
INFECrION AND IMMUNITY, Apr. 1994, P. 1328-1335 Vol. 62, No. 4
0019-9567/94/$04.00+0

Differences in Adhesion of Candida albicans 3153A Cells
Exhibiting Switch Phenotypes to Buccal Epithelium

and Stratum Corneum
KAAREN VARGAS,' PHILLIP W. WERTZ,' DAVID DRAKE,' BRIAN MORROW,2

AND DAVID R. SOLL2*
Dows Institute for Dental Research,' and Department of Biology, 2

University of Iowa, Iowa City, Iowa 52242

Received 25 October 1993/Returned for modification 21 December 1993/Accepted 13 January 1994

Cells of the laboratory strain 3153A of Candida albicans can be stimulated to undergo high-frequency
phenotypic switching by a low dose of UV. We have compared the adhesive properties of cells exhibiting the
basic original smooth (o-smooth) phenotype and three switch phenotypes (star, irregular wrinkle, and
revertant smooth) to buccal epithelium and stratum corneum. The generalized hierarchy of adhesion is as
follows: o-smooth > irregular wrinkle > revertant smooth > star. This is the inverse of the hierarchy of the
proportions of elongate hyphae formed by these phenotypes in culture. These results suggest that the
differences in adhesion between o-smooth and the three switch phenotypes of strain 3153A reflect, at least in
part, the level of interference due to the formation of elongate hyphae, which tend to cause clumping in
suspension. No major differences in the levels of adhesion of cells of the different phenotypes between buccal
epithelium and stratum corneum were observed. Results which demonstrate that buccal epithelium induces
germination (hypha formation) by conditioning the medium are also presented.

Candida albicans lives in the natural floras of healthy
individuals as a commensal, causing no apparent damage and
inducing no apparent inflammation in the surrounding tissue.
However, under a number of predisposing conditions, C.
albicans multiplies and penetrates the host tissue, causing
inflammation and tissue destruction (6, 21). In immunocom-
promised individuals, the infection can be systemic and dis-
seminated and, in many cases, can lead to death (7). An initial
step in the infection of oral, vaginal, and gastrointestinal
mucosa is the attachment of the organism to the epithelial
surface (17, 21). Attached cells in turn form hyphae which
penetrate tissue (3, 10, 12). Therefore, the adhesive properties
of C. albicans play a role in pathogenesis, and many studies
have documented adhesive differences between strains (9, 11,
16, 18, 23). In addition, adhesive differences between the bud
and hyphal forms of growth have been demonstrated (3, 14),
and in at least one strain, WO-1, adhesive properties vary as a
result of high-frequency phenotypic switching (13).
Most strains of C. albicans are capable of switching between

a number of general phenotypes which can be discriminated by
colony morphology (22, 24, 29, 31). Switching occurs sponta-
neously and, in some cases, quite frequently (e.g., once in every
100 cell divisions) (24, 29, 30). Switching is reversible and can
affect most physiological and morphological characteristics of a
cell, including many of the putative virulence factors (20,
28-30). Although the general characteristics of switching are
similar in different strains, the phenotypes in their switching
repertoires can vary dramatically. Changes in adhesion due to
switching were first observed in the white-opaque phase tran-
sition in strain WO-1 (13). Cells in the white phase showed
greater adherence than cells in the opaque phase to buccal
epithelium, but cells in the opaque phase exhibited a higher
level of cohesion (13). White and opaque cells have also been
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demonstrated to differ dramatically in cellular morphology (1,
2, 4, 25). In particular, opaque cells exhibit unique cell wall
pimples (1, 2) and are larger and longer than white cells (25).
Although the white-opaque transition has been characterized
in more detail than any other switching system, the opaque
phenotype, in particular, has been considered unusual, since
the opaque colony morphology and the unique opaque cell
morphology are not standard components of the switching
repertoire of the majority of other strains of C. albicans (29).
We have, therefore, examined the adhesive properties of the
variant phenotypes in a more mainstream switching system,
that of strain 3153A (24), in order to assess whether changes in
adhesion are associated with switching in C. albicans. Our
results demonstrate that there are dramatic differences in the
levels of adhesion to both buccal epithelium and stratum
corneum between cells in the basic original smooth (o-smooth)
phenotype and cells in at least two switch phenotypes of strain
3153A and that this difference may be due to the number of
hyphae these cells form when they enter stationary phase. Our
results also demonstrate that buccal epithelium induces hypha
formation by conditioning the supporting medium.

