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Molecular typing methods were applied to characterize four stable morphological mutants [1] isolated
from a UV-induced unstable mutant colony of Candida albicans. The wild-type strain (ATCC 64385),
the intermediate unstable mutant and its four morphologically altered derivatives revealed the same elec-
trophoretic karyotypes. Of the five isoenzymes tested (catalase, malate dehydrogenase, glutamate dehy-
drogenase, acid phosphatase and B-glucosidase), glutamate dehydrogenase displayed a different enzyme
pattern (with an extra band of lower mobility) in the morphological mutants. In contrast, the random
amplification DNA polymorphism patterns of the mutant strains differed in all cases from that of the
parental strain. Different primers revealed various degrees of DNA polymorphism; one of them (OPC-8)
proved to be useful for differentiation between all examined strains. Differences in genetic alterations
between spontaneous and induced mutants, and the applicability of different molecular markers to
analyse the consequences of induced mutagenesis in C. albicans are discussed.
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INTRODUCTION

Candida albicans is known to grow as a budding yeast, producing smooth colonies
on substrate-rich media. It has the ability to undergo a dimorphic transition in
response to special environmental factors and reversible high-frequency, strain-
dependent phenotypic switching [18, 26]. Spontaneous colony morphology variants
have also been observed on rich media. Genetic analysis and the application of dif-
ferent molecular typing methods have revealed that this variability is a consequence
of genomic instability, mutations resulting in an altered ploidy [22, 27], karyotype
[25] or polymerase chain reaction (PCR) type [29]. Spontaneous morphological
mutants, most of them originating from clinical material, also exhibit variations in
antifungal sensitivity [7] and pathogenicity [22, 27].

Induced mutagenesis combined with enrichment methods and somatic hybridisa-
tion allows the investigation of different aspects of the morphogenesis of this diploid,
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naturally heterozygous imperfect pathogen [14, 22]. Morphological mutants unable
to produce hyphae [3, 7], mycelial and pseudomycelial mutants [5, 10], and mutants
affected in cell wall synthesis [19] have been obtained from C. albicans. When pro-
toplast fusion was applied to produce somatic hybrids, their analyses defined two
complementation groups representing two genes relevant for dimorphism: alterations
of these interfered with the correct transition from blastospores to mycelium [5]. In
other crossing experiments, the examined mutations were different and recessive [6].
Results relating to the cytological analysis and antifungal sensitivity of these mutants
and their hybrids have been reported, but no information is available as concerns
alterations at a molecular level.

The purpose of the present work was to characterize four UV-induced stable mor-
phological mutants of C. albicans by molecular typing methods, and to compare
these results with earlier findings. Preliminary data from this project were presented
at the 13th Congress of the International Society for Human and Animal Mycology
[21].

MATERIALS AND METHODS
Strains and culture conditions

Four stable morphological mutants were isolated as segregants from a star-shaped
colony obtained after UV-mutagen treatment of the wild-type strain C. albicans
ATCC 64385. The isolation and morphological characterization of these mutants
were performed as described earlier [1]. They were maintained on yeast extract-pep-
tone-glucose medium (yeast extract 3 g 1!, peptone 5 g 1!, glucose 10 g 1!, and
Bacto agar 20 g I'!, pH 6.5).

Saccharomyces cerevisiae strain YP80 was used as a standard strain for molecu-
lar typing.

Isoenzyme analysis

The preparation of crude protein extracts and polyacrylamide gel electrophoresis
were performed as described earlier [30], with the modification that 7.5% separation
gels and 3.5% stacking gels were applied. The activities of the following five
enzymes were investigated: catalase (CAT; EC1.11.1.6) [32], malate dehydrogenase
(MDH; EC 1.1.1.14) [2], glutamate dehydrogenase (GDH; EC 1.4.1.4) [1], acid
phosphatase (ACP; EC 3.1.3.2) [8] and B-glucosidase (GLU; EC 3.2.1.21) [9].

