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UV and X-ray sensitivity of Candida
albicanslaboratory strains and
mutants having chromosomal alterations
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Summary  Utilization of L-sorbose, D-arabinose or primary fluconazole resistance in
Candida albicans are controlled by copy number of specific chromosomes. On
the other hand, spontaneous morphological mutants have a wide range of chro-
mosomal alterations. We have investigated the UV and X-ray sensitivity of these
mutants, as well as C. albicans laboratory strains. While L-sorbose utilizing
mutants had normal sensitivities, a large subclass of D-arabinose utilizing
mutants was abnormally sensitive to UV. Spontaneous morphological mutants
responded differently, an expected result because of the heterogeneous nature of
their electrophoretic karyotypes. We suggest that the differences in UV and X-ray
sensitivity are due to gene imbalance caused by some chromosomal alterations.
In this respect, the radiation sensitivity is similar to other features impaired by
changes in chromosomes, but is unlike the acquisition of the ability to utilize alter-
native nutrients or the acquisition of resistance to fluconazole. Our studies also
revealed that strains of C. albicans heterozygous for the mating type loci exhibi-
ted the same X-ray sensitivity as homozygous or hemizygous strains, a finding
which is in contrast to the properties of Saccharomyces cerevisiae, where hete-
rozygous strains are more resistant. This feature of C. albicans strains may be
indicative of an inefficient repair system that may be related to inefficiency of
mating.

Key words  X-ray sensitivity, UV sensitivity, Electrophoretic karyotypes, Mating type locus,
Ploidy, Candida albicans

Sensibilidad a la radiacion UV y rayos X de cepas de
laboratorio y mutantes deCandida albicanson
alteraciones cromosémicas

Resumen La utilizacion de L-sorbosa, D-arabinosa o la resistencia primaria al fluconazol en
Candida albicans estan controladas por un nimero de copias de cromosomas
especificos. A su vez, mutantes morfoldgicos espontaneos presentan un amplio
rango de alteraciones cromosémicas. Hemos investigado la sensibilidad a la
radiacion UV y a los rayos X de estos mutantes y de cepas de laboratorio de
C. albicans. Mientras que los mutantes que utilizan L-sorbosa presentaron sensi-
bilidades normales, una amplia subclase de mutantes que utilizan D-arabinosa
fueron anormalmente sensibles a la radiacion UV. Los mutantes morfoldgicos
espontaneos respondieron de forma diferente, un resultado esperado por la natu-
raleza heterogénea de sus cariotipos elecroforéticos. Sugerimos que las diferen-
cias en la sensibilidad a la radiacion UV y a los rayos X se debe a un
desequilibrio genético producido por algunas alteraciones cromosémicas. A este
respecto, la sensibilidad a la radiacién es similar a otras caracteristicas dafiadas
por los cambios cromosémicos, pero no se parece a la adquisicion de la capaci-
dad de utilizar nutrientes alternativos o a la adquision de la resistencia al flucona-
zol. Nuestros estudios revelan también que las cepas de C. albicans
heterocigoticas para los loci de tipo de cruzamiento presentaron la misma sensi-
bilidad a los rayos X que las cepas homocigéticas y hemicig6ticas, un hallazgo
que contrasta con las propiedades de Saccharomyces cerevisiae, donde las
cepas heterocig6ticas son mas resistentes. Esta caracteristica de las cepas de
C. albicans puede ser indicativa de un sistema de reparacion ineficaz que puede
estar relacionado con la ineficacia del cruzamiento.

Palabras clave  Sensibilidad a rayos X-ray, Sensibilidad a rayos UV, Cariotipos electroforético,
Locus de tipo de cruzamiento, Ploidia, Candida albicans
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It has long been known th&andida albicanss whereas the largest chromosome, containing the riboso-
highly polymorphic, and spontaneously gives rise to high mal DNA cluster, is designated R [16]. The nomenclature
frequencies of mutants with altered colonial appearances,used in our previous publications, consists of roman
and with many other altered phenotypes [for reviews seenumerals | to VIl to designate the smallest to the largest
1-4]. In addition, colonies with various morphologies have chromosomes, respectively, and “a” and “b” to designate
been isolated from clinical patients [5]. After development two homologues of different sizes. The following are
of the DNA probes which defined common lineages [6], equivalencies for the two types of chromosome assign-
several studies revealed that differently-looking colonies ments:
from the same site of infection were mutants of a single
strain [7,8]. Work by Rustchenko and colleagues demons-Chromosome VIII VII VI VvV IV 1l I I

trated that various colonial morphologies were due to R 1 2 3 4 5 6 7
various spontaneous alterations in electrophoretic karyoty-
pes [3,9,10], a condition which easily explained characte- Strains The strains used in this study are listed in