MATERIALS AND METHODS

Maintenance of stock cultures and isolation of switch
phenotypes. Cells from a storage slant of strain 3153A were
plated on agar containing the nutrient composition of Lee's
medium (15) supplemented with 70 p.g of arginine per ml and
0.1 mM ZnSO4 (modified Lee's medium [5]) and incubated for
9 days at 25°C. More than 99.9% of the colonies exhibited the
o-smooth colony morphology (24). Cells from a representative
smooth colony were grown to mid-log phase in liquid modified
Lee's medium and were then treated with a low dose of UV
irradiation, according to the method of Morrow et al. (19),
which killed 8% of the cell population. Irradiated cells were
plated on agar containing modified Lee's medium at approxi-
mately 55 CFU per plate (100-by-15-mm standard agar plates).
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Star, irregular wrinkle, and revertant smooth (r-smooth) colo-
nies were isolated and grown in liquid modified Lee's medium
at 25°C for 9 days and stored in liquid nitrogen. Switching
frequencies were determined by plating cells from each of the
switch phenotypes on agar containing modified Lee's medium
at a density of 50 to 100 cells per plate. Colony phenotypes
were scored after 7 to 9 days at 25°C.

Adhesion assay. Porcine buccal mucosa was obtained from a
local slaughterhouse. Connective tissue and muscle were re-
moved with a scalpel, and the remaining buccal mucosa was cut
into 15-mm-diameter discs and attached to the bottom of
16-mm-diameter wells of cell culture clusters (Costar, Cam-
bridge, Mass.) with Prisma Universal Bond (L.D. Caulk Co.).
Stratum corneum was obtained by separating porcine epider-
mis after incubation at 65°C for 1 min. The separated epider-
mis was placed in a 1% (wt/vol) solution of trypsin (Sigma
Chemical Co., St. Louis, Mo.) in phosphate-buffered saline
(PBS; 0.02 M phosphate buffer, 0.15 M NaCl [pH 7.0]) for 24
h at 4°C, after which the tissue was washed twice in distilled
water and placed in a fresh 1% trypsin solution for 2 h at 37°C.
The tissue was washed once more, and the stratum corneum
layer was recovered for use in the assays. Intact stratum
corneum was cut into 15-mm-diameter discs and attached to
wells of cell culture clusters as described for buccal epithelium.
To evaluate the adhesion of yeast cells to epithelial surfaces,

yeast cells were transferred to 50 ml of modified Lee's medium
containing 100 ,uCi of [C'4]glucose and incubated at 25°C in a
gyratory water bath for 24 h. Cells treated in this manner were
in early stationary phase. Cells were pelleted, washed twice in
PBS, and resuspended in PBS to a final concentration of 107
cells per ml. One-milliliter samples were inoculated into the
wells containing buccal epithelium or stratum corneum tissue
discs. The cultures were rotated in a gyratory incubator at 37°C
at 30 rpm. The wells were then washed three times with 10 ml
of PBS, and each tissue sample was placed in 1 ml of TS-2
tissue solubilizer (Research Products International Corp.,
Mount Prospect, Ill.) for 24 h. Nine milliliters of Ria-Solve II
counting cocktail (Research Products International Corp.) was
added to each digested tissue sample, and radioactivity was
measured with a Beckman LS-7800 liquid scintillation counter.
The level of radioactivity (counts per minute) was used directly
to assess the incubation time for maximum adhesion. To
compare the relative levels of adhesion between o-smooth and
switch phenotypes, counts per minute was converted to num-
ber of cells (cells per milliliter) from standard curves generated
in each experiment for each of the switch phenotypes.

In each experiment, assays for each phenotype were re-
peated five times. In addition, one tissue disc from each
experimental group was homogenized and portions of the
nonadherent yeast cells in the supernatant and adherent yeast
cells in the homogenate were plated onto agar containing
modified Lee's medium to verify that the adherent and non-
adherent candidal populations exhibited the original or variant
colony morphologies. Each time the cells from an irregular
wrinkle colony were plated, mass conversion of more than 50%
of the population to an r-smooth phenotype occurred (23a).

Statistical methods. The number of adherent organisms was
converted to the logarithm (base 10) of cells per tissue. Means
and standard errors were calculated for the five replicates
performed for each experimental group. Statistical differences
in binding between the different phenotype-epithelium combi-
nations were analyzed by one-way analysis of variance with
posttests using Tukey-Kramer multiple comparison. Student's
t tests were used to compare the adhesion between tissue types
for each of the phenotypes.

Scanning electron microscopy. Epithelial discs were fixed in

0.5% glutaraldehyde in cacodylate buffer at 4°C overnight. The
tissue was then dehydrated by using a series of 25, 50, 75, and
100% ethanol for 30 min each. Following critical-point drying
with a Balzers CPD 030, samples were sputter-coated with
gold-palladium in a Balzers SCD 040. The samples were then
examined with an Amray 1820 scanning electron microscope.
Carbon analysis. Buccal epithelium and stratum corneum

discs were incubated with 1 ml of PBS in the wells of cell
culture clusters in the absence of yeast cells for 3 h at 37°C.
Supernatants were serially diluted, and 5-lI samples of each
dilution were applied on silica gel thin-layer chromatography
plates (Alltech Assoc., Deerfield, Ill.). The plates were then air
dried, sprayed with 50% sulfuric acid, charred at 220°C, and
analyzed with a Bio-Rad model 620 densitometer. Standards
consisted of serial dilutions of bovine serum albumin. A
control consisted of PBS incubated with no tissue.

