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The cell wall of Candida albicans is central to the yeasts
ability to withstand osmotic challenge, to adhere to host
cells, to interact with the innate immune system and ulti-
mately to the virulence of the organism. Little is known
about the effect of culture conditions on the cell wall struc-
ture and composition of C. albicans. We examined the
effect of different media and culture temperatures on the
molecular weight (Mw), polymer distribution and compo-
sition of cell wall mannan and mannoprotein complex.
Strain SC5314 was inoculated from frozen stock onto yeast
peptone dextrose (YPD), blood or 5% serum agar media at
30 or 37°C prior to mannan/mannoprotein extraction.
Cultivation of the yeast in blood or serum at physiologic
temperature resulted in an additive effect on Mw, however,
cultivation media had the greatest impact on Mw. Mannan
from a yeast grown on blood or serum at 30°C showed a
38.9 and 28.6% increase in Mw, when compared with
mannan from YPD-grown yeast at 30°C. Mannan from the
yeast pregrown on blood or serum at 37°C showed
increased Mw (8.8 and 26.3%) when compared with YPD
mannan at 37°C. The changes in Mw over the entire
polymer distribution were due to an increase in the amount
of mannoprotein (23.8–100%) and a decrease in cell wall
mannan (5.7–17.3%). We conclude that C. albicans alters
the composition of its cell wall, and thus its phenotype, in
response to cultivation in blood, serum and/or physiologic
temperature by increasing the amount of the mannoprotein
and decreasing the amount of the mannan in the cell wall.
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Introduction

The commensal fungus, Candida albicans, is an opportunistic
pathogen in the immunocompromised host. As one of the
leading causes of nosocomial infections (Wenzel 1995;
Wisplinghoff et al. 2004), C. albicans has several traits that
allow it to survive and infect its host. These include the
secretion of proteolytic enzymes, production of adhesins and
the ability to undergo morphogenic shift from a yeast mor-
phology to a hyphal morphology (Kobayashi et al. 1991;
Braun and Johnson 2000; Fu et al. 2002; Monod and
Borg-von 2002). In addition, a major contributor to C. albi-
cans virulence is the composition and phenotype of the cell
wall. The cell wall of C. albicans has a network of chitin
(a polymer composed of N-acetylglucosamine) to which
is attached a matrix of (1→ 3)-β-D-glucan. The
(1→ 3)-β-D-glucan polymer has a number of
(1→ 6)-β-D-glucan branch points that play a role in linking to
other (1→ 3)-β-D-glucan chains or can serve as binding sites
via a glycophosphatidylinositol remnant and internal repeat
moieties for N-and O-linked mannosylated protein attachment
(Chauhan et al. 2002).
It has been suggested that C. albicans masks underlying

cell wall (1→ 3)-β-glucan with a dense layer of mannan and/
or mannoprotein (Netea et al. 2008). Glucan is the primary
fungal pathogen-associated molecular pattern (PAMP) (Brown
and Gordon 2003; Brown and Williams 2009; Klippel et al.
2010). Therefore, “masking” or covering the cell wall glucan
with mannan/mannoprotein is thought to be a means of pre-
venting recognition of the yeast by antifungal innate immune
mechanisms, such as via recognition by Dectin-1 (Brown
et al. 2003). However, the role of mannan/mannoprotein as a
“mask” for fungal cell wall glucan is controversial (Brown
and Gordon 2005). Some reports indicate that glucan is
clearly detectable on the cell surface, where it is recognized
by Dectin-1 or antibody, while others indicate that glucan is
not exposed to the cell surface or that it is exposed in
restricted areas, i.e. bud/birth scars (Torosantucci et al. 2000,
2005, 2009; Gantner et al. 2005). The cell wall of Candida
has been extensively studied, but most of these investigations
have focused on defining the cell wall structure following cul-
tivation in medium such as yeast peptone dextrose (YPD) or
Sabouraud agar (Kobayashi et al. 1989, 1990, 1991, 1992,
1994; Kruppa et al. 2003, 2004; Li et al. 2009). While these
data have advanced our knowledge, they have not addressed
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the question of what changes occur in the cell wall of
Candida in response to cultivation in complex biological
media, such as blood or serum. Indeed, little is known about
the changes that occur in the cell wall composition and archi-
tecture as a result of cultivating fungi on different media and
under different environmental conditions, such as growth at
physiologic temperature, i.e. 37°C.
In this study, we compared and contrasted the molar mass,

