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A comparison was made of the adherence to acrylic and to human buccal epithelial cells of seven strains of
Candida albicans isolated from active infections (I strains) and two strains obtained from asymptomatic carriers
(C strains). After growth in defined medium containing a relatively low concentration (50 mM) of glucose as the
carbon source, the adherence of I and C strains to either surface was similar and all strains were sensitive to
spheroplast formation with Zymolyase 5000. Growth in medium containing a high concentration (500 mM) of
sucrose or galactose enhanced the adherence of I strains up to 5- and 11-fold, respectively, and there were
corresponding increases in resistance to spheroplast formation. Sucrose- or galactose-grown C strains showed
only small increases in adherence and remained relatively sensitive to spheroplast formation. When inoculated
intravenously into mice, I strains grown in 500 mM sucrose were up to five times more virulent than organisms
grown in 50 mM glucose, while I strains grown in 500 mM galactose showed a 5- to 24-fold increase in
virulence. Fifty percent lethal doses obtained for C strains were similar after growth on all three carbon
sources. We conclude that I strains are able to modify their surface composition in response to high
concentrations of certain sugars in the growth environment. Such modification can enhance both their ability to
adhere to surfaces and their virulence. C strains lack this capability, or possess it to a lower degree, and may

therefore have a lower pathogenic potential.

In contrast to the enormous research effort devoted to the
study of bacterial adherence, particularly during the last
decade (1), relatively few investigations have focused on
yeast adhesion. Recently, however, increasing recognition
of the importance of adherence in the pathogenesis of many
microbial infections has stimulated considerable interest in
the adhesion of the opportunistic yeast pathogen, Candida
albicans, to mucosal and other surfaces. Superficial candido-
sis now ranks among the most common of all infectious
diseases, with oral and vaginal infections as its most preva-
lent forms (8). For this reason, human buccal and vaginal
epithelial cells have been frequently used in studies of C.
albicans adherence in vitro (9, 10, 12, 25, 27; for a review,
see L. J. Douglas, in A. H. Rose and J. S. Harrison, ed., The
Yeasts, 2nd ed., vol. 1, in press).

In a previous study relating to the role of C. albicans in
denture stomatitis, we measured adherence of the yeast to
acrylic surfaces (5, 14). Adhesion to acrylic in vitro was
enhanced to different extents after growth of the yeast in
defined medium containing a high concentration of galac-
tose, sucrose, maltose, glucose, or fructose as the carbon
source. Galactose was the most effective carbon source of
those tested; organisms grown in 500 mM galactose showed
more than 10-fold-greater adherence than control yeasts
grown in medium with a relatively low concentration (50
mM) of glucose. Subsequent work indicated that adherence
of C. albicans to human buccal epithelial cells was similarly
promoted by growth in medium with a high sugar content (4).

Enhanced adherence appeared to be due to the production
of an additional fibrillar surface layer which also conferred
increased resistance to spheroplast formation with Zymo-
lyase 5000 (14). Synthesis of the fibrillar layer in response to
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high concentrations of sugar occurred during the stationary
phase of growth, since mid-exponential-phase yeasts harvest-
ed from such media were poorly adherent and were sensitive
to Zymolyase 5000 (5). The antibiotic tunicamycin, when
added to cultures at the onset of the stationary phase,
inhibited this synthesis, suggesting that the fibrillar compo-
nent consisted largely, if not entirely, of mannoprotein (6).

These earlier studies concentrated mainly on a single
strain of C. albicans (GDH 2346) which had been isolated
from a patient with denture stomatitis. In the present investi-
gation, we have extended our survey to encompass nine C.
albicans strains, including some isolated from active infec-
tions and others obtained from asymptomatic carriers. For
all of these strains, an attempt was made to correlate cell
surface composition with adherence to acylic and to buccal
epithelial cells after growth of the yeasts in defined medium
containing glucose, sucrose, or galactose as the carbon
source. The virulence for mice of each strain after growth
under these conditions was also determined.