Analysis of phenotypes of cells in suspension and adhering
to tissue. To assess the phenotype of cells in suspension, cells
were inoculated into a hemocytometer, and more than 200
cells were analyzed for the proportion of mature mother cells,
buds (up to three-fourths the diameter of mother cells), and
hyphae. Hyphae had to be at least half a cell diameter long and
were scored only once regardless of length and regardless of
whether they were attached to a mother cell. The proportions
by phenotype of cells adhering to tissue were scored by
scanning electron microscopy. Eight randomly chosen, inde-
pendent fields were scored for each test sample.

RESULTS

Switching in strain 3153A. When cells from storage cultures
of strain 3153A were plated on agar containing modified Lee's
medium and incubated for 7 to 9 days at 25°C, the resulting
colonies exhibited the basic o-smooth colony morphology (Fig.
IA) (24). When cells from o-smooth colonies were in turn
plated, no variant colony morphologies were observed in 5,000
colonies, indicating a switching frequency of less than 2 x
10 -4. However, cells treated with a low dose of UV irradiation
which killed 8% of the cell population formed variant colony
morphologies (in this case irregular wrinkle, star, and ring) at
a stimulated frequency of 10-2, as previously reported (24).
An irregular wrinkle colony (Fig. iB) was picked from the
irradiated culture, and the cells from the colony were clonally
plated. From this clonal plating, a star colony (Fig. IC) and an
r-smooth colony were in turn picked. Cells of thesc three
switch phenotypes (irregular wrinkle, star, and r-smooth)
switched to smooth or other variant colony morphologies (e.g.,
star switched to irregular wrinkle and smooth) at frequencies
equal to or greater than i0-3. An example of a switch from
star to irregular wrinkle is shown in Fig. ID. Although
r-smooth colonies emanating from the other switch phenotypes
appeared superficially similar to o-smooth colonies (Fig. IA),
they exhibited a rougher surface and more irregular edge and
switched to other phenotypes at frequencies at least two orders
of magnitude higher than the basic o-smooth phenotype, as
previously reported (24).
Adherence of cells with switch phenotypes to buccal epithe-

lium and stratum corneum. To measure the time for maximum
adherence under the assay conditions employed, 107 radioac-
tive o-smooth, star, irregular wrinkle, or r-smooth cells ob-
tained from early-stationary-phase cultures were incubated for
increasing lengths of time with 15-mm discs of buccal epithe-
lium or stratum corneum and the log counts per minute was
plotted as a function of incubation time at 37°C. Adherence to
both buccal epithelium (Fig. 2A) and stratum corneum (Fig.
2B) saturated after 3 h for the basic o-smooth phenotype as
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FIG. 1. Examples of colony morphologies in the switching repertoire of C. albicans 3153A. (A) 0-smooth colony, (B) irregular wrinkle colony,
(C) star colonies, (D) switch from star to irregular wrinkle (i wr). In the culture for D, cells from a single star colony were plated and roughly 99%
of the colonies exhibited the parent star phenotype.

well as the three variant phenotypes. Therefore, the incubation
time in subsequent adherence assays was 3 h. Since the assay
we are using does not discriminate between Candida cells
adhering to tissue and Candida cells adhering to other cells
contacting tissue, our definition of adhesion includes both
groups.

In comparing the adhesion properties of o-smooth, star,
irregular wrinkle, and r-smooth cells to buccal epithelium and
stratum corneum, counts per minute per cell for each of the
phenotypes was determined in each experiment in order to
convert counts per minute per tissue disc to cells per tissue
disc. The results of two independent experiments were similar

(Fig. 3). In both cases, the standard errors of the mean (Fig. 3,
error bars) between independent assays were low. The adhe-
sion of o-smooth cells to buccal epithelium was significantly
greater than adhesion of star or r-smooth cells (Table 1) but
not significantly greater than the adhesion of irregular wrinkle
cells (Table 1). In the two independent experiments, the levels
of adhesion of star cells were 27 and 25% those of o-smooth
and irregular wrinkle, respectively, and the levels of adhesion
of r-smooth were 53 and 54% those of o-smooth and irregular
wrinkle, respectively. In the two independent experiments, the
adhesion of star cells was 50 and 46% that of r-smooth.
Therefore, the hierarchy of adhesion to buccal epithelium was
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FIG. 2. Adhesion to buccal epithelium (A) and stratum corneum

(B) as a function of time. In each assay, 107 radioactive cells were
incubated with tissue discs under the conditions described in Materials
and Methods. The log counts per minute were then plotted as a

function of time. A, o-smooth; 0, star; A, irregular-wrinkle; 0,

r-smooth. Note that for all phenotypes with both tissues, saturation
occurred after 3 h.

as follows: o-smooth irregular wrinkle > r-smooth > star.
This relative hierarchy held true in both experiments, even

though the total numbers of cells per tissue varied, on average,
between the experiments.
The adhesion of o-smooth cells to stratum corneum was

significantly greater than adhesion of cells of the three tested
switch phenotypes (Fig. 3; Table 1). In the two independent
experiments, the levels of adhesion of star cells to stratum
corneum were 13 and 14% that of o-smooth cells, the levels of
adhesion of irregular wrinkle cells were 39 and 40% that of
o-smooth cells, and the levels of adhesion of r-smooth cells
were 32 and 32% that of o-smooth cells. The levels of adhesion
of irregular wrinkle and revertant smooth cells to stratum
corneum were not significantly different, but the levels of
adhesion of both to stratum corneum were significantly greater
than that of star. The hierarchy of adhesion to stratum
corneum was, therefore, as follows: o-smooth > irregular
wrinkle r-smooth > star. The hierarchies for buccal epithe-
lium and stratum corneum were, therefore, similar, and this is
evident in both of the independent experiments (Fig. 3). There
was, however, one difference. The adhesion of irregular wrin-
kle cells to buccal epithelium was significantly greater than
adhesion to stratum corneum (Table 2).
The phenotypes of o-smooth, star, irregular wrinkle, and

r-smooth cells in suspension and when adhering to tissue. In
contrast to the basic o-smooth phenotype, several of the switch
phenotypes of strain 3153A formed hyphae and pseudophy-
phae in colony domes on agar (27, 29), and in the case of the
star phenotype (originally referred to as variant MIO), it was
originally demonstrated that cells formed hyphae in modified
Lee's medium when they entered stationary phase at 25°C (5).
We therefore examined the phenotypes of o-smooth and
variant cells incubated with the two types of tissue. Since,
under the conditions of the adhesion assay, cells were incu-
bated with anchored tissue in buffered salt solution, we first
measured the proportions of mature budding cells, buds, and
hyphae in buffer. In quantitating proportions, we counted the
three cell types as "compartments," not taking into consider-

o10- B o-sm st ir-wr r-sm
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FIG. 3. A comparison of levels of adhesion between the basic
o-smooth phenotype cells (o-sm) and the variant phenotype star (st),
irregular wrinkle (ir-wr), and r-smooth (r-sm) cells. Adhesion assays

were run for 3 h, as described in Materials and Methods. Counts per

minute per tissue was converted to cells per tissue from standard
curves generated in each experiment for each phenotype. A and B
represent independent experiments. Hatched columns represent ad-
hesion to stratum corneum. Open columns represent adhesion to
buccal epithelium. Standard errors of the means for five measurements
are presented as bars.

ation whether they were attached to a mother or daughter cell.
At the time cells were harvested for adhesion assays, o-smooth
cultures contained less than % hyphal compartments and
irregular wrinkle cultures contained approximately 4% hyphal
compartments. In contrast, star cultures contained approxi-
mately 49% hyphal compartments and r-smooth cultures con-

TABLE 1. Differences between switch phenotypes in adhesion of
cells by one-way analysis of variance with posttest

Tukey-Kramer multiple comparison

Tissue" Phenotype comparison P' Significance"

BE 0-smooth vs. star <0.00(1 S, S
0-smooth vs. irregular >0.05, >0.05 NS, NS

wrinkle
0-smooth vs. r-smooth <0.01, <0.01 S, S
Star vs. irregular wrinkle <0.001, <0.001 S, S
Star vs. r-smooth <0.001, <0.001 S, S
Irregular wrinkle vs. r-smooth <0.001, <0.001 S, S

SC 0-smooth vs. star <0.0t)1, <0.001 S, S
0-smooth vs. irregular <0.01, <0).0)1 S, S

wrinkle
0-smooth vs. r-smooth <0.01, <0.t)1 S, S
Star vs. irregular wrinkle <0.001, <0.001 S, S
Star vs. r-smooth <0.01, <0.01 S, S
Irregular wrinkle vs. r-smooth >0.05, >0.t)5 NS, NS

aBE. buccal epithelium; SC, stratum corneum.
h P values for two independent experiments are provided.
S, statistically significant, NS, not statistically significant.
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TABLE 2. Differences between buccal epithelium and stratum
corneum in adhesion of cells by Student's t test

Phenotype pa Significance6

0-smooth <0.05, <0.06 S, NS
Star <0.09, <0.10 NS, NS
Irregular wrinkle <0.02, <0.02 S, S
R-smooth <0.20, <0.10 NS, NS

a P values for two independent experiments are provided.
" S, statistically significant; NS, not statistically significant.

tained approximately 40% hyphal compartments. These pro-
portions remained stable after 3 h of incubation in buffer
solution (Table 3).

