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Abstract: A number of hybrids obtained by fusion of protoplasts of complementary auxotrophic strains of Candida albicans were
analysed for growth rates, cell volume, DNA content, stability and adherence to human buccal epithelial cells. SDS-PAGE analysis
of the cell wall proteins indicated that the hybrid cell walls contained many more of the proteins associated with one parent than
the other. The adherence values of the hybrids were closest to the parent with which they shared most cell wall proteins and it is
suggested that the hybrids contain the genome of this parent along with one or more of the chromosomes of the other.
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Introduction

The yeast Candida albicans is a dimorphic,
asexual fungal pathogen capable of initiating a
range of superficial and systemic infections in
humans. The incidence of Candida diseases has
increased dramatically in recent years due to the
advent of Acquired Immune Deficiency Syn-
drome (AIDS), the use of immunosuppressive
therapy and the widespread use of broad-spec-
trum antibiotics [1]. A key stage in pathogenesis
is the ability of cells of C. albicans to adhere to a
range of host tissues [2]. Yeast wall mannopro-
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teins [3], lipids [4] and chitin [5] have all been
identified as putative adhesins.

C. albicans is classified among the fungi imper-
fecti because of the absence of a known sexual
cycle for this diploid yeast, thus the organism is
not amenable to conventional genetic analyses or
manipulation. The application of protoplast fu-
sion techniques to this yeast has allowed the
creation of a parasexual cycle [6,7]. Fusion is
generally achieved between protoplasts of com-
plementary auxotrophic strains and selection im-
posed for the isolation of prototrophic hybrids.

The work presented here describes the charac-
teristics of the hybrids formed from a single such
fusion event between two doubly auxotrophic
strains of C. albicans. The hybrids were analysed
for growth rates, cell volume, DNA content, ad-
herence values and electrophoretic profiles of
their cell wall proteins. Adherence values were
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considered along with the electrophoretic profiles
of the cell wall proteins of parental and hybrid
strains and we report here that the adherence
properties and cell surface proteins of the hybrids
have greater similarity to one parental strain than
the other.

Materials and Methods

Strains

The following strains were used in this work:
Candida albicans ATCC 44987 (his~, arg™) and
C. albicans ATCC 44990 (ade’, thr™).

Media and culture conditions

Cells were routinely grown in 50 ml of YEPD
(2% (w/v) glucose (BDH), 1% (w /v) bactopep-
tone (Oxoid), 1% (w/v) yeast extract (Oxoid)) at
30°C and 200 rpm in an orbital shaker.

Minimal medium (MM) contained 2% (w/v)
glucose, 0.17% (w /v) yeast nitrogen base (without
amino acids and ammonium sulphate (Difco)),
and 0.5% ammonium sulphate. Where appropri-
ate amino acid supplements were added at a final
concentration of 20 mg 1~ 1.

All media were solidified by the use of 3%
(w/v) Bactoagar (Oxoid).

Protoplast preparation and fusion

The method and conditions employed for pro-
toplast isolation and fusion have been detailed
elsewhere [8]. Briefly, exponential phase cells
were harvested, washed and resuspended in pro-
toplasting medium (1.45 mg ml~' Novozym 234
(Novo Industri, Denmark) and 0.017 ml ml~' Suc
d’Helix pomatia (IBF Biotechnics, France) in os-
motically stabilised MP Buffer at pH 5.5) for 45
min at 30°C. The resulting protoplasts were har-
vested and washed. Fusion was achieved by mix-
ing equal numbers of protoplasts of the comple-
mentary strains in a fusogen mixture consisting of
PEG and a 0.1 M solution of calcium acetate.
After the appropriate incubation time the proto-
plasts were harvested, washed and plated out at a
density of 1 X 10® complementary protoplast pairs
per plate of selection medium (MM).

Growth rates

Strains were grown overnight in YEPD (37°C
and 200 rpm), harvested, diluted and resus-
pended in the same medium at an initial concen-
tration of 5 x 10° cells ml~!. Growth was moni-
tored by haemocytometer count over a period of
12 h with a final count at 24 h.