ristic changes in many phenotypes. Most important, theseTable 1. TheC. albicanslaboratory strain, 3153A [17]
mutants always had changes in utilization of different and its unstable derivative 300 [3], which is maintained in
food supplies, as determined by assimilation profiles [for some laboratories instead of the original one, and which
review see 12]. In contrast, many other phenotypes, suchwe consider to be just another spontaneous morphological
as, for example, the ability to form germ tube or chlamy- mutant, were previously extensively characterized for
dospores etc., were sometimes but not always associatetheir individual chromosomal patterns, assimilation profi-
with chromosomal alterations. In addition, some phenoty- les and a number of phenotypes [3,9-12]. We also exami-
pes, as auxotrophy due to the loss of any of a number ofned a total of fourteen spontaneous mutants, ml to m14,
biosynthetic functions, were never or perhaps seldom detected in population of 3153A due to their individually
encountered among these spontaneous mutants [3]. altered colonial forms, and previously characterized for
Recently we elucidated how one particular type of their individually altered chromosomal patterns, assimila-
chromosomal alteration, arising by nondisjunction, con- tion profiles and various phenotypes [3,9-12]. In addition,
trols important functions irC. albicans A causal rela- we examined three of so-called non-germinative mutants,
tionship was established between monosomic-disomic 301, 302 and 303, which were originally isolated from
condition of chromosome 5 and the expression of the unstable variant 300 for their inability to form germ tube
SOU1lgene responsible for L-sorbose utilization [13]. and later proved to be morphological mutants, and which
Also, utilization of another carbon source, D-arabinose, aspossessed individually altered electro-karyotypes [3].
well as first-occurring resistance to the drug fluconazole, Finally, ten sorbose-positive, Sorl to Sorl0, and fifteen
were found to be controlled by similar mechanism, a spe- arabinose-positive, Aral to Aral5, mutants selected from
cific chromosome copy number [14,11; E. Rustchenko, strain 3153A on L-sorbose or D-arabinose containing
unpublished results]. We suggested that chromosomemedia, respectively, were included in this study [14]. The
copy number is a general means to control a resource okaryotypic and phenotypic differences between detected
potentially beneficial genes i@. albicans[13]. Because morphological mutants and selected mutants of 3153A
the chromosomal rearrangementsGnalbicansare fre- were addressed in our previous paper [12].
quent [9,10,15], we speculated that repair systems may be The survival of threeSaccharomyces cerevisiae
affected. This hypothesis was tested by determining thestrains, two diploids, B-8722 and B-11961, heterozygous
UV- and X-ray sensitivity of laboratory strains and a and homozygous by mating type, respectively, and
variety of mutants having various chromosomal altera- haploid, B-6929, were used as for comparisons with

tions. C. albicansstrains. TheS. cerevisiaédhaploid strain no.
865 was used to obtain B-11961.
MATERIALS AND METHODS Media and maintenancelThe standard rich
medium, YPD [21], was used to grow liquid cultures for
Nomenclature of C. albicans chromosolesthis spreading cells on the plat&s. albicansandS. cerevisiae

paper, the penultimate largest to smallest chromosomes oftrains were incubated at €7 and 30C, respectively.
C. albicansare designated by Arabic numerals 1 to 7, BecauseC. albicansis particularly unstable, we used our

Table 1. Candida albicans and Saccharomyces cerevisiae strains.

Strain Description or genotype, and karyotypic alterations Reference or source

C. albicans laboratory strains

3153A [17]
WO-1 [18]
FC18 [19]
Cc9 [20]
Mutants derived spontaneously from 3153A
ml-m14 Morphological mutants; single or multiple alterations of various chromosomes [9,10]
Sorl-Sorl0 L-sorbose utilizers; alteration of chromosome 5 [13,14]
Aral, Ara2, Ara4, Arab D-arabinose utilizers; alteration of chromosome 6 [14]
Ara6-Arals D-arabinose utilizers; alteration of chromosome 2 [14]
Ara3 D-arabinose utilizer; alteration of chromosome 4 [14]
300 Derivative sometimes used instead of 3153A [3]
301, 302, 303 Mutants of 300 unable to germinate [3]
S. cerevisiae
B-8722 MATalMATa ura3/ura3 trpl/trpl leu2/leu2 canl/canl F. Sherman
B-11961 MATalMATa ura3/ura3 trp1/trpl leu2/leu2 canl/canl This study
B-6929 MATa his3-D1 trp1-289 ura3-52 F. Sherman

No. 865 MATa his3-D200 trp1-289 ura3-52 F. Sherman
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previously described maintenance procedures, which
included keeping strains exclusively as stocks atG7h
15% glycerol and avoiding subcloning in order to preser-
ve an original population [10,11].

UV irradiation. Strains were taken from -7Q
stocks as a mass of cells, inoculated and grown to the en
of stationary phase to avoid budding and resulting in a
vast majority of single cells, and then gently sonicated to
dissociate clumps. At least 90% of cells were viable after
this procedure as estimated by platings. Using a cell coun-
ting chamber, appropriate dilutions were prepared and tri-
plicates of YPD plates spread with approximately 200-300
cells per plate. Cells on the surface of open Petri plates
were exposed to ultraviolet light (UV) in a custom-built
irradiator containing germicidal lamps (General Electric
G8T5), for 4, 8, 12, and 16 seconds. The plates with
C. albicansand S. cerevisiaavere incubated for 48 and
72 hours, respectively, in the dark to avoid photoreactiva-
tion before counting the grown colonies. The dose rate at
the agar surface was 5 J/sp as determined by a germici-
dal photometer (International Light, Inc.). The triplicates
of non-irradiated plates with the appropriate dilutions
were included in each experiment as a control. Percent
survival for each strain was calculated and presented by ¢
survival curve. Strain 3153A, from which all mutants
were derived, was assayed in three independent experi
ments and the range was calculated as a percentage fc
each dose and used to estimate the variability.

X-ray irradiation. Strains were grown, prepared
and plated as described above for UV irradiation. Cells
were X-irradiated on the surface of solid medium in open
plastic Petri dishes with a Machlett OEG-60-7 X-ray tube,
powered by a custom-made X-ray generator (Picker
Corp.). The unