out of the CHO1 reintegration construct
(pCHO1-SAT1-flipper) (strain SED022) and then transformed with the
above-described GFP plasmid using nourseothricin selection at a concen-
tration of 200 �g/ml (WERNER BioAgents).

Purification of sDectin-1–Fc. HEK293T cells were transfected with
the soluble Dectin-1–Fc (sDectin-1–Fc) construct previously described
(28). After selection for stable transfection with Zeocin, the cells were
seeded into a CELLine AD1000 bioreactor (Wheaton) and cell superna-
tants were harvested twice weekly. Supernatants were purified over Hi-
Trap protein A columns (GE Healthcare) and dialyzed overnight with
phosphate-buffered saline (PBS) in Slide-A-Lyzer Dialysis cassettes
(Thermo Scientific). Dialyzed supernatants were concentrated with Ami-
con Ultra centrifugal filters (Millipore). Elution from the column directly
into 1 M Tris (pH 9) neutralization buffer was performed under low-pH
conditions with 100 mM glycine (pH 2.8). The concentration of sDectin-
1–Fc was determined with the Bradford assay.

sDectin-1–Fc staining and flow cytometry. C. albicans strains were
streaked onto YPD agar plates and left at 37°C overnight. A single colony
per strain was picked and transferred into 5 ml YPD liquid, which was put
into a rotator wheel and left overnight at 37°C. A sample of culture was
centrifuged and washed three times with PBS. Samples were blocked in
PBS plus 2% bovine serum albumin for 1 h at room temperature. After
blocking, samples were stained with sDectin-1–Fc at 16.5 �g/ml for
1.5 h on ice. Samples were washed with PBS five times and then
stained with donkey anti-human IgG DyLight 488 antibody (Jackson
ImmunoResearch) at 0.83 �g/ml for 20 min on ice. Samples were washed
five times with PBS and then resuspended in 500 �l PBS for flow cytom-
etry. Flow cytometry data were obtained for 10,000 gated events per strain,
and statistics were calculated with the paired Student t test. For imaging,
Candida cells were prepared as outlined above but were resuspended in 50
�l PBS and visualized with a Zeiss AxioVision Vivotome microscope (Carl
Zeiss Microscopy, LLC). This experiment was repeated twice.

In other immunofluorescence experiments with sDectin-1–Fc stain-
ing, donkey anti-human IgG-Cy3 or rabbit-anti-human IgG-Cy2 (both
from Jackson ImmunoResearch) was used as the secondary antibody.

Immunofluorescence of �(1-3)-glucan and complement. Strains
were grown overnight in YPD at 30°C. For yeast-form staining, 0.1 optical
density unit of each strain was washed three times with PBS. Blocking and
primary and secondary antibody incubations occurred on ice in PBS plus
3% bovine serum albumin. Blocking was for 1 h, primary-antibody incu-
bation was for 1.5 h, and secondary-antibody incubation was for 20 min
with five washes between antibodies. An anti-�(1-3)-glucan antibody
(Biosupplies Australia) at a 1:800 dilution was used as the primary anti-
body, and a goat anti-mouse antibody conjugated to Cy3 (Jackson Immu-
noResearch) at 1:600 was used as the secondary antibody. For hyphal-
form staining (see Fig. 4), overnight cultures grown at 30°C were washed
three times with PBS, added to 20% human serum in RPMI in Lab-Tek
glass chamber slides (Thermo Scientific), and incubated at 37°C for 3 h to
ensure adequate filamentation. Antibody staining was performed in the
same way as yeast-form staining. A formaldehyde fixation step with 37%
formaldehyde in PBS was used for yeast and hyphae in some cases before
staining began, and this is noted in the figure legends if that was the case.

Complement staining with the primary antibody against human
C1q-c complement (Santa Cruz catalog no. sc-365301) (29) and a Cy3-
conjugated anti-mouse secondary antibody (Jackson ImmunoResearch)
was performed with overnight cultures grown at 30°C that were washed
three times with PBS. The yeast cells were then incubated with 50% hu-
man serum for 30 min and then stained according to the yeast-form im-
munofluorescence protocol.

For all immunofluorescence studies, experiments were repeated in
triplicate. In each experiment, n � �100 for yeast cells and �20 for hy-
phae.

Quantification of immunofluorescence signal of hyphae for �(1-3)-
glucan and Dectin-1 immunofluorescence. The fluorescence intensities
of labeled hyphae were assessed with NIS-Elements AR 3.2 image analysis
software (Nikon Instruments Inc., Melville, NY). Hyphae were viewed by
using a rainbow display scale of pixel intensity and assigned a score based
on fluorescence intensity (red � high [2], yellow � medium [1], green �
low [0]). Averages were calculated for each strain (n � �20).

TABLE 1 C. albicans strains used in this study

Strain Parent Genotype
Source or
reference

SC5314 Clinical
isolate

Prototrophic wild type 43

YLC337 SC5314 cho1�/cho1� 7
YLC344 SC5314 cho1�/cho1�::CHO1-SAT1 7
YLC280 SC5314 psd1�/psd1� 7
YLC294 SC5314 psd1�/psd1�::PSD1-SAT1 7
YLC375 SC5314 psd2�/psd2� psd1�/psd1� 7
SED022 YLC337 cho1�/�::CHO1 with SAT1 flipped out This study
SED010 SC5314 Wild type with PENO1-GFP-SAT1 This study
SED013 YLC337 cho1�/cho1� mutant with

PENO1-GFP-SAT1
This study

SED016 YLC280 psd1�/psd1� mutant with
PENO1-GFP-SAT1

This study

SED019 YLC375 psd2�/� psd1�/psd1� mutant with
PENO1-GFP-SAT1

This study

SED024 SED022 cho1�/cho1�::CHO1 mutant with
PENO1-GFP-SAT1

This study

Davis et al.

4406 iai.asm.org Infection and Immunity

http://iai.asm.org


Killing assays. Killing assays were performed with macrophages and
neutrophils. Neutrophil isolation was done by a method adapted from a
previously published protocol (30). Neutrophils were obtained from
whole blood from a human donor. The blood was diluted with an equal
volume of PBS, Lymphocyte Separation medium (BioWhittaker) was un-
derlaid, and the cells were centrifuged to pellet neutrophils and erythro-
cytes. The pellet was subjected to 3% dextran sedimentation to isolate
neutrophils and further treated with 0.2% sodium chloride to lyse any
residual erythrocytes. Yeast-form cells (from an overnight culture grown
in YPD) and phagocytes were coincubated at a 1:40 ratio for 2 h at 37°C
and 5% CO2, and afterward, yeast cells were plated on YPD plates for total
CFU counting. The experiment was performed three separate times, and
for each strain in an individual experiment, n � 5, for a total of n � 15 for
each strain.

ELISA of TNF-�. RAW264.7 macrophages were plated the day prior
at 5 � 105/well in a 24-well plate. Macrophages and UV-killed yeast-form
Candida cells were coincubated at a 1:10 ratio for 8 h at 37°C and 5% CO2.
The enzyme-linked immunosorbent assay (ELISA) kit instructions of the
manufacturer (R&D Systems) were followed. To determine if the release
of TNF-� was due to Dectin-1 binding, a commercial anti-Dectin-1 neu-
tralizing antibody (InvivoGen MAb-mDect) was administered to the
macrophages for 1 h prior to coincubation at a concentration of 100
ng/ml. Three individual experiments were performed. For each of these
experiments, three individual wells were stimulated for 8 h or for 4 h when
RAW-BLUE cells were used. From each well, the sample was taken and
measured in triplicate, for a total of nine data points per group. Statistical
analysis of the data was performed by the unpaired-sample t test with
two-tailed P values.

�-Defensin. By using a protocol adapted from reference 31, strains
were grown overnight in YPD at 30°C, washed with 10 mM sodium phos-
phate buffer (NaPB), and counted with a hemacytometer and 105 cells
were incubated with various concentrations of human �-defensin 3
(AnaSpec catalog no. 60741) for 1 h in 10 mM NaPB in a shaking incuba-
tor at 37°C. After incubation, cells were washed with 10 mM NaPB, di-
luted 1:100, and plated for CFU counting. The assay was performed three
separate times. For each strain in each assay, n � 4. Statistical analysis of
the data was performed by the unpaired-sample t test with two-tailed P
values.

Time-lapse microscopy of hyphal formation. A 2% agarose gel was
overlaid on the surface of a Delta T dish (Bioptechs, Inc.) with wells
formed in the gel to contain medium and yeast. Strains were grown over-
night in YPD at 30°C and washed with PBS, and cells were counted with a
hemacytometer. RPMI plus 25% human serum was added to the wells,
and 5 � 103 yeast cells were added to each well. The Delta T dish was
placed on a heated stage set to 37°C and imaged automatically to deter-
mine hyphal length over a 3-h period. Hyphal length was determined by
software analysis (NIS-Elements version 3.1; Nikon Instruments). Quan-
tification was performed by monitoring 20 cells of each strain.

In vivo hyphal formation. GFP-expressing strains were washed with
PBS and stained with Alexa Fluor 555 (Invitrogen) in 100 mM NaCO3

buffer (pH 10) for 30 min at room temperature. After cells were washed
three times in PBS, 107 cells were injected per mouse via the tail vein. After
6 h, the mice were sacrificed and their kidneys were removed and imme-
diately homogenized with a Dounce tissue homogenizer and visualized by
microscopy. This experiment was performed in triplicate with two or
three mice per genotype, so there were eight or nine mice per strain. For
each experiment, both kidneys of each mouse were homogenized together
and visualized to look for yeast cells. A minimum of 3 cells from each pair
of kidneys were imaged, for a minimum of 24 to 27 cells of each strain.

RESULTS
Loss of PS results in increased exposure of �(1-3)-glucan on the
C. albicans yeast-form cell surface. In a previous report, the
cho1�/� and psd1�/� psd2�/� mutants’ cell wall defects were
studied in the context of yeast-form cells grown at 30°C in rich

medium (YPD). In these studies, the cho1�/� mutant exhibited
stronger cell wall defects than the psd1�/� psd2�/� mutant, in-
cluding a much greater increase in chitin levels than in wild-type
cells and a thicker, more irregular cell wall, as shown by transmis-
sion electron microscopy (7). It was hypothesized that these cell
wall defects would correlate with phenotypes that impact viru-
lence, such as increased exposure of �(1-3)-glucan, which affects
host-pathogen interactions. We examined the effects of these mu-
tations on �(1-3)-glucan exposure by immunofluorescence with
an anti-�(1-3)-glucan antibody (18). �(1-3)-Glucan is noticeably
more exposed in the log phase of cho1�/� mutant cells than in
wild-type, cho1�/�::CHO1, psd1�/�, or even psd1�/� psd2�/�
mutant cells (Fig. 1). This phenomenon appears to be indepen-
dent of the growth phase, as the results were also observed in
stationary phase after 3 h of growth in YPD (see Fig. S1 in the
supplemental material). We also found that these staining pat-
terns held true for the yeast-form cells in both growth phases
regardless of whether formaldehyde fixation was used prior to
staining with antibodies (data not shown).

�(1-3)-Glucan on the surface of C. albicans is bound and de-
tected by Dectin-1, a C-type lectin that is expressed on innate
immune effector cells such as macrophages, neutrophils, and den-
dritic cells (18, 32). This binding and recognition aids macro-
phages and neutrophils in the phagocytosis of yeast and results in
the secretion of cytokines like TNF-� (18, 33). Fluorescent stain-
ing with sDectin-1–Fc reveals that cho1�/� mutant yeast-form
cells exhibit greater binding by Dectin-1 than the other strains
(Fig. 2A). Flow cytometry to quantify the binding of sDectin-1–Fc
to the surface of yeast-form C. albicans supports the microscopy
results and indicates that the cho1�/� mutant has significantly
greater binding by Dectin-1 than the other strains and that the
psd1�/�psd2�/� double mutant (solid pink line) does not differ
from the wild type (black) (Fig. 2B). The cho1�/� cells exhibit an
average increase in binding by Dectin-1 over wild type of approx-
imately 58% (Fig. 2C). These results support those showing in-
creased anti-�(1-3)-glucan staining exposure on the cho1�/�
mutant cell surface (Fig. 1).

�(1-3)-Glucan is bound by Dectin-1, but there are data that
suggest that anti-�(1-3)-glucan antibody and sDectin-1–Fc may
bind to somewhat distinct epitopes (18). If so, then it should be
possible to see colocalization of staining with both probes. To
assess this, yeast-form cells were double stained with an anti-�(1-
3)-glucan antibody and sDectin-1–Fc and secondary antibodies
with differential fluorophores. It is clear that the signals colocal-

FIG 1 Yeast-form cells of the cho1�/� mutant exhibit increased exposure of
�(1-3)-glucan. Secondary immunofluorescence with an anti-�(1-3)-glucan
primary antibody and a Cy3-conjugated secondary antibody reveals that the
cho1�/� mutant has greater �(1-3)-glucan exposure than the other strains.
Strains were grown to log phase in YPD at 30°C. WT, wild type.
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ized and are very prominent for the cho1�/� mutant (see Fig. S2 in
the supplemental material).

Phospholipid mutants generate hyphae when growing in hu-
man serum. Since cho1�/�, but not psd1�/� psd2�/�, mutant
cells exhibit increased exposure of �(1-3)-glucan in the yeast
form, the effects of these mutations on the exposure of �(1-3)-
glucan in hyphae needed to be addressed to determine if there
were any cell wall differences that are dependent on morphology.
Previous work has shown that the cho1�/� and psd1�/� psd2�/�
mutants show poor hyphal formation on plates in response to a
neutral pH and Spider medium. However, the cho1�/� and
psd1�/� psd2�/� mutants could both form hyphae in response to
mouse serum (7). These previous data were only qualitative, and it
was not clear whether the mutants grew as hyphae at a rate similar
to that of the wild type in response to serum. Consequently, the
hyphal extension rates of cho1�/� and psd1�/� psd2�/� mutants
were compared to those of the wild type and psd1�/� mutants in
human serum by time-lapse microscopy. Through this assay, it
was found that all of the strains except the cho1�/� mutant exhib-
ited similar hyphal extension rates, but the cho1�/� mutant was
slightly slower, although the difference was not statistically signif-
icant (Fig. 3A).

In order to determine if these mutants could also form hyphae
in response to more in vivo stimuli, such as host tissue, the strains
were compared for growth after they infected mice and were lo-
calized to the kidneys. Each strain was transformed with a con-
struct that would express cytoplasmic GFP from the constitutive

ENO1 promoter (26). Then yeast-form cells of each strain were
stained on the exterior with Alexa Fluor 555 dye and administered
to mice via tail vein injection. Kidney homogenates were analyzed
by microscopy 6 h after infection to determine if hyphal growth
occurred in the kidney. The Alexa Fluor stain allows the identifi-
cation of injected yeast-form cells, and GFP-expressing hyphae
that lack Alexa Fluor staining indicate new growth after infection
of the kidney. Analysis of kidney homogenates revealed that all
four strains were able to survive and grow similarly within the
mouse (Fig. 3B and C). Thus, when grown under host-simulating
conditions, the mutants appear to form hyphae at a rate similar to
that of the wild type, at least for several hours.

Loss of PS causes increased exposure of �(1-3)-glucan in hy-
phae. The cho1�/� mutant exhibits a greater exposure of �(1-3)-
glucan than the wild-type, psd1�/� psd2�/� double mutant, and
other strains (Fig. 1 and 2; see Fig. S1 and S2 in the supplemental
material). In order to determine if this held true for hyphae as well,
cells were grown in human serum at 37°C to induce hyphal growth
and then stained for �(1-3)-glucan exposure with an anti-�(1-3)-
glucan antibody.

When grown as hyphae in human serum and fixed with form-
aldehyde during the process of immunofluorescence staining, the
cho1�/� and psd1�/� psd2�/� mutants both exhibited greater
exposure of �(1-3)-glucan than the wild-type, psd1�/� mutant,
and reintegrant strains (Fig. 4A). In addition, a number of the
hyphae of the cho1�/� and psd1�/� psd2�/� mutants were also
malformed compared to those of the wild-type and psd1�/�

FIG 2 The cho1�/� mutant has increased binding to the Dectin1 receptor. (A) C. albicans strains grown overnight in YPD were stained with sDectin-1–Fc and
a fluorescently labeled secondary antibody, showing that the cho1�/� mutant exhibits greater staining than all of the other strains. (B) Flow cytometry reveals that
the cho1�/� mutant (solid red line) has greater binding to the Dectin-1 receptor than the other strains. (C) A graph of the relative mean staining intensity of each
sample reveals that the cho1�/� mutant exhibits significantly greater staining with sDectin-1–Fc than the other strains. *, P � 0.05.
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strains; they were enlarged at the tips in comparison and in many
cases were somewhat curved near the tip (Fig. 4A). Approximately
48% of the cho1�/� mutant hyphae and 52% of the psd1�/�
psd2�/� mutant hyphae showed this phenotype, whereas none of
the other strains exhibited this phenotype (Table 2).

However, when costaining of hyphae with sDectin-1–Fc and
an anti-�(1-3)-glucan antibody was performed without fixation
with formaldehyde, only the cho1�/� mutant exhibited strong
staining with either probe, and the staining, like that in yeast-form
cho1�/� mutant cells, was found in overlapping patterns (Fig.
4B). The frequency of colocalization of anti-�(1-3)-glucan anti-
body and Dectin-1 staining was quantified for all of the strains,
revealing that they bind to unfixed hyphal cells similarly for the
most part (Fig. 4B; see Fig. S3 in the supplemental material). The
psd1�/� and psd1�/� psd2�/� mutants did have stronger stain-
ing than the wild type, but it was generally much weaker than that
of the cho1�/� mutant strain. Interestingly, for many of the mu-
tants, staining with sDectin-1–Fc tended to be stronger for the
mother yeast cells when they were grown in serum (Fig. 4B).

Surprisingly, when sDectin-1–Fc staining was performed with
hyphal-form cells from these strains that had been fixed with
formaldehyde, the psd1�/� psd2�/� mutant did not exhibit no-
ticeable staining compared to the wild type, although the cho1�/�
mutant continued to stain much more brightly than the wild type
(data not shown). Thus, formaldehyde fixation may reveal anti-
�(1-3)-glucan-specific epitopes under some conditions with spe-
cific probes.

Phospholipid mutants are not more susceptible to killing by
innate immune responses. As our cho1�/� mutant has increased
�(1-3)-glucan exposure and increased binding by sDectin-1–Fc, it
was hypothesized that increased binding of Dectin-1 would result
in increased susceptibility to killing by macrophages. However,
when in vitro killing assays were performed with macrophages
(RAW264.7 or RAW-BLUE), it was found that there was no dif-
ference in killing for any of the strains (Fig. 5A, data not shown for
RAW-BLUE). Neutrophils are typically more efficient at killing C.
albicans than macrophages, so the susceptibility of the cho1�/�
and psd1�/� psd2�/� mutants to neutrophils was also tested.
However, the mutants were not more readily killed by neutrophils
either (Fig. 5B).

In addition to cellular innate immune responses, it is also pos-
sible that the mutants might be more susceptible to noncellular
innate immune response elements like cationic peptides, as their
membranes are defective. We tested the susceptibility of our mu-
tants to the cationic peptide �-defensin, which is known to act
against the negatively charged membranes of invading pathogens
(34). Surprisingly, the cho1�/� mutant was more resistant than
the wild type to �-defensin at a concentration of 500 nM. The
psd1�/� and psd1�/� psd2�/� mutants showed no differences
(Fig. 5C) from the wild type. In addition, the mutants showed no
difference in binding by complement C (data not shown).