Determination of cell volume

The cell volumes of stationary phase parental
and fusant strains were determined using the
equation for the volume of a prolate ellipsoid:

V =1.3311ab*?

where a is equal to half the length of the long
axis and b is equal to half the length of the short
axis. In all cases the dimensions of 50 cells were
measured.

DNA estimation

DNA was extracted from mid-exponential
phase cells with perchloric acid and quantified
using the diphenylamine assay [9]. Salmon sperm
DNA (Sigma) was used to prepare standard
curves.

Adherence tests

The method used was that of Kimura and
Pearsall [10] with some modifications. Yeast
strains were grown overnight in YEPD to station-
ary phase, cells were harvested on a bench top
centrifuge, washed once with Hank’s Balanced
Salt Solution (HBSS) and resuspended in 1 ml
HBSS.

Buccal epithelial cells (BECs) were collected
from five healthy human volunteers by gently
scraping the mucosal surface of the cheeks with a
sterile tongue depressor and agitating in 5 mli
HBSS to remove attached cells. The cells were
then pooled, harvested, washed once with HBSS
and finally resuspended in 1 ml HBSS.

1 ml of the yeast cell suspension (107) was then
added to the BEC suspension (10°) and the mix-
ture was incubated for 1 h at 37°C on an orbital
shaker at 200 rpm. After incubation the cell sus-
pension was filtered through a polycarbonate
mesh (18 pwm) and washed through with 10 ml of
HBSS to remove unattached yeasts. The final 1
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ml of this suspension was mounted on a glass
slide, air-dried, heat-fixed and stained with 1%
Crystal violet for 1 min.

Adherence was determined microscopically by
counting the number of yeasts adhering to at
least 100 BECs. All assays were performed in
duplicate.

Extraction of cell wall proteins

Cell wall proteins were extracted using tech-
niques adapted from the methods of Hoberg et
al. [11] and Catley [12].

Cells were pelleted and washed twice with
HBSS. The pellet was resuspended in HBSS and
a portion of glass beads (0.4 mm (40 mesh))
added to the suspension which was cooled on ice
for 10-15 min. Phenylmethylsulphonylfluoride
(PMSF) (Sigma) was added to the mixture to a
final concentration of 1 mM and the cells broken
up by agitating on a bench top whirly mix using 1
min pulses with cooling on ice in between pulses.
Breakage was monitored by light microscopy and
when > 80% breakage (estimated visually) was
obtained supernatants were transferred to cooled
centrifuge tubes by aspirating with a Pasteur
pipette. The beads were then washed three times
and the washes added to the original broken cell
suspension.

Emulsions were pelieted (5000 rpm, 15 min,
4°C), washed four times with cold HBSS and then
extracted at 100°C (10 min) with SDS-sample
buffer (2.3% sodium lauryl sulphate (SDS), 5%

Table 1
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B-mercaptoethanol, 10% glycerol, 62.5 mM Tris
hydrochloride (pH 6.8)). The samples were cen-
trifuged (6000 rpm) and supernatants transferred
into 20 ml of cold ethanol and precipitated
overnight at 4°C. The precipitates were washed
twice with cold distilled water and then twice
with cold acctone. Pellets were dried at room
temperature, resuspended in SDS sample buffer
and heated gently for 5 min (until maximal solu-
bilisation had occurred). Samples were again pel-
leted and supernatants precipitated overnight
with ethanol (—20°C). The precipitates were pel-
leted, washed and dried as before.

SDS polyacrylamide gel electrophoresis (SDS-
PAGE)

Samples for SDS-PAGE were resuspended in
SDS sample buffer and placed in a boiling water
bath for 60 s. 1 drop of tracking dye (0.1%
Bromophenol blue) was added to each sample
which was then loaded onto a 15% polyacryl-
amide gel and subjected to electrophoresis at 120
V for 8-10 h. The proteins were fixed, stained
with Coomassie brilliant blue overnight and the
gels destained (10% acetic acid, 20% methanol)
and rinsed with distilled water.

Results and Discussion

In this paper we present an analysis of the
fusion products obtained from a single intra-

Cellular dimensions and DNA content of parental and hybrid strains

Strain Cell dimensions DNA content
Length (um) @ Width (um) Volume (um?) (fg/cel)
JITA 6.25+1.01 4.85+1.01 80.7+37.2 18 +0.9
ATCC 44987 6.12+1.02 5.26+1.22 88.44 5.3 31 +1.7
ATCC 44990 7.49 4+ 1.66 5.44+1.43 122 +25 29 +1.0
CAH 1 9.04+1.28 6.64+0.74 208 +74 56 +2.4
CAH?2 9.06 +0.69 6.10+0.51 176 +24 61.5+15
CAH 3 8.90+1.42 5.68+0.96 150 +22 71 +22
CAH 4 8.60+1.05 5.76+1.32 149 +23 45 +1.1
CAH S 8.86+1.62 6.82+1.69 215 +32 395+18

Cells were grown at 30°C for 48 h in 50 ml YEPD in 125-ml conical flasks at 200 rpm. Values are the mean of 50 determinations for
each strain. DNA was extracted and quantified as described in Materials and Methods. All values are the means of three separate
determinations.

2 Errors are the standard error of the mean.
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specific fusion event between two complementary
auxotrophic strains of Candida albicans. Proto-
plasts of the strains were induced to fuse using a
mixture of polyethylene glycol (PEG) 3350 (40%
w/v) as fusogen and 0.1 M calcium acetate as a
source of Ca®" ions [8]. After incubation at 30°C
for 7-10 days, hybrids were detected as colonies
embedded in MM. Individual colonies were se-
lected randomly for analysis and numbered arbi-
trarily from 1 to 5 (CAH1-CAHS5). Growth of
these strains and both parents was monitored
over a period of 24 h and mean doubling times
calculated. Both parental strains (ATCC 44987-
86 + 5 min and ATCC 44990-96 + 20) had rela-
tively similar doubling times while the hybrids
had doubling times ranging from 50-68 min, in
all cases shorter than those of the parents. These
faster doubling times are probably due to the
restoration of prototrophy in the hybrids as a
result of protoplast fusion, while the slower rates
of the auxotrophic parents may be due to blocks
in the biosynthetic pathways for the particular
metabolites through mutation and/or inefficient
uptake of the pathway end product itself [13].
Cellular dimensions and DNA content of all
the strains were also measured. Saccharomyces
cerevisiae JJ1A, a known haploid strain, was in-
cluded for reference purposes (Table 1). The
hybrid strains all had larger cell volumes than
either parent and there was considerable varia-
tion in the hybrid cell sizes themselves with the
smallest hybrid, CAH4, being only slightly bigger
than the larger parent while the largest hybrid,
CAHS, was almost twice the volume of this par-
ent. DNA measurements also showed similar
variation, the hybrids all contained more DNA
than either parent with no apparent correlation
between cell volume and DNA content, showing
aneuploid DNA levels ranging from 1.27 to 2.29
times the DNA content of parent ATCC 44987.
The cell volumes of the hybrids were not directly
proportional to their DNA contents; Sarachek et
al. [6] proposed that this might be due to karyo-
gamy in heterokaryotic cells generating diploid
nuclei which either stabilise or undergo sponta-
neous chromosome loss to various states of aneu-
ploidy. The data also point to CAHI1 being the
only chromosome loss to various states of ancu-

Table 2

Adherence capabilities of strains

Strain Yeast cells /100 BECs % Adherence *
ATCC 44987 365+ 16 100 o
ATCC 44990 155+ 11 42

CAHI 187+ 7 51

CAH2 229412 63

CAH3 232+ 10 64

CAH4 189+ 13 52

CAHS 173+ 9 47

Adherence was measured as described in Materials and
Methods. Assays were carried out in duplicate and the results
are the mean of three separate determinations.