MATERIALS AND METHODS

Organisms. Nine strains of C. albicans were used. C.
albicans MRL 3153 was from the Mycological Reference
Laboratory at the London School of Hygiene and Tropical
Medicine, London, England. The remaining eight strains
were all isolated in Glasgow and have recently been deposit-
ed with the National Collection of Yeast Cultures (NCYC),
Food Research Institute, Norwich, England. C. albicans BP
3968 (NCYC 1466) was obtained from a cutaneous candido-
sis lesion; strains GDH 2346 (NCYC 1467), GDH 2036
(NCYC 1469), and GDH 2023 (NCYC 1468) were isolated at
Glasgow Dental Hospital from patients with denture stomati-
tis; strains GRI 681 (NCYC 1472) and GRI 682 (NCYC 1473)
were obtained from routine cervical smears taken from
asymptomatic women at Glasgow Royal Infirmary; and
strains GRI 2773 (NCYC 1470) and GRI 272 (NCYC 1471)
were isolated from patients with vaginitis. The organisms
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were maintained on slopes of Sabouraud dextrose agar
(Difco Laboratories) and subcultured monthly. Every 2
months the cultures were replaced by new ones freshly
grown from freeze-dried stocks.

Growth conditions. The yeasts were grown in yeast nitrogen
base medium (Difco) containing 50 mM glucose or 500 mM
glucose, sucrose, galactose, maltose, or fructose, as de-
scribed previously (14). The organisms grew at similar rates
and exclusively in the budding yeast phase in all of these
media. They were harvested after 24 h (stationary growth
phase) and washed twice in 0.15 M phosphate-buffered
saline (PBS) (pH 7.2).

Adherence to acrylic. Yeast suspensions (1.25 X 107 t0 2.5
x 107 cells ml™! in PBS) were incubated with transparent
acrylic strips, and the numbers of adherent organisms were
determined by microscopy, as reported previously (14). All
adherence values quoted were obtained by counting 30 fields
on each of at least 12 acrylic strips.

Adherence to buccal epithelial cells. Standardized suspen-
sions of human buccal epithelial cells (2.5 x 10° cells ml~! in
PBS [0.1 ml]) and yeasts (2.5 x 10° organisms ml~! in PBS
[0.1 ml]) were mixed and incubated at 37°C, with gentle
shaking, for 45 min. Epithelial cells were then collected by
filtration, washed, and stained as described previously (4).
The numbers of adherent yeasts on each of 100 epithelial
cells were counted on every filter. Duplicate filters were
prepared for each assay. All adherence values quoted repre-
sent mean figures derived from four independent assays.
Epithelial cells were obtained from the buccal mucosa of a
single donor (4) and were always collected at the same time
of day to minimize variability.

Sensitivity to Zymolyase 5000. The rate of spheroplast
formation during treatment of yeasts with Zymolyase 5000
(Miles Laboratories, Slough, England) was monitored as
described previously (14). Cells were suspended in 50 mM
Tris-hydrochloride buffer (pH 7.2) containing 10 mM MgCl,
and 1 M sorbitol. Zymolyase 5000 (3 mg ml~') was added,
and the suspensions were incubated at 30°C with gentle
shaking. At intervals, samples (0.1 ml) were removed from
the mixtures and diluted 30-fold in water; after 10 min their
absorbance at 600 nm was measured.

Determination of LDsy. Five groups of 10 HaM/ICR mice,
aged 8 to 10 weeks, were inoculated via the lateral tail vein
with yeast suspensions (0.1 ml in saline) containing 107, 10°,
10°, 10%, or 10> CFU. Deaths were recorded three times daily
over 7 days, and 50% lethal dose (LDsy) values were
calculated by the Karber method (3).

Statistical analyses. The Student 7 test was used to evaluate
differences in yeast adherence. A P value of <0.05 was
considered significant. Differences in virulence were as-
sessed after calculating the 95% confidence limits for LDs,
values.

RESULTS

Adherence to acrylic and to buccal epithelial cells. Of the
nine strains of C. albicans used in this study, seven (I
strains) were originally isolated from active infections, while
two (C strains) were obtained from asymptomatic carriers.
For each strain, the adherence of organisms grown in
medium with a relatively low concentration (50 mM; 0.9%,
wt/vol) of glucose as the carbon source was compared with
that of yeasts harvested from medium containing a high
concentration (500 mM) of sucrose or galactose. All of the I
strains adhered in greater numbers to acrylic and to epitheli-
al cells after growth in medium containing sucrose or galac-
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tose, although the extent to which adherence was enhanced
varied from strain to strain (Fig. 1). Sucrose-grown yeasts
were up to five times more adherent than organisms of the
same strain grown in 50 mM glucose, while galactose-grown
yeasts showed a 5- to 11-fold increase in adherence. Of the
seven I strains tested, C. albicans GDH 2346 gave the
greatest increase in adherence after growth in galactose-
containing medium, and strain GDH 2023 gave the smallest
increase; absolute adherence values, on the other hand,
were highest with strain GDH 2023 after growth on all three
carbon sources (Fig. 1).

The two C strains (GRI 681 and GRI 682) adhered to
acrylic and to epithelial cells in numbers comparable to those
of I strains after growth in 50 mM glucose medium. Howev-
er, growth in medium with either 500 mM sucrose or 500 mM
galactose enhanced the adherence of these strains relatively
little (Fig. 1).

Sensitivity to spheroplast formation. Differences in yeast
cell surface composition were investigated by measuring the
sensitivity of the C. albicans strains to spheroplast formation
with Zymolyase 5000. In the assay procedure used, samples
were removed from buffered mixtures containing yeasts and
enzyme and were diluted in water; the rate of decrease in
absorbance of successive samples corresponded to the rate
of spheroplast formation (14). Figure 2 shows the results
obtained with two representative I strains (GDH 2036 and
GRI 2773). In each case, yeasts grown in medium with 500
mM galactose or sucrose were more resistant to Zymolyase
than were yeasts grown in 50 mM glucose. Moreover, the
rate of spheroplast formation correlated well with the rela-
tive adherence of the yeasts to acrylic and to buccal epitheli-
al cells (Fig. 1). Galactose-grown yeasts were most resistant
to Zymolyase and most adherent to either surface. Similar
results were obtained for the other seven I strains. By
contrast, the two C strains (GRI 681 and GRI 682) remained
relatively sensitive to spheroplast formation after growth in
medium containing 500 mM sucrose or galactose (Fig. 3); the
same growth conditions also affected the adherence of these
strains relatively little (Fig. 1).

Virulence for mice. To investigate whether the changes in
yeast cell surface composition which result from growth on
certain carbon sources at high concentration affect the
virulence of C. albicans, 7-day LDs, tests in mice were done
with all nine strains. Table 1 compares results obtained using
an I strain (GDH 2346) and a C strain (GRI 681) after growth
of each organism on a variety of carbon sources. The
virulence of strain GDH 2346 varied quite markedly accord-
ing to the carbon source present in the growth medium,
whereas that of strain GRI 681 was only slightly affected.
With strain GDH 2346, galactose-grown organisms were the
most virulent and gave an LDso some 16-fold lower than that
obtained with yeasts grown in 50 mM glucose. Strain GRI
681, on the other hand, was most virulent after growth in
medium containing 500 mM maltose, with an LDs, approxi-
mately one-half that of organisms grown in 50 mM glucose.
The highest LDs, values for both strains were recorded with
yeasts grown in 500 mM fructose (Table 1).

LDs, values for all nine strains of C. albicans after growth
in medium containing 50 mM glucose, 500 mM sucrose, or
500 mM galactose are compared in Fig. 4. Although there
was some overlap in 95% confidence limits, galactose-grown
organisms were consistently more virulent than sucrose-
grown yeasts of the same strain, and the sucrose-grown
yeasts, in turn, were more virulent than glucose-grown cells.
With I stains, sucrose-grown yeasts were up to five times
more virulent than organisms grown in 50 mM glucose, while
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FIG. 1. Adherence of nine strains of C. albicans to acrylic (A) and to buccal epithelial cells (B) after growth in medium containing 50 mM
glucose (), 500 mM sucrose (&3), or 500 mM galactose (&2). Standard errors range from 1.3 to 7.8% of mean values in (A) and from 2.3 to

9.3% of mean values in (B).

galactose-grown yeasts showed a 5- to 24-fold increase in
virulence. By contrast, differences in virulence for the C
strains (GRI 681 and GRI 682) were very small (Table 1 and
Fig. 4). LDs, values recorded for C. albicans GDH 2023
were considerably higher than those obtained for any other
strain; however, the relative virulence of this organism after

growth on galactose, sucrose, or glucose was similar to that
of other I strains (Fig. 4).

DISCUSSION

The results presented here indicate that strains of C.
albicans can be broadly divided into two categories. The
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FIG. 2. Sensitivity to Zymolyase 5000 of stationary-phase C. albicans GDH 2036 (A) and C. albicans GRI 2773 (B), both grown in yeast
nitrogen base medium containing 500 mM galactose (), 500 mM sucrose (A), or 50 mM glucose (®). Results for control yeasts grown in
medium with 500 mM galactose and incubated without Zymolyase are also shown (A).

first category comprises strains which have the ability to
modify their cell surface composition in response to high
concentrations of certain sugars, notably galactose, in the
growth medium. Such a modification promotes adherence of
the yeast to acrylic and epithelial cell surfaces and enhances
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its virulence for mice. Strains in the second category either
lack this capability completely or possess it to a much lower
degree. Thus, growth of these strains in medium with a high
galactose content has relatively little effect on either adher-
ence or virulence. Of the nine C. albicans strains used in this
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FIG. 3. Sensitivity to Zymolyase 5000 of stationary-phase C. albicans GRI 681 (A) and C. albicans GRI 682 (B), both grown in yeast
nitrogen base medium containing 500 mM galactose (), 500 mM sucrose (&), or 50 mM glucose (@). Results for control yeasts grown in
medium with 500 mM galactose and incubated without Zymolyase are also shown (A).
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TABLE 1. Virulence for mice of C. albicans GDH 2346 and GRI
681 after growth in defined medium with different carbon sources

. Carbon LDs, (10° Relative
Strain source? viabliz0 énits) virulence?

GDH 2346 Glucose 5.1 1.0
(50 mM)

Fructose 8.2 0.6

Glucose 2.2 2.3

Maltose 1.6 3.2

Sucrose 0.96 5.3

Galactose 0.31 16.5

GRI 681 Glucose 7.9 1.0
(50mM)

Fructose 14.9 0.5

Glucose 6.9 1.1

Maltose 4.1 1.9

Sucrose 7.1 1.1

Galactose 6.8 1.2

“ Carbon sources were present at 500 mM, except where indicat-
ed.

® Virulence relative to that of yeasts of the same strain grown in
medium containing 50 mM glucose.

study, seven fell into the first category and two into the
second. Each of the seven strains in the first group had been
isolated originally from an active infection, while both
strains in the second group were obtained from asymptomat-
ic carriers. Clearly, nine is too small a number of strains to
judge whether this apparent correlation is genuine, although
presumably the ability to modify cell surface composition
would be advantageous to the organism in vivo and could be
an important virulence factor. In this connection, it is
interesting that Poulain et al. (17) have recently provided
evidence for antigenic differences between C. albicans

s}
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strains freshly isolated from patients with candidosis and
those isolated from healthy subjects. The same workers have
also demonstrated phenotypic variability in the antigenic
structure of C. albicans in vitro and in vivo (18).

Our earlier ultrastructural studies indicated that the modi-
fication in surface composition which renders I strains
resistant to treatment with Zymolyase involves the produc-
tion of an outer fibrillar layer (14). The fibrils may represent
appendages analogous to bacterial fimbriae, whose impor-
tance in adhesion is widely recognized (1). Ultrastructural
and serological evidence for the existence of fimbriae in a
variety of yeast species has been produced recently (7); two
of the C. albicans 1 strains used here (GDH 2346 and MRL
3153) gave positive results in this survey. Strain differences
in sensitivity to Zymolyase could therefore reflect different
degrees of fimbriation. Similarly, differences between galac-
tose- and glucose-grown yeasts of the same strain could
reflect phenotypic variation in the extent of fimbriation.
Such variation has been demonstrated with certain bacteria;
it is known, for example, that the synthesis of fimbriae by
Salmonella typhimurium is dependent on cyclic AMP and
subject to catabolite repression by many carbohydrates (24).

The physiological basis for phenotypic modification of
surface composition in I strains remains to be established.
However, it is already clear that the surface changes induced
in these organisms by high concentrations of different sugars
could be important in vivo. Sucrose, glucose, and maltose
are common dietary sugars (16), while galactose may be
produced in the mouth as a result of lactose degradation by
oral bacteria (2). The observation that all of these sugars can
promote adherence of I strains to acrylic or to buccal
epithelial cells (4, 14; Fig. 1) could partly account for the
clinical finding that a carbohydrate-rich diet often contrib-
utes to the development and persistence of oral candidosis
(22, 26).

Phenotypic variation in yeast surface composition could
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FIG. 4. Virulence for mice of nine strains of C. albicans after growth to stationary phase in medium containing 50 mM glucose (@), 500
mM sucrose (A), or 500 mM galactose (W). Bars represent 95% confidence limits.
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also play a significant role in the pathogenesis of vaginal
candidosis. Diabetic and pregnant women, who are especial-
ly susceptible to this infection, have high levels of vaginal
glycogen which can be converted to glucose by enzymes
present in the tissue or produced by the normal flora (23).
We did not investigate the adherence of I strains to vaginal
epithelial cells in the present study. However, earlier experi-
ments with C. albicans GDH 2346 showed that adherence to
acrylic (14) or to buccal epithelial cells (4) more than doubled
when the concentration of glucose in the growth medium
was increased from 50 to 500 mM.

The mechanism by which growth in medium containing a
high concentration of sucrose or galactose enhances the
virulence of I strains has yet to be determined. One obvious
possibility would be that the fibrillar surface layer synthe-
sized by the yeasts under these conditions affords protection
against phagocytosis. Another pathogenic yeast, Cryptococ-
cus neoformans, is known to resist phagocytosis by produc-
ing a polysaccharide capsule which inhibits the attachment
of yeast to phagocyte (11). Fimbriae can also be antiphago-
cytic; fimbriated gonococci, for example, are more resistant
to phagocytosis than are nonfimbriated variants (19). An
alternative explanation for the enhanced virulence of su-
crose- or galactose-grown I strains could be increased resist-
ance to intracellular killing by phagocytes. In a recent study
(20), strains of C. albicans known to differ in their virulence
for mice were found to be equally susceptible to phagocyto-
sis. However, the more virulent strains showed a greater
propensity for intracellular survival. Myeloperoxidase-medi-
ated killing of C. albicans requires binding of the enzyme to
target yeasts and is antagonized by mannan solubilized from
the yeast cell wall (28). Since the fibrillar layer synthesized
by I strains is released from the yeast surface relatively
readily (14) and appears to consist largely of mannoprotein
(6), it too might inhibit candidacidal activity by interfering
with the binding of myeloperoxidase to the cell wall proper.

One of the I strains used in this study, C. albicans GDH
2023, was markedly less virulent for mice than any other
organism tested, including both C strains. Paradoxically, this
organism was the most adherent I strain. Growth in 500 mM
galactose or sucrose medium enhanced its adhesiveness and
its virulence to an extent similar to that observed with other I
strains, presumably by promoting synthesis of the fibrillar
surface layer. It is possible that the diminished virulence of
this organism is due to the presence, under all growth
conditions, of an additional, unique surface component
which somehow increases the affinity of the yeast for both
epithelial and phagocytic cells. On the other hand, strain
GDH 2023 may be deficient in some other virulence factor.
The determinants of virulence in C. albicans are poorly
understood (15) but are thought to include the ability to form
hyphae (21) and to produce hydrolytic enzymes such as
proteinases (13), as well as the ability to adhere to mucosal
surfaces. Investigation of these other properties in strain
GDH 2023 might provide further insight into their relative
importance in the native virulence of C. albicans.
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