Loss of PS in C. albicans causes increased elicitation of cyto-
kines from macrophages. Increased exposure of �(1-3)-glucan in
C. albicans cell wall mutants has been shown to cause an increase

FIG 3 Hyphal formation by the cho1�/� mutant is not significantly impaired in serum or host tissue. (A) C. albicans strains were incubated in 100% human
serum and observed by time-lapse microscopy on thermally regulated glass slides. After 3 h, hyphal length was measured as an indicator of growth over time. (B)
C. albicans strains expressing GFP were stained with Alexa Fluor dye during yeast-form growth. Stained yeast cells were then injected into mice via the tail vein,
and after 6 h, the mice were sacrificed and their kidneys were removed and then homogenized and viewed by microscopy. Hyphae expressing GFP indicate new
growth that occurred within mouse tissue. (C) Percentages of yeast cells inoculated in vivo that generated hyphae in mouse kidneys. A minimum of 24 cells were
analyzed per strain. WT, wild type.
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in TNF-� release from macrophages (18). The differences in �(1-
3)-glucan exposure reported in the cho1�/� mutant was hypoth-
esized to cause an increase in TNF-� production. A TNF-�-spe-
cific ELISA revealed that the cho1�/� mutant elicits greater
TNF-� production from RAW-BLUE macrophages than the wild-
type strain (Fig. 6). This is not the case for the reintegrant,
psd1�/�, or psd1�/� psd2�/� mutant strain.

The Dectin-1 receptor expressed on immune effector cells
binds to �(1-3)-glucan on the C. albicans cell surface, and this has
been reported to trigger TNF-� release (32). Thus, Dectin-1 was
presumed to be responsible for the increase in TNF-� release. In
order to rule out other non-Dectin-1 receptors as mediators of
increased TNF-� production by macrophages in response to the
cho1�/� mutant, an anti-Dectin-1 antibody was administered to
the macrophages prior to their exposure to cho1�/� mutant cells
in order to block Dectin-1 activation during coincubation with
yeast cells. The results in Fig. 6 show that blocking of Dectin-1
reduces TNF-� production to nearly wild-type levels, revealing
that Dectin-1 is responsible for cytokine release. When the RAW
264.7 cell line was used, a similar elicitation of TNF-� in a Dectin-
1-dependent manner was observed as well (see Fig. S4 in the sup-
plemental material).

DISCUSSION

Loss of the PS synthase gene CHO1 results in changes in immune
recognition, most notably, increased exposure of �(1-3)-glucan in
the cell wall. The increased exposure of �(1-3)-glucan can be seen
from the increased binding of anti-�(1-3)-glucan antibodies (Fig.
1, 2, and 4; see Fig. S1 to S3 in the supplemental material). On the
basis of current models, this may be due to glycosylated cell sur-
face proteins on the cho1�/� mutant cell wall not adequately con-
cealing the layer of �(1-3)-glucan underneath, causing “chinks” in
the masking of this important yeast cell wall PAMP. These differ-
ences in �(1-3)-glucan exposure in the cho1�/� mutant are also
supported by Dectin-1 receptor binding to both yeast-form (Fig.
2; see Fig. S2 in the supplemental material) and hyphal cells (Fig. 4;
see Fig. S3 in the supplemental material) and elicitation of TNF-�
(Fig. 6; see Fig. S4 in the supplemental material). These data reveal
that the immune response to the cho1�/� mutant is stronger than
that to all of the other strains tested. The more severe defects in
immune evasion in the cho1�/� mutant (lacks PS and has defi-
cient PE) than the psd1�/� psd2�/� double mutant, which has
deficient PE but abundant PS, reflect the stronger cell wall defi-
ciencies of the cho1�/� mutant (7).

The correlation between increased �(1-3)-glucan exposure
and increased TNF-� production in the cho1�/� mutant is nota-
ble, as Wheeler and Fink (18) found some mutants of Saccharo-
myces cerevisiae that exhibit increased binding by anti-�(1-3)-glu-
can antibody but did not necessarily bind better to Dectin-1 or
hyperelicit TNF-�. Thus, while increased staining by anti-�(1-3)-
glucan antibody does not always correlate with increased immune
recognition, the increase that occurs in the cho1�/� mutant does
yield a more productive immune response (Fig. 6; see Fig. S4 in the
supplemental material).

These data suggest that the loss of PS alone is responsible for
unmasking in C. albicans, and this conclusion is drawn from the
following observations. (i) Loss of CHO1 results in a complete loss

FIG 4 The hyphal form of the cho1�/� mutant has increased exposure of �(1-3)-glucan and binding by the Dectin-1 receptor. Cells were grown as hyphae in
human serum. (A) Secondary immunofluorescence analysis was performed with an anti-�(1-3)-glucan antibody. Increased exposure of �(1-3)-glucan in the
cho1�/� mutant and the psd1�/� psd2�/� double mutant appears to localize at malformed hyphal tips (indicated by arrows). Staining was performed after
formaldehyde fixation. (B) In the absence of formaldehyde fixation, only the cho1�/� mutant revealed strong staining with either anti-�(1-3)-glucan antibody
or sDectin-1–Fc. These probes exhibited overlapping staining patterns in the hyphal cell wall. Top row, bright-field optics; middle row, staining with anti-�(1-
3)-glucan antibody and a Cy3 (red)-conjugated secondary antibody; bottom row, staining with sDectin-1–Fc and a Cy2 (green)-conjugated secondary antibody.
WT, wild type.

TABLE 2 Hyphae of the cho1�/� and psd1�/� psd2�/� mutants are
malformed

Strain
No. of cells
with deformity

Total no.
of cells

% with
deformity

SC5314 0 37 0.00
cho1�/� mutant 11 23 47.83
cho1::CHO1 mutant 0 13 0.00
psd1�/� mutant 0 29 0.00
psd1::PSD1 mutant 0 19 0.00
psd1�/� psd2�/� double mutant 11 21 52.38
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of PS and a 40% drop in PE levels, since this population of PE
molecules is derived from PS by decarboxylation via Psd1p or
Psd2p. (ii) Loss of PSD1 and PSD2 simultaneously (psd1�/�
psd2�/�) causes a 40% drop in PE similar to that observed in the
cho1�/� mutant, but there is an increase in PS, since it is not
converted to PE by decarboxylation. (iii) Although the cho1�/�
and psd1�/� psd2�/� mutants have similar drops in PE, only the
cho1�/� mutant, with its lack of PS, shows a strong increase in
�(1-3)-glucan exposure by staining with anti-�(1-3)-glucan anti-

body or sDectin-1–Fc (Fig. 1, 2, and 4; see Fig. S1 to S3 in the
supplemental material) and increased elicitation of TNF-� from
macrophages (Fig. 6; see Fig. S4 in the supplemental material).
Thus, it appears that the loss of PS is responsible for the majority of
the increased exposure of �(1-3)-glucan.

There is a subtle contrast between the hyphal form and the
yeast form in regard to �(1-3)-glucan exposure. In particular, al-
though cho1�/� mutant hyphae have the strongest exposure of
�(1-3)-glucan, the psd1�/� and psd1�/� psd2�/� mutants also
exhibit greater exposure of �(1-3)-glucan and binding of sDectin-
1–Fc than the wild type, but exposure is lower than that of the
cho1�/� mutant (Fig. 4B; see Fig. S3 in the supplemental mate-
rial). Thus, for hyphae, the defect in masking is affected primarily
by PS but is impacted by PE as well. We did not test to see if this
difference in the hyphal form leads to greater TNF-� release in
macrophages because of technical difficulties when working with
hyphae in this assay.

In addition, when hyphae are fixed with formaldehyde, the
psd1�/� psd2�/� double mutant, but not the psd1�/� mutant,
exhibits increased exposure of �(1-3)-glucan (Fig. 4A). This does
not hold true for yeast-form cells (see Fig. S1 in the supplemental
material). Thus, fixation may cause some increases in exposure
that do not necessarily reflect other conditions. Alternatively,
these data may indicate that �(1-3)-glucan is more readily un-
masked in the psd1�/� psd2�/� mutant along with the cho1�/�
mutant, than in the psd1�/� mutant. This could be of interest, as
the unmasking that occurs under these conditions correlates with
these strains’ defects in virulence.

The precise defect that leads to increased exposure of �(1-3)-
glucan in yeast-form cells of the PS synthase mutant alone is un-
clear. This increase does not appear to resemble that of the
kre5�/� mutant, which has increased exposure all over the cell
surface (18). Instead, the increased exposure we observe is local-
ized to foci at the periphery of yeast-form cells (see Fig. S2 in the
supplemental material). These increases also do not correlate with
bud scars or septa (data not shown). Transmission electron mi-
croscopy images of cho1�/� mutant cells reveal irregularities in

FIG 5 There are no differences in killing by phagocytes or defensins. (A)
RAW264.7 macrophages and C. albicans cells were coincubated for 6 h, and C.
albicans was plated to measure the number of viable CFU. C. albicans strains
mock challenged with macrophages were used to calculate the percentages of
C. albicans cells killed. (B) Human neutrophils were tested for the ability to kill
the different strains by an approach similar to that used for panel A, except that
they were coincubated for only 2 h. (C) The cho1�/� mutant was incubated
with �-defensin or mock challenged, and then the viable CFU were counted.
WT, wild type.

FIG 6 The cho1�/� mutant elicits TNF-� from macrophages in a Dectin-1-
dependent manner. A TNF-�-specific ELISA was used to measure TNF-�
elicited from RAW-BLUE macrophages in response to a C. albicans challenge
after 4 h. Pretreatment of RAW-BLUE macrophages with an anti-Dectin-1
neutralizing antibody reveals that the TNF-� response is Dectin-1 mediated. *,
P � 0.0001. WT, wild type.
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the membrane and cell wall that look like invaginations (7). The
increased exposure of �(1-3)-glucan in the cell wall of the
cho1�/� mutant may correspond to these irregularities, although
that remains to be determined.

The mechanism by which PS controls �(1-3)-glucan masking
could be related to effects of PS on cell wall signal transduction
pathways, general endocytic trafficking, or alterations of the
plasma membrane (35, 36). A number of cell wall signaling path-
ways are directly affected by PS, including the protein kinase C
(Pkc1p) and calcineurin pathways (37–41). In S. cerevisiae, PS is a
cofactor for ScPkc1p activity in vitro. In addition, calcineurin is
recruited to membranes by PS in vitro. Therefore, these pathways
could potentially affect the cell wall because of PS loss.

The role that �(1-3)-glucan exposure in the cho1�/� mutant
plays in compromising virulence in the host is not clear. The yeast
form of the cho1�/� mutant elicits a greater release of cytokines
from macrophages than the psd1�/� psd2�/� mutant and has
more exposure of �(1-3)-glucan as yeast cells or hyphae, suggest-
ing a stronger immune response. However, these mutants are
pleiotropic, so there are likely other mechanisms at work in addi-
tion to unmasking to affect virulence. For example, both mutants
are ethanolamine auxotrophs (7). Even in YPD, which contains
ethanolamine, the cho1�/� mutant has a 2.5-fold lower growth
rate than the wild type, which suggests that the growth rate could
play a role in the cho1�/� mutant’s ability to be pathogenic; how-
ever, it can clearly grow for several hours in serum or in the host
(Fig. 3), but this may not translate into growth over several days,
which is required to overwhelm the host during sepsis. Thus, the
mutants may not be getting enough ethanolamine to make suffi-
cient PE, which is essential (7), as it is in other yeasts like S. cerevi-
siae and Schizosaccharomyces pombe (42). Alternatively, auxotro-
phy may play a role, but the increased exposure of �(1-3)-glucan
may result in more rapid clearance of the mutant.

PS clearly affects the cell wall and masking independently of
PE, but PE appears to at least subtly affect the cell wall in hyphae.
These defects compromise an important defensive virulence fac-
tor of fungi, “masking” of the cell wall PAMP �(1-3)-glucan. This
report sets the stage for a better understanding of how PS and PE
regulate pathways that ultimately affect virulence traits and cell
wall physiology in this pathogen.
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