* Percentage adherence relative to strain ATCC 449K7.

ploidy. The data also point to CAHI bcing the
only probable diploid with approximately twice
(2.34) the cell volume and twice (1.90) the DNA
content of parent ATCC 44987. CHEF gel analy-
sis showed no quantifiable differences in chromo-
some contents (unpublished observations).

Stability of the hybrids is indicated by the lack
of detectable spontaneous segregation despite ex-
tensive screening. Even after either UV mutagen-
esis or growth in the presence of m-fluorophenyl-
alanine there was less than 3% segregation in all
colonies tested (results not shown). No segregants
could be detected with CAH4 while the other
hybrids produced segregants with an auxotrophic
requirement for one of the four parental mark-
ers: CAH1 and CAH2 gave rise to segregants
requiring adenine, and CAH3 and CAHS pro-
duced segregants requiring histidine.

The ability of all strains to adhere to human
BECs was investigated as an indicator of the
relative pathogenicities of the different strains
(Table 2). Parent ATCC 44987 had the highest
adherence values and it was therefore used as the
reference strain. Parent ATCC 44990 had the
lowest adherence values: at 42% exhibiting less
than half the adherence capability of the refer-
ence strain. The hybrids all had adherence values
intermediate between those of both parental
strains ranging from 47 to 64% of the reference
strain but generally closer in magnitude to that of
parent ATCC 44990.
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On the basis of the adherence results and
cytological analyses performed, three hybrid
strains were selected for further study: CAH3
(the smallest of the hybrids with the highest DNA
content and highest adherence values); CAHI1
(the only probable diploid with adherence in the
middle of the hybrid range), and CAHS (the

Fig. 1. SDS-PAGE analysis of cell wall proteins. SDS-PAGE
(15% polyacrylamide) was carried out as described in Materi-
als and Methods. Samples were subjected to electrophoresis
for 8-10 h at 120 V. Samples loaded onto gel as follows: Lane
A, ATCC 44987; tane B, ATCC 44990; lanes 1,3,5, hybrids
CAHI1, CAH3, CAHS, respectively. Lane S, Molecular mass
standard markers (Sigma) as follows from top of gel (in kDa):
bovine albumin, 66; egg alkumin, 45; glyceraldehyde-3-phos-
phate dehydrogenase, 36; carbonic anhydrase, 29; trypsinogen,
24; trypsin inhibitor, 20.1; and a-lactoalbumin, 14.2 (not visi-
ble).
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largest of the hybrids with the smallest DNA
content and lowest adherence value). The cell
wall proteins of these strains and the two parental
strains were extracted and subjected to SDS-
PAGE on a 15% polyacrylamide gel for 10 h at
120 V. The protein profiles so produced also
point to the closer relationship between the hy-
brids and parent ATCC 44990 (Fig. 1). There
were some bands in common to all the strains, of
particular interest is the band above 30 kDa (in
the region 31.5-34 kDa) which is characteristic of
a mannoprotein with cross-reactivity between S.
cerevisiae and C. albicans which is found in the
cell walls of many ascomycetous yeasts and re-
lated anamorphic forms [14,15]. At molecular
masses over 50 kDa the hybrids show more simi-
larity to parent ATCC 44987 with four bands
visible at approximately 55 kDa, 70 kDa, 73 kDa
(doublet) and 75 kDa. At lower molecular masses
<50 kDa there was more similarity to parent
ATCC 44990 with nine bands visible ranging from
21 to 48 kDa. Overall, the protein profiles of the
hybrids show greater similarity to that of parent
ATCC 44990, suggesting that the hybrids are
more closely related to this parental strain than
the other. This phenomenon of greater similarity
to one or other of the partners in a fusion has
been reported before in both inter- and intraspe-
cific and intergeneric crosses in yeast {16-20]. In
the case of the intraspecific fusion reported here
it appears that parent ATCC 44990 may be the
dominant partner, and the resulting hybrids may
be all aneuploids containing the entire chromo-
some complement of this parent along with one
or more of the chromosomes from parent ATCC
44987.
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