RAPD analysis and electrophoretic karyotyping

The rapid lithium chloride procedure [12] was used to isolate total DNA for RAPD
reactions. Amplification of template DNA was carried out as described by Williams
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et al. [31] with slight modifications. For amplifications, a denaturation step at 94 °C
for 4 min, followed by 1 cycle at 38 °C for 1 min and 72 °C for 1 min, and then 35
cycles at 94 °C for 1 min, at 38 °C for 1 min and at 72 °C for 1 min. The final cycle
concluded with an extension step at 72 °C for 7 min. DNA from each strain was
amplified with four different 10-base primers (Operon). Nucleotide primers and their
sequences (5'— 3') were as follows: OPC-01 (TTCGAGCCAG), OPC-08 (TGGAC-
CGGTG), OPC-13 (AAGCCTCGTC) and OPC-19 (GTTGCCAGCC). Ten pl of
each amplification reaction was separated by electrophoresis on 1.4% agarose/TBE
gels.

Protoplast formation, preparation of chromosomal samples and separations were
performed as described earlier [16].

RESULTS
Colony types

The investigated colony types of four stable morphological mutants are depicted in
Fig. 1a—d. The macroscopic appearance, the ultrastructure and the cell types of
colonies of the wild-type strain, its UV-induced unstable star-shaped mutant deriva-
tive and its regular-wrinkled (Fig. 1a) and irregular-wrinkled (Fig. 1b) stable segre-
gants were characterized in detail earlier by scanning electron microscopy (SEM) [1].

A further two stable morphological mutants (Fig. 1¢c—d) were involved in the pre-
sent molecular typing experiments. Colonies of both of them contained 43% hyphae,
18% pseudohyphae and 39% blastospores. However, no atypical hyphae structures
were observed. A representative SEM image of the central part of the surface of these
colonies can be seen in Fig. le. In spite of the differences in the colony appearance
(Fig. 1c—d), the internal ultrastructures of the colonies were very similar, exhibiting
nearly the same organisation as for the irregular-wrinkled colonies [20].

Isoenzyme analysis

The isoenzyme patterns of five enzyme systems were studied. All six examined C.
albicans strains exhibited similar patterns for ACP, CAT, GLU and MDH. When CAT
staining was used, the C. albicans strains gave the same pattern as that for S. cere-
visiae strain YP80 used as an outgroup strain for comparison (Fig. 2). Only the GDH
pattern of the wild-type parental strain was different from those observed for the
colony morphology mutants (including the intermediate star-shaped one). For these
mutants, an extra band with lower mobility was detected (Fig. 3).
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Fig. 1. Colonies of four stable C. albicans morphological mutants: regular-wrinkled (a), irregular-wrin-
kled (b), echinoid (c) and frilly (d). Representative SEM (e) from the middle of the surface of the
echinoid mutant colony (x1100)
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Fig. 2. Diagrammatic representation of the observed isoenzyme patterns: S. cerevisiae YP80 (a), C. albi-
cans ATCC 64385 (b) and its morphological mutants (c)

#

Fig. 3. Glutamate dehydrogenase patterns associated with wild-type and mutant strains. Lanes 1-3,
S. cerevisiae YP80, C. albicans ATCC 64385 and its morphological mutant derivatives, respectively

Electrophoretic karyotyping and RAPD analysis

The six C. albicans strains revealed the same electrophoretic karyotype (results not
shown) as that characteristic of the original wild-type strain [17]. Four arbitrary
sequences (OPC-01, OPC-08, OPC-13 and OPC-19) resulted in detectable amplifi-
cations in RAPD reactions. Representative amplification patterns with the primer
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Fig. 4. Agarose gel electrophoresis showing PCR products after use of the primer OPC-08. Lane 1: Hind
III-digested A DNA. Lanes 2—8: amplification patterns from S. cerevisiae YP80, C. albicans ATCC
64385, its star-shaped, regular-wrinkled, irregular-wrinkled, echinoid and frilly mutant derivatives,

respectively
Table 1
RAPD amplification types (Fig. 5) detected in C. albicans wild-type and mutant strains
OPC-01 OPC-08 OPC-13 OPC-19
04 (wild-type) a a a a
073 (star-shaped) c b d b
073/F (irregular-wrinkled) b c b b
073/W (regular-wrinkled) d d c b
073/S (echinoid) b e d b
073/Cs (frilly) b f d c
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Fig. 5. Diagrammatic representation of the RAPD amplification patterns obtained with primers OPC-
01(A), OPC-08(B), OPC-19(C) and OPC-13(D). The corresponding amplification types are summarised
in Table 1

OPC-08 are to be seen in Fig. 4. The number of reproducible amplified bands of the
six examined C. albicans strains varied between 4 and 9 in different reactions. The
sizes of the detected amplification products were between 0.51 and 8.35 kb. In con-
trast with the isoenzyme similarity of the parental strain and its five morphological
mutants, the RAPD amplification patterns of these mutants differed from that of the
wild-type strain in all cases (Fig. 5). Different primers revealed different degrees of
DNA polymorphism of the morphological mutants: two (OPC-19), three (OPC-01
and OPC-13) or five (OPC-08) new amplification patterns were detected for the ran-
dom primers tested (Table 1).

DISCUSSION

The significant differences in the colony structure, ultrastructure and cell types of the
four UV-induced morphological mutants examined were not reflected in the assimi-
lation and fermentation spectra [20] and karyotype patterns, in contrast with earlier
findings obtained on spontaneous [24, 27, 29] or induced [28] morphological
mutants. Most C. albicans strains have 8 separate sets of homologue chromosomes
[14], but the karyotype can vary from strain to strain because of translocations [24,
25] or other possible mechanisms of chromosomal changes [25] resulting in other
karyotype patterns. In our case, it proved that mutation and segregation of the
mutants did not cause detectable alterations in the karyotypes. Similar data are not
available for some of the best-characterised mutagen-induced morphological mutants
of C. albicans [3, 5, 7, 10], but the occurrence of chromosomal rearrangements asso-
ciated with UV-induced C. fropicalis morphological mutation has been observed.
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Isoenzyme analysis by electrophoresis has provided a well-established and effi-
cient tool for the revelation of genetic variability at the level of gene expression in
fungal populations [23]. In the current study, isoenzyme polymorphism of the exam-
ined morphological mutants as compared to the parental strain was observed only for
GDH; this is possibly a consequence of the mutation of one allele. Similar results
have been published on spontancous mutants isolated from HIV patients [23], but not
on mutagen-induced morphological mutants of C. albicans. The greatest stability of
isoenzyme markers in comparison with other biotyping methods was also suggested
in the work of Lehmann et al. [13]. The background of this observation is the phe-
nomenon that DNA-based methods such as restriction fragment length polymor-
phism analyses or RAPD refer more directly to the changes in the genetic material,
sometimes indicating a higher level of variability among the investigated strains.

Among the morphological mutants in the current work, highly diverse amplifac-
tion patterns have been detected by RAPD analysis. Accordingly, this approach
seems to be applicable to differentiate between mutants and the wild-type strain as
well as between morphological mutants. These results also suggest that an earlier-
induced mutagenetic step [20], followed by a segregation and selection process for
only one phenotypic character (namely colony morphology), resulted in numerous
undetectable genetic alterations in the DNA. In agreement with Diaz-Guerra et al.
[4], we have established that at least two different typing methods must be applied,
not only if the genetic diversity of C. albicans clinical isolates is assumed, but also
for the similar analyses of morphological mutants obtained by induced mutagenesis.

The genetic diversity of C. albicans has been intensively studied with different
typing methods in recent decades [11]. Most of the isolates investigated were clini-
cal isolates (and not well-characterised laboratory strains), which had been affected
by the selection pressure of the host-parasite relationship and different types of drug
treatment. Spontaneous morphological mutants were occasionally observed from this
‘natural’ selection, suggesting that the changes in colony morphology are indicative
of a highly variable genetic background.

At the same time, morphological mutants obtained by induced mutagenesis were
generally laboratory strains maintained through continuous passage. This process,
especially if accompanied by selection of an auxotrophic marker, application of mul-
tiple consequtive mutagenetic steps or selection of an altered stable morphological
phenotype, unambiguously favours the selection of different genotypes from those
resulting from natural selection processes. In this respect, the present study provides
useful preliminary results and useful molecular markers for further investigations
aimed at shedding light on the molecular background of these phenomena.
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