composition, distribution and solution conformation of
N-linked mannan/mannoprotein in the cell wall of C. albicans
strain SC5314 grown in blood, serum or YPD. In addition, we
also compared and contrasted the effect of cultivation tempera-
ture on molar mass, distribution, composition and solution
conformation of mannan/mannoprotein. We found that growth
of the cells on media containing either blood or serum resulted
in an overall increase in the high-molecular-weight (Mw) man-
noprotein peak, but not in the lower Mw peak which accounts
for �70% of total mannan component of the cell wall.
Interestingly, the effect of cultivation at physiologic tempera-
ture (37°C) was less dramatic, but the combination of cultiva-
tion in complex biologic media and physiologic temperature
exerted an additive effect on the mannoprotein component in
the cell wall. To the best of our knowledge, this is the first
in-depth description of how growth conditions impact the phe-
notype of mannan/mannoprotein component of the cell wall of
C. albicans. When considered as a whole, our results
indicate that the cell wall of C. albicans is complex, dynamic
and highly adaptable. We speculate that changing the pheno-
type of the cell wall may confer a survival advantage to the
organism.

Results
Cultivation of C. albicans SC5314 in blood or serum at 37°C
results in an overall increase in Mw of cell wall mannan/
mannoprotein
C. albicans were precultivated for 6 days, with a passage every
48 h, on the YPD, serum, or blood agar at 30 or 37°C before
growth at 30°C in a liquid YPD (Figure 1). In agreement with
previous reports from our laboratory (Li et al. 2009), the
mannan samples have a trimodal polymer distribution
(Figure 2). Initially the data were analyzed using a single peak
assignment in order to obtain an average Mw for the entire
polymer distribution (Figure 2 and Table I). Cultivation of C.
albicans in blood or serum at 30°C resulted in a 21.9–27.5%
increase in Mw, when compared with YPD (Table I).
Cultivation of C. albicans in blood or serum at 37°C resulted
in an additive effect on Mw, however, growth in blood or
serum had the greatest impact on Mw (Table I). An important
question was whether there were significant differences in the
amount of mannan/mannoprotein produced under different
growth conditions. We did not detect any substantive differ-
ences in the amount of extractable material, irrespective of
growth conditions (data not shown). We also confirmed that
the extractable material was mannan/mannoprotein using one-
dimensional and two-dimensional nuclear magnetic resonance
(NMR) (data not shown) as previously described by our labora-
tory (Li et al. 2009).

Pronase treatment eliminates the high-molecular-weight
mannoprotein complex in the mannan polymer distribution
We have previously reported that pronase treatment cleaves
mannoproteins, thus releasing the mannans from the manno-
protein complex (Li et al. 2009). The mannans, which have
been released from the protein, then redistribute according to
their Mw (Li et al. 2009). We have established that the

Fig. 1. Scheme for growth of C. albicans SC5314 for mannan/mannoprotein
extraction. C. albicans SC5314, from a frozen stock, was cultured on blood,
serum and YPD agar plates and passaged in succession a total of three times
before growth in liquid YPD culture.

Fig. 2. GPC analysis of bulk mannan/mannoprotein isolated from C. albicans
SC5314. The refractive index detector (solid line) displays the sample
concentration as a function of elution volume, which provides information on
polymer distribution. The light scattering detector (dotted line) indicates the
molar mass, i.e. Mw, across the polymer distribution. The cell wall mannan/
mannoprotein of C. albicans shows a trimodal distribution. The peaks are
identified as high-Mw mannoprotein (1), middle-Mw mannan (2) and
low-Mw mannan (3). Initially data were analyzed using a single peak
assignment in order to obtain an average Mw across the entire polymer
distribution. Subsequently, the data were analyzed using multiple peak
settings, i.e. peaks 1, 2 and 3, in order to more closely examine the effect of
growth temperature and conditions on the mannoprotein versus mannan
components.
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high-Mw peak is predominantly mannoprotein (Figure 3)
(Li et al. 2009). We have also established by NMR that peaks
2 and 3 are predominantly mannan after pronase treatment
(Li et al. 2009). In the current study, samples grown in YPD,
blood or serum, at 30 and 37°C, were treated overnight at
37°C with pronase that had been previously heated to elimin-
ate any glycosidic activity (Li et al. 2009). As expected,
pronase treatment effectively eliminated the high-Mw portion
of the polymer distribution resulting in a significant reduction
in average Mw and polydispersity (Table I). This can be seen
as a redistribution of the mannan polymers to the middle- and
low-Mw peaks (Figure 3). Specifically, pronase treatment
reduced Mw by 52–65% in yeast grown at 30°C and 59–68%
in 37°C grown yeast.
In accordance with our previous observations (Li et al.

2009), after pronase treatment, the mannan polymers redistrib-
uted into two peaks (Figure 3). The first mannan component
has an Mw of 5.2–5.9 × 105 Da and the second mannan com-
ponent has an Mw of �1.1 × 105 Da (Table II). It is the
lower-Mw mannan that accounts for the bulk of mannan poly-
mers in the cell wall of C. albicans, i.e. ≥70%, irrespective of
growth conditions (Table III). It was also noted that the Mw
of samples analyzed in this study was substantially greater
than that observed for commercially available Saccharomyces

cerevisiae mannan as well as C. albicans CCY29-3-109
S-2164322 and CCY 29-3-102 S-2162322 mannans (Table I).
This can be attributed to differences in the yeast and/or strain
as well as the mannan isolation methodology (Jones and
Stoodley 1965). Polydispersity, the ratio of high-to-low-Mw
polymers, was reduced by 39–60% following pronase treat-
ment. Interestingly, after pronase treatment, all of the samples
showed a polydispersity of 1.9 irrespective of growth con-
ditions. We speculate that this reflects the polydispersity of
cell wall mannan of C. albicans that is not complexed with
protein.

Solution conformation of mannan/mannoprotein complex
The slope of the linear relationship between log intrinsic vis-
cosity and log molecular mass ([η] =KαM

α) is known as the
Mark-Houwink α-value for a polymer system (Mueller et al.
2000; Li et al. 2009). Establishing α can provide insights into
the solution conformation of the mannan and mannoprotein

Table I. Cultivation media and temperature result in increased molar mass of
the mannan/mannoprotein complex in C. albicans cell walla

Sample description Mw (×105

Da)
Polydispersity
(Mw/Mn)

α
Mark-Houwink

Reference mannans
S. cerevisiae (Sigma)b 0.5 1.1 0.64
C. albicans strain
(CCY29-3-109
S-2164322)c

1.0 1.2 0.45

C. albicans strain
(CCY 29-3-102
S-2162322)c

0.9 1.8 0.60

Mannan from C. albicans SC5314 grown at 30°C
YPD 5.0 3.3 0.60
Blood 6.9 (↑27.5%)d 3.0 0.64
Serum 6.4 (↑21.9%)d 3.8 0.57
YPD + pronase 2.4 (↓52.0%)e 1.9 0.73
Blood + pronase 2.4 (↓65.2%)e 1.9 0.71
Serum + pronase 2.4 (↓62.5%)e 1.9 0.71

Mannan from C. albicans SC5314 grown at 37°C
YPD 5.4 (↑ 7.4%)f 3.7 0.61
Blood 7.5 (↑28.0%)d 4.6 0.58
Serum 8.1 (↑33.3%)d 4.7 0.55
YPD + pronase 2.2 (↓59.2%)e 1.9 0.72
Blood + pronase 2.6 (↓65.3%)e 1.9 0.70
Serum + pronase 2.6 (↓68.0%)e 1.9 0.71

aThe data were calculated using a single peak assignment, which
encompassed the entire polymer distribution (see Fig. 1).
bS. cerevisiae mannan (batch # M7504) obtained from Sigma Chemical Co.,
St. Louis, MO.
cMannan isolated by the method of Jones and Stoodley (1965) was provided
by Profs. Bystricky and Machova, Institute of Chemistry, Slovak Academy of
Sciences, Bratislava, Slovakia.
dPercent change when compared with the mannan from YPD-grown cells at
the same temperature.
ePercent change when compared with the nonpronase-treated mannan grown
at the same temperature.
fPercent change when compared with mannan from YPD-grown SC5314 at
30°C.

Fig. 3. Pronase treatment eliminates the high-Mw mannoprotein peak. It was
also noted that after pronase treatment (dotted line), there was a redistribution
of the mannan polymers into two lower-Mw peaks. The same effect of
pronase was observed for all growth media and temperatures tested.
Representative data for YPD-grown yeast at 30 and 37°C are shown.
Refractive index detector data are shown.
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(Muller et al. 1995; Mueller et al. 2000). The α-values for the
mannan and mannoprotein samples are shown in Table I.
Mark-Houwink or α-values of 0.4–0.8 are indicative of a flex-
ible polymer system (Muller et al. 1995). Therefore, all of the
values obtained in this study indicate that the mannan/manno-
protein complex is flexible. However, closer inspection of the
data clearly shows a complex mixture containing multiple sol-
ution conformations and/or macromolecular structures in the
mannan/mannoprotein complex. This can be seen in Figure 4,
where the mannoprotein component, i.e. Mw greater than 1 ×
106 Da, shows a Mark-Houwink scaling relationship that is
different from that observed for the mannan component, i.e.
Mw ≤1 × 106 Da. Following pronase treatment, the α-values
remained within the flexible polymer range, although pronase
treatment did result in a modest increase in α (Table I). This
is due to the fact that the software calculates an average α
based on the entire polymer distribution which includes all of
the conformations. Following pronase treatment, we found
that the α-values for the mannan component were quite
similar for all growth conditions, i.e. 0.70–0.72 (Table I and
Figure 4). We speculate that this represents the α-value for C.

albicans mannan that is not complexed with protein. In
addition, we found that the α-values for the high-Mw manno-
protein component exceeded 0.8, suggesting a more ordered
or rigid solution conformation for the mannoprotein (data not
shown). This was true for all growth conditions, but the
highest α-values were obtained for mannoprotein grown in
blood or serum at 37°C. It was also noted that the mannan
polymers released after pronase treatment showed a higher
α-value than the reference mannans (Table I).

Cultivation media and temperature did not substantially
alter the Mw of the individual mannoprotein and mannan
components
We next sought to determine which component(s) of the
mannan/mannoprotein complex accounted for the change in
Mw under varying growth conditions. The data were

Table II. Cultivation media and temperature do not dramatically influence the
Mw of the individual mannoprotein and mannan peaksa

Sample description Peak 1 Peak 2 Peak 3

Mw × 105 Da

30°C cultivation
SC5314 YPD 50.1 7.2 1.6
SC5314 blood 51.5 6.5 1.6
SC5314 serum 46.4 6.6 1.4
SC5314 YPD + pronase n.d.b 5.6 (↓22.2%) 1.1 (↓31.2%)
SC5314 blood + pronase n.d.b 5.2 (↓20.0%) 1.2 (↓25.0%)
SC5314 serum + pronase n.d.b 5.5 (↓16.7%) 1.2 (↓14.3%)

37°C cultivation
SC5314 YPD 53.4 7.7 1.5
SC5314 blood 50.0 6.4 1.5
SC5314 serum 50.6 6.3 1.6
SC5314 YPD + pronase n.d.b 5.9 (↓23.4%) 1.1 (↓26.7%)
SC5314 blood + pronase n.d.b 5.4 (↓15.6%) 1.2 (↓20.0%)
SC5314 serum + pronase n.d.b 5.2 (↓17.5%) 1.2 (↓25.0%)

aPeak 1 is identified as the mannoprotein peak, while peak 3 is predominantly
mannan.
bNot detectable.

Table III. Cultivating C. albicans in blood or serum at 37°C results in an increase in cell wall mannoprotein and a decrease in mannana

YPDb % Polymerc Bloodb % Polymerc %ΔYPDd Serumb % Polymerc %ΔYPDd

30°C cultivation
Peak 1 21.5 4.8 32.2 6.3 ↑23.8 46 8.4 ↑75.0
Peak 2 62.7 14.0 93.5 18.3 ↑49.1 116 21.1 ↑50.7
Peak 3 363.6 81.2 385.8 75.4 ↓ 5.7 387.3 70.5 ↓13.2

37°C cultivation
Peak 1 23.5 5.6 50.3 10.4 ↑85.7 55.4 11.2 ↑100.0
Peak 2 46.2 11.0 89.7 18.5 ↑68.2 97.9 19.8 ↑80.0
Peak 3 351.4 83.4 344.2 71.1 ↓14.7 340.8 69.0 ↓17.3

aPeak 1 is identified as the mannoprotein peak, while peak 3 is predominantly mannan.
bEach peak was quantified and the data expressed as area under the refractive index curve—adjusted for calculated concentration.
cPercentage that each peak contributes to the total polymer distribution based on a total of 100%.
dPercent change when compared with YPD% polymer at the same temperature.

Fig. 4. Mark-Houwink (α) plot comparing YPD-grown SC5314 mannan/
mannoprotein extracts in the presence or absence of pronase treatment.
Multiple solution conformations are evident in the mannoprotein component.
The high-molar-mass mannoprotein component was eliminated by pronase
treatment. This resulted in a single solution conformation, which we interpret
to be the solution conformation of C. albicans SC5314 cell wall mannan that
is not complexed with protein.
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reanalyzed using multiple peak settings (Figure 2 and
Table II) in order to more closely examine the effect of
growth temperature and conditions on the mannan versus
mannoprotein components. Specifically, we established the
Mw for the (1) high-, (2) middle- and (3) low-Mw peaks
(Figure 2). The mannoprotein peak (peak 1 in Table II; also
see Figure 3) exhibited Mw ranging from 4.6 to 5.3 × 106 Da,
indicating a very high molar mass for the mannoprotein
complex. The middle-range peak (peak 2 in Figure 3) showed
an Mw ranging from 6.4 to 7.7 × 105 Da, while the low-Mw
peak (peak 3 in Figure 3) had an Mw ranging from 1.4 to
1.6 × 105 Da. Surprisingly, we found that the Mw for all of
the peaks in the blood- or serum-grown mannan was either
unchanged or decreased when compared with the YPD
control at either growth temperature (Table II). This was an
unexpected finding, which indicated that the increased Mw
observed over the entire mannan/mannoprotein polymer distri-
bution (Table I) is not due to increases in the Mw of the indi-
vidual mannan or mannoprotein components.
We also evaluated the effect of pronase treatment on the

Mw of the peaks (Table II). As expected, the high-Mw man-
noprotein peak was eliminated by pronase treatment. The
middle-Mw peak showed a 16.7–22% decrease in Mw at
30°C and a 15.6–23.4% decrease in Mw at 37°C resulting
from pronase treatment. The low-Mw peak, previously ident-
ified as the mannan peak (Li et al. 2009), decreased by 14–
31% across all groups and growth conditions. Interestingly,
after pronase treatment, the low-Mw peak, which accounts for
≥70% of the polymer distribution, showed a remarkably
uniform Mw of 1.1–1.2 × 105 Da. We interpret this to mean
that the majority of the mannan found in C. albicans SC5314
cell wall has an Mw of 1.1–1.2 × 105 Da, when it is not com-
plexed with the cell wall protein. In support of this con-
clusion, the 1.1–1.2 × 105 Da Mw is consistent with that for
mannan isolated from C. albicans strains CCY29-3-109
S-2164322 and CCY 29-3-102 S-2162322, neither of which
show a mannoprotein component (Table I).

Cultivating C. albicans in complex biological media at 37°C
results in an increase in the amount of high-Mw cell wall
mannoprotein, but not the lower-Mw mannan
The data in Table II indicated that the increased Mw observed
over the entire mannan/mannoprotein polymer distribution
(Table I) is not due to increases in the Mw of the individual
components. Therefore, we asked the question of whether
there could be a shift in the polymer distribution which favors
a higher Mw. To critically evaluate this question, we com-
pared and contrasted the polymer distributions (Figure 5). We
found that yeast grown in blood or serum showed substantial
increases in the proportion of mannoprotein (peak 1) as well
as peak 2, when compared with 30°C grown cells (Table III).
A comparison of yeast grown in the various media at 30 and
37°C revealed that blood- and serum-grown cells also show a
greater increase in the amount of the mannoprotein, when
compared with YPD (Figure 5 and Table III). In addition,
each peak (1–3) was quantified and the area under the curve,
corrected for calculated concentration, was determined
(Table III). The percentage that each peak contributed to the
total mannan polymer distribution, based on a total of 100%,

was then calculated. We found that in YPD-grown yeast, the
high-Mw mannoprotein peak accounts for 4.8 and 5.6% of
the total polymer distribution at 30 and 37°C, respectively.
The middle-Mw peak accounts for 14 and 11% of the
polymer distribution, while the low-Mw peak, which is predo-
minantly mannan, accounts for 81.2 and 83.4% of the
polymer distribution at 30 and 37°C, respectively. When the
yeast was cultured in blood, the amount of the high-Mw man-
noprotein peak increased to 6.3 and 10.4% of the polymer
distribution at 30 and 37°C, respectively. In serum-cultured
yeast, the mannoprotein peak accounted for 8.4 and 11.2% of
the polymer distribution. In other words, culturing C. albicans
in blood or serum, at physiologic temperature, increased the
amount of mannoprotein in the cell wall by 23.8–100.0%.
The greatest effect was observed for blood- or serum-grown
cells at 37°C (Table III). We also found that the second peak

Fig. 5. Growth of C. albicans SC5314 in complex biological media and/or at
elevated temperature results in a shift in the polymer distribution which favors
a higher Mw. Specifically, growth in blood, serum and/or at physiologic
temperature resulted in an increased amount of the high-Mw mannoprotein
peak and a decrease in the low-Mw peak, which is predominantly mannan.
The chromatogram at the top compares C. albicans grown in YPD, blood or
serum at 30°C. The chromatograms at the bottom compare yeast grown in
YPD, blood or serum at 37°C. The refractive index data are presented
adjusted for calculated concentration.
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increased by 49–80% when cultured in blood or serum versus
YPD. Growth on blood or serum at 37°C had the greatest
effect on peak 2 (Table III). In contrast, the low-Mw peak,
which accounts for the bulk of the polymer distribution and is
predominantly mannan, showed a 5.7–17.3% decrease when
cultured in blood or serum (Table III). Again, the greatest
effect was observed in blood- or serum-grown cells at 37°C.
When taken together, these data indicate that culturing C.
albicans in a complex biological media, at physiologic temp-
erature, results in a shift in the polymer distribution whereby
there is an increased amount of the very-high-Mw mannopro-
tein peak, the mid-range peak and a subtle, but detectable,
decrease in the low-molar-mass mannan peak.

Discussion

Several important observations have emerged from this study. Our
data indicate that the cell wall mannan of C. albicans is not upre-
gulated in response to cultivation in blood, serum or physiological
temperature. Instead, there is a shift in the polymer distribution
whereby the high-Mw mannoprotein portion of the polymer dis-
tribution increases by as much as 100%, while the lower Mw
mannan portion decreases. The high-Mw mannoprotein is a
macromolecular structure which has a Mw of �5 × 106 Da. Even
though the high-Mw mannoprotein represents only a small
portion of the polymer distribution, i.e. 4.8–11.2%, it has a very
high molar mass which exerts a substantial effect on the overall
Mw of the entire polymer system. It is also important to point out
that we did not detect any substantive difference in the total
amount of extractable material, irrespective of growth conditions
(data not shown). Thus, we conclude that the overall change in
Mw observed in the mannan/mannoprotein complex isolated
from C. albicans under varying growth conditions is primarily
due to an increase in the high-Mw mannoprotein component with
a concomitant decrease in the lower Mw predominantly mannan
component.
It has been proposed that C. albicans upregulates cell wall

mannan and/or mannoprotein as a defense mechanism (Netea et al.
2008; Klippel et al. 2010). It is thought that C. albicans, in
response to environmental conditions, increases cell wall mannan/
mannoprotein in order to “mask” the (1→ 3)-β-glucan, which is
the primary fungal PAMP (Klippel et al. 2010). We did not detect
any appreciable increase in low-Mw cell wall mannan. In fact, we
observed a decrease in the relative amount of low-Mw mannan,
but there was a concomitant increase in the amount of mannopro-
tein in the cell wall of C. albicans. We have previously reported
that the Mw, polymer distribution and composition of cell wall
mannan/mannoprotein in the histidine kinase mutant chk1 (Li et al.
2009) produce a cell wall mannan with a uniform polydispersity,
but it does not produce a mannoprotein component. In the current
study, we also cultivated the chk1 mutant in the presence of blood
or serum. Cultivation of chk1 in biological media, at physiologic
temperature, did not result in expression of the mannoprotein.
Therefore, changing the culture conditions does not induce manno-
protein in the chk1 mutant (data not shown). Recently, Klippel
et al. have reported that cell wall (1→ 3)-β-glucan is more
exposed in the C. albicans chk1 mutant and, of potentially greater
significance, this mutant is more readily recognized by host phago-

cytes (Klippel et al. 2010). We speculate that this may be due to
the lack of mannoprotein in the chk1 cell wall. When considered as
whole, our data and the published data (Li et al. 2009; Klippel
et al. 2010) suggest that it is the mannoprotein component that is
required to mask the underlying cell wall (1→ 3)-β-glucan of C.
albicans, thus decreasing innate immune recognition. The fact that
cultivation of C. albicans in blood or serum at physiologic temp-
erature results in increased cell wall mannoprotein suggests that this
may be an adaptive mechanism to prevent innate immune recog-
nition. However, these data raise an interesting question. Even
though cultivation of C. albicans in blood or serum at 37°C
increases mannoprotein, it is important to note that the mannopro-
tein represents only a small portion of the polymer distribution, i.e.
≤11%. It is not clear as to how such a small amount of mannopro-
tein could effectively mask all of the cell wall (1→ 3)-β-glucan
from antifungal innate immune responses. Additional studies will
be required to address this question.
As previously reported, pronase treatment disrupts the man-

noprotein complex, thus allowing us to conclusively identify
the high-Mw peak as the mannoprotein portion of the polymer
distribution (Figure 3) (Li et al. 2009). We also noted that after
pronase treatment, there was a redistribution of the mannan
polymers to lower Mw. Specifically, we observed that the
high-Mw peak was eliminated and the mannan polymers redis-
tributed to two peaks. This indicates that there are, in general,
two molecular species of mannan in the cell wall of C. albi-
cans, i.e. a mannan component which has an Mw of 5.2–5.9 ×
105 Da and a second mannan component which has an average
Mw of �1.1 × 105 Da. It is the lower-Mw mannan that
accounts for the bulk of mannan polymers in the cell wall of C.
albicans, i.e. ≥70%. It is also important to point out that the
lower-Mw mannan does contain protein, albeit at very low
levels. We examined the entire polymer distribution by frac-
tionation with gel permeation chromatography (GPC) as well
as on-line UV monitoring. We could detect protein across the
entire polymer distribution but the levels were at or very near
the limit of detectability (data not shown). Therefore, it is
reasonable to conclude that the high-Mw peak, which is
readily dissociated with pronase, is a predominant mannopro-
tein complex. The lower-Mw peak, which accounts for ≥70%
of the polymer distribution, also contains protein but it is
present in very low concentrations. Thus, the low-Mw peak is
predominantly mannan, but at this point we cannot say how
the mannan and protein are configured in this peak. It is also
worth noting that we isolated mannan/mannoprotein according
to the method previously described (Li et al. 2009). It was
necessary to isolate mannan/mannoprotein so that we could cri-
tically analyze the polymers by GPC. However, the isolation
methodology may have influenced the amount of protein
present in the isolated material.
Analysis of the Mark-Houwink data clearly shows that

mannoprotein has a different solution conformation than free
mannan. In fact, we confirmed that there are multiple solution
conformations in the mannan/mannoprotein extract. Adams
et al. (2008), Adachi et al. (2004) and Palma et al. (2005)
have reported on the structure–activity relationships of fungal
cell wall carbohydrates and how this impacts recognition by
antifungal pattern recognition receptors in the innate immune
system. We have found that subtle changes in the structure
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and/or conformation of fungal carbohydrates can have a sig-
nificant impact on innate immune receptor recognition
(Adams et al. 2008). These data suggest that a more thorough
understanding of the structure and conformation of the
mannan and mannoprotein from C. albicans is warranted. We
are currently investigating whether C. albicans alters the
primary and secondary structure of the mannan/mannoprotein
complex in response to different environmental conditions
(manuscript submitted).
Over the years, a number of models of the fungal cell wall

have been proposed. These models were based on the general
concept that the fungal cell wall was a relatively static
environment that did not substantially change. However, our
data clearly challenge this view. Herein, we demonstrate that
the cell wall of C. albicans is a complex, dynamic and highly
adaptable organelle. Specifically, C. albicans alters the pheno-
type of its cell wall by changing the mannoprotein and
mannan content and polymer distribution in response to chan-
ging environmental conditions. Our data suggest that in the
future we should consider the fungal cell wall in the context
of its environment. We must also consider how the macromol-
ecules within the fungal cell wall, i.e. mannans, glucans,
chitins, proteins and lipids, are linked and/or interconnected
and how this complex macromolecular structure changes in
response to environmental conditions. We speculate that alter-
ing the fungal cell wall phenotype may have important impli-
cations for host–pathogen interactions.

Materials and methods
C. albicans strain and growth conditions
C. albicans strain SC5314 was taken directly from the frozen
stock and passaged onto YPD (1% yeast extract, 2% peptone,
2% dextrose, 2% agar), blood (5% sheep blood, 4% Tryptic
soy broth, 2% agar) and serum (5% serum, 2% agar) plate
media at 30 and 37°C. Cells were passaged every 48 h for
three times (Figure 1). For mannan extraction, cells were
inoculated from the third passage of 30 and 37°C plates into
2 L of YPD for growth at 30°C for 18 h.

Mannan/mannoprotein extraction and pronase treatment
Mannan was prepared from cells using a modified extraction,
which we have previously utilized (Li et al. 2009). Briefly,
cells were delipidated with acetone, and the pellet disrupted
by bead beating in distilled H2O. The extracted cells were
then autoclaved for 3 h, and then the extract centrifuged. The
supernatant was split into half for each sample with one half
treated with 100 mg of pronase (heated to 70°C for 30 min to
kill glycosidic activity) for 18 h at 37°C. The supernatant was
subjected to Fehling precipitation (Li et al. 2009). The result-
ing precipitate from the pronase-treated and untreated sample
fractions were then dissolved in 3 M HCl and the carbo-
hydrate precipitated and copper removed with an 8:1 metha-
nol:acetic acid solution. The solution was washed several
times until the remaining precipitate was white to colorless.
The precipitate was dried, resuspended in dH2O and the pH
adjusted to 6.5–7.0 after which the solution was lyophilized
for storage at −20°C. From our cell preparations, we generally

recover 100–250 mg of material from 10 to 15 g of cell
wet-weight.

Gel permeation chromatographic analysis of cell wall
mannan/mannoprotein of C. albicans
The Mw, polydispersity, polymer distribution and
Mark-Houwink (α) values were derived from GPC with a
Viscotek/Malvern GPC system consisting of a GPCMax auto-
injector fitted to a TDA 305 detector (Viscotek, Houston,
TX). The TDA contains a refractive index detector, a low-
angle laser light scattering detector, a right-angled laser light
scattering detector, an intrinsic viscosity detector and a UV
detector (λ = 254 nm). Three Waters Ultrahydrogel columns, i.
e. 1200, 500 and 120, were fitted in series (Waters Corp.,
Milford, MA). The columns and detectors were maintained at
40°C within the TDA 305. The system was calibrated using
Shodex P-82 pullulan standards (5000–800,000 Da) in mobile
phase (Showa Denko distributed by Waters Corp.). Mannan
samples were dissolved (3 mg mL−1) in mobile phase (50 mM
sodium nitrite, pH 7.6). The samples were incubated for �15
min at ambient temperature, followed by sterile filtration
(0.2 μm) and injected into the GPC (200 μL). Sample recov-
ery was routinely ≥95%. The data were analyzed using
Viscotek OmniSec software v. 4.6.1.354. Dn/dc was calcu-
lated using the OmniSec software (v. 4.6.1.354). Dn/dc for
the mannan samples was determined to be 0.185. Initially
data were analyzed using a single peak assignment in order to
obtain an average Mw for the entire polymer distribution
(Figure 2). Subsequently, the data were analyzed using mul-
tiple peak settings in order to more closely examine the effect
of growth temperature and conditions on the mannan versus
mannoprotein components (Figure 2). Each peak was quanti-
fied and the data expressed as area under the refractive index
curve—adjusted for calculated concentration.
The percentage that each peak contributed to the total

polymer distribution was calculated based on a total of 100%.
Replicate analysis of calibration standards indicated reproduci-
bility of ±3%, which is well within the limits of the
technique.
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