After o-smooth cells were incubated with buccal epithelium
for 3 h, however, 38% of the adhering cell compartments and
50% of the suspended cell compartments were short hyphae
(Table 3). When o-smooth cells were incubated with stratum
corneum, 15% of the adhering cell compartments and 7% of
the suspended cell compartments were short hyphae (Table 3).
In both cases, the level of hyphal compartments contrasted
markedly with the low levels in control cultures in buffer alone
(i.e., without tissue). It should be emphasized that hyphae
formed by o-smooth cells were short and, in most cases, would
be scored as germ tubes (Fig. 4A and B).

Similar results were obtained with irregular wrinkle cultures.
For incubation with buccal epithelium, 44% of the adhering
cell compartments and 43% of the suspended cell compart-

TABLE 3. Distribution by phenotype of cell compartments in
adhesion cultures, in conditioned medium, or in buffer

Compartments (%)h

Cell phenotype Growth Adhering to In supernatantconditions' tissue

Y B H Y B H

0-smooth BE 48 14 38 48 2 50
SC 74 11 15 93 0 7
BE conditioned 53 5 42
SC conditioned 84 12 4
BU 77 23 0

Star BE 46 0 54 50 0 50
SC 48 2 50 57 0 43
BE conditioned 50 3 47
SC conditioned 50 1 49
BU 50 1 49

Irregular wrinkle BE 52 4 44 54 3 43
SC 68 24 8 80 0 20
BE conditioned 57 3 40
SC conditioned 73 27 0
BU 87 9 4

R-smooth BE 48 6 46 50 2 48
SC 47 8 45 50 10 40
BE conditioned 53 2 45
SC conditioned 52 5 43
BU 50 10 40

"Cells were incubated for 3 h under all conditions. BE, buccal epithelium; SC,
stratum corneum; BE conditioned, buffer conditioned for 3 h by buccal epithe-
lium; SC conditioned, buffer conditioned for 3 h by stratum corneum; BU, buffer.

b y, mature cells in budding yeast phase; B, bud attached to mother cell and
exhibiting less than 66% of the mother cell's volume; H, germ tubes or hyphae
emanating from a mother cell in budding yeast form. Approximately 400 cells
were scored under each set of conditions.

ments were scored as short hyphae. Again, this was in sharp
contrast to the 4% level of short hyphal compartments in
control cultures of irregular wrinkle cells in buffer alone (Table
3). As in the case of o-smooth cells, incubation with stratum
corneum also stimulated hypha formation, but to a far lower
degree than did buccal epithelium incubation (Table 3). Again,
the hyphae formed by irregular wrinkle cells were relatively
short and, in most cases, would be scored as germ tubes (Fig.
SA and B).

Since the proportion of yeast-phase, or budding-cell, com-
partments was close to the proportion of hyphal compartments
in star and r-smooth cultures in buffer, these cultures appear to
have reached a near-maximum level of hypha formation prior
to incubation with tissues. Indeed, in both cases the levels of
hyphal compartments were approximately the same for cells (i)
adhering to buccal epithelium, (ii) in suspension in buccal
epithelium cultures, (iii) adhering to stratum corneum, (iv) in
suspension in stratum corneum cultures, and (v) in buffer alone
(Table 3). In the case of star cell cultures, the proportion of
hyphal compartments ranged between 43 and 54%, and in the
case of r-smooth cultures, the proportion ranged between 40
and 48%. The hyphae in star (Fig. 4C and D) and r-smooth
(Fig. 5C and D) cultures were quite elongate, contrasting
markedly with the short hyphae, or germ tubes, of o-smooth
(Fig. 4A and B) and irregular wrinkle (Fig. 5A and B) cultures.
In addition, there was significant clumping of cells in the
suspended cultures of star and r-smooth cells.
Hyphal induction by buccal epithelium and stratum cor-

neum. Incubation with buccal epithelium stimulated an in-
crease in hyphal compartments in o-smooth cultures from less
than 1 (the level in buffer) to 38% in the adhering population
and 50% in the suspended population (Table 3); stratum
corneum stimulated an increase from less than 1 (the level in
buffer) to 15% in the adhering population and 7% in the
suspended population (Table 3). Incubation with buccal epi-
thelium also stimulated an increase in hyphal compartments in
irregular wrinkle cultures from 4 (in buffer) to 44% in the
adhering population and 43% in the suspended population
(Table 3); stratum corneum stimulated an increase from 4 (in
buffer) to 8% in the adhering population and 20% in the
suspended population (Table 3). Since the strong induction by
buccal epithelium and the weaker induction by stratum cor-
neum of hypha formation occurred in the suspended portion of
the culture as well as the adhering portion of o-smooth and
irregular wrinkle cells, we hypothesized that the medium must
be conditioned. To test this possibility, buccal epithelium and
stratum corneum were incubated in buffer for 3 h under assay
conditions in the absence of C. albicans. The supernatants (i.e.,
without tissue) were then transferred to new chambers, inoc-
ulated with o-smooth and irregular wrinkle cells, and incubated
for an additional 3 h. The supernatant from the buccal
epithelium culture induced 42% hyphal compartments in the
o-smooth population and 43% hyphal compartments in the
irregular wrinkle population (Table 3). The supernatant from
the stratum corneum induced 4% hyphal compartments in the
o-smooth population but induced only negligible levels of
hyphal compartments in the irregular wrinkle population (Ta-
ble 3). These results demonstrate that at least in the case of the
buccal epithelium, the induction of hyphal compartments is
due to conditioning of the medium. Since pH can have a
profound effect on the bud-to-hypha transition in nutrient
medium at 37°C (8, 26), we measured the pH of the medium
before and after incubation for every switch phenotype and
each of the two tissues. In all cases, the pH before incubation
was 7.0 and after incubation was between 6.85 and 6.95. Since
the transition pH for hyphal induction in nutrient medium is
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FIG. 4. Cells of o-smooth phenotype adhering to buccal epithelium (A) and stratum corneum (B) and of star phenotype adhering to buccal
epithelium (C) and stratum corneum (D) after 3 h of incubation. The arrows in A point to elongate germ tubes, and the arrow in C points to a
long hypha.

6.5 (i.e., a pH below 6.5 is conducive for bud formation and
above 6.5 is conducive for hypha formation at 37°C [8]), we can
conclude that the pH of the supporting medium is conducive
but not sufficient for the induction of hyphae in buccal
epithelium cultures.
The induction of germ tube formation may depend not only

upon high temperature and pH but also upon a carbon source
to support germ tube growth. We therefore tested whether
buccal epithelium and stratum corneum released organic mol-
ecules into the incubation medium under the incubation
conditions employed. Discs of buccal epithelium and stratum
corneum were incubated with phosphate buffer lacking C.
albicans for 3 h under adhesion assay conditions. Conditioned
medium was serially diluted, plated on silica gel, charred, and
scanned. Measurements were compared with serial dilutions of
bovine serum albumin standards. Medium conditioned by
buccal epithelium contained an average of 14 mg of charrable
carbon per ml. Medium conditioned by stratum corneum and
unconditioned phosphate buffer solution contained no detect-
able charrable carbon.

DISCUSSION
In order for C. albicans cells to penetrate tissue, they must

first adhere to epithelium. Adhering cells then extend hyphae
into the tissue, and the hyphae grow, branch, and release
budding cells. It has been reasonably well documented that
hyphae are more adhesive than yeast phase cells (3, 14) and
that variations in adhesiveness exist between strains (see
reference 21 for a review). In addition, it has been demon-
strated that high-frequency phenotypic switching can result in
reversible changes in adhesiveness. Kennedy et al. (13) found
that in the white-opaque phase transition in C. albicans WO-1
(25, 29), cells expressing the white budding phenotype were
more adhesive to buccal epithelium than cells expressing the
opaque budding phenotype. However, the opaque budding cell
exhibits a unique morphology (2, 4, 25, 29) and the white-
opaque transition is found in less than 5% of C. albicans strains
(29). To test whether changes in adhesiveness represent a
general characteristic of switching in C. albicans, we compared
the adhesive characteristics of the switch phenotypes of a more
common switching system, that of laboratory strain 3153A
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FIG. 5. Cells of irregular wrinkle phenotypes adhering to buccal epithelium (A) and stratum corneum (B) and r-smooth cells adhering to buccal
epithelium (C) and stratum corneum (D) after 3 h of incubation. The arrows point to an elongate germ tube in A, a wide germ tube in B, and quite
long pseudohyphae in C and D.

(24). We compared the basic o-smooth phenotype with three
of the seven variant phenotypes in the 3153A switching reper-
toire, and we have compared cells just after they had entered
stationary phase, since it was previously demonstrated that star
cells express a variant phenotype in liquid culture when
entering stationary phase (5). We have found that, although
there is no significant difference between o-smooth and irreg-
ular wrinkle cells in their properties of adhesion to buccal
epithelium, there are significant differences between o-smooth
and either star or r-smooth cells. The levels of adherence of
star and r-smooth cells to buccal epithelium are approximately
26 and 54% that of o-smooth adherence, respectively. The
hierarchy of adherence to buccal epithelium was determined as
follows: o-smooth -irregular wrinkle > r-smooth > star. The
hierarchy of adherence to stratum corneum was similar but not
identical: o-smooth > irregular wrinkle -r-smooth > star. If
the adherence properties to the tissues are pooled, the follow-
ing more generalized hierarchy results: o-smooth > irregular
wrinkle > r-smooth > star. This generalized hierarchy of
adherence inversely follows the hierarchy of hypha formation
by these cells at stationary phase, which is as follows: o-smooth

(0%) < irregular wrinkle (4%) < r-smooth (40%) < star
(49%). This may be the key to understanding the differences in
adhesion between o-smooth and the three tested phenotypes.
The majority of star and r-smooth cells formed hyphae in early
stationary phase, and incubation with buccal epithelium or
stratum corneum, therefore, had little further effect on the
proportion of hyphae in the incubation medium. The hyphae
were long in these cultures, and clumping was evident among
suspended cells. These cultures on average exhibited the
lowest levels of adhesion to buccal epithelium and stratum
corneum. In contrast, the majority of o-smooth and irregular
wrinkle cells retained the budding phenotype in early station-
ary phase, and incubation with buccal epithelium, and to a
lesser extent stratum corneum, induced germ tube formation.
However, these germ tubes were far shorter than the hyphae
already present in stationary-phase star and r-smooth cultures.
Since o-smooth and irregular wrinkle cells exhibited the high-
est levels of adhesion, we can tentatively conclude that the
presence of mature hyphae at the onset of the adhesion assay
may interfere with adhesion. This does not rule out the
possibility that qualitative differences in the cell wall surfaces
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also play a role. Changes in surface antigens have been
demonstrated in the white-opaque phase transition in strain
WO-1 (1, 2, 4). Opaque cells contain one or more opaque-
specific surface antigens not present on the surface of white
cells, and a 14.5-kDa opaque-specific antigen has been local-
ized to the unique opaque cell wall pimple (2).
We have also found that buccal epithelium induces germ

tube formation in o-smooth cell cultures, which contain less
than 0.5% hyphae in early stationary phase, and in irregular
wrinkle cell cultures, which contain roughly 5% hyphae in early
stationary phase. Medium first conditioned by buccal epithe-
lium also induced germ tube formation in both o-smooth and
irregular wrinkle cultures after the removal of tissue, indicating
that buccal epithelium releases one or more components
involved in induction. Since incubation conditions included a
temperature of 37°C and pH of 7.0, all that was required for
hypha induction may have been a carbon source (8, 26).
Charring experiments demonstrated that buccal epithelium
released carbon-containing molecules into the incubation me-
dium. We therefore do not believe that buccal epithelium
releases a specific hypha-inducing molecule but rather that it
provides a carbon source for daughter cell growth under
conditions conducive to the hyphal phenotype. We are now in
the process of characterizing the molecules released by buccal
epithelium which support germ tube formation in o-smooth
and irregular wrinkle cell cultures.

ACKNOWLEDGMENTS

This study was supported by Public Health Service grants A123922
and DE10758 to D.R.S. and grant DE10516 to P.W.W. K.V. was
supported by NIH/NIDR grant DE07930.

REFERENCES
1. Anderson, J. M., L. Cundiff, B. Schnars, M. Gao, I. Mackensie,

and D. R. Soil. 1989. Hypha formation in the white-opaque
transition of Candida albicans. Infect. Immun. 57:458-467.

2. Anderson, J. M., R. Mihalik, and D. R. Soil. 1990. Ultrastructure
and antigenicity of the unique cell and pimple of the Candida
opaque phenotype. J. Bacteriol. 172:224-235.

3. Anderson, M. L., and F. C. Odds. 1985. Adherence of Candida
albicans to vaginal epithelia: significance of morphological form
and effect of ketoconazole. Mykosen 28:531-540.

4. Anderson, J. M., and D. R. Soil. 1987. Unique phenotype of
opaque cells in the white-opaque transition of Candida albicans. J.
Bacteriol. 169:5579-5588.

5. Bedell, G., and D. R. Soll. 1979. The effects of low concentrations
of zinc on the growth and dimorphism of Candida albicans:
evidence for zinc-resistant and -sensitive pathways for mycelium
formation. Infect. Immun. 26:348-354.

6. Bodey, G. P., and V. Fainstein (ed.). 1985. Candidiasis. Raven
Press, New York.

7. Bodey, G. P., and V. Fainstein. 1985. Systemic candidiasis, p.
135-168. In G. P. Bodey and V. Fainstein (ed.), Candidiasis.
Raven Press, New York.

8. Buffo, J., M. A. Herman, and D. R. Soll. 1984. A characterization
of pH-regulated dimorphism in Cantdida albicans. Mycopathologia
85:21-30.

9. Calderone, R. A., R. L. Cihlar, D. D. Lee, K. Hoberg, and W. M.
Scheld. 1985. Yeast adhesion in the pathogenesis of endocarditis
due to Candida albicans: studies with adherence-negative mutants.
J. Infect. Dis. 152:710-715.

10. Causon, R. A., and K. C. Rajasingham. 1972. Ultrastructural
features of the invasive phase of Candida albicans. Br. J. Derma-
tol. 87:435-443.

11. Douglas, L. J., J. G. Houston, and J. McCourtie. 1981. Adherence
of Candida albicans to human buccal epithelial cells. FEMS
Microbiol. Lett. 16:199-202.

12. Howlett, J. A., and C. A. Squire. 1980. Candida albicans ultrastruc-
ture: colonization and invasion of oral epithelium. Infect. Immun.
29:252-260.

13. Kennedy, M. J., A. L. Rogers, L. R. Hanselman, D. R. Soil, and
R. J. Yancey. 1988. Variation in adhesion and cell surface hydro-
phobicity in Candida albicans white and opaque phenotypes.
Mycopathologia 102:149-156.

14. Kimball, L. H., and N. N. Pearsall. 1980. Relationship between
germinating of Candida albicans and increased adherence to
human buccal epithelial cells. Infect. Immun. 28:464-468.

15. Lee, K. L., H. R. Buckley, and C. C. Campbell. 1975. An amino
acid liquid synthetic medium for development of mycelial and
yeast forms of Candida albicans. Sabouraudia 13:148-153.

16. Lehrer, N., E. Segal, R. L. Cihlar, and R. A. Calderone. 1986.
Pathogenesis of vaginal candidiasis: studies with a mutant which
has reduced ability to adhere in vitro. J. Med. Vet. Mycol.
24:127-131.

17. Liljemark, W. F., and R. J. Gibbons. 1973. Suppression of Candida
albicans by human oral streptococci in gnotobiotic mice. Infect.
Immun. 8:846-849.

18. McCourtie, J., and L. J. Douglas. 1985. Unequal distribution of
adhesions within populations of Candida albicans. FEMS Micro-
biol. Lett. 27:111-116.

19. Morrow, B., J. Anderson, E. Wilson, and D. R. Soll. 1989.
Bidirectional stimulation of the white-opaque transition of Can-
dida albicans by ultraviolet irradiation. J. Gen. Microbiol. 135:
1201-1208.

20. Morrow, B., T. Srikantha, and D. R. Soll. 1992. Transcription of
the gene for a pepsinogen, PEPI, is regulated by switching in
Candida albicans. Mol. Cell. Biol. 12:2997-3005.

21. Odds, F. C. 1988. Candida and candidosis: a review and bibliog-
raphy. Bailliere Tindale, London.

22. Pomes, R., C. Gil, and C. Nombela. 1985. Genetic analysis of
Candida albicans morphological mutants. J. Gen. Microbiol. 131:
2107-2113.

23. Pope, L. M., and G. T. Cole. 1982. Comparative studies of
gastrointestinal colonization and systemic spread of Candida
albicans and non-lethal yeast in the infant mouse. Scanning
Electron Microsc. 4:1667-1676.

23a.Ramsey, H., B. Morrow, and D. R. Soil. Microbiol., in press.
24. Slutsky, B., J. Buffo, and D. R. Soll. 1985. High frequency

switching of colony morphology in Candida albicans. Science
230:666-669.

25. Slutsky, B., M. Staebell, J. Anderson, L. Risen, M. Pfaller, and
D. R. Soil. 1987. "White-opaque transition": a second high-
frequency switching system in Candida albicans. J. Bacteriol.
169:189-197.

26. Soll, D. R. 1986. The regulation of cellular differentiation in the
dimorphic yeast Candida albicans. Bioessays 5:5-10.

27. Soll, D. R. 1989. High-frequency switching in Candida, p. 791-798.
In D. E. Berg and M. M. Howe (ed.), Mobile DNA. American
Society for Microbiology, Washington, D.C.

28. Soll, D. R. 1991. Current status of the molecular basis of Candida
pathogenicity, p. 503-540. In G. Cole and H. Hoch (ed.), The
fungal spore and disease initiation in plants and animals. Plenum
Press Inc., New York.

29. Soll, D. R. 1992. High-frequency switching in Candida albicans.
Clin. Microbiol. Rev. 5:183-203.

30. Soll, D. R., J. Anderson, and M. Bergen. 1991. The developmental
biology of the white-opaque transition in Candida albicans, p.
20-45. In R. Prasad (ed.), The molecular biology of Candida
albicans. Springer-Verlag, Berlin.

31. Soll, D. R., B. Morrow, and T. Srikantha. 1993. High frequency
switching in Candida albicans. Trends Genet. 9:61-65.

VOL. 62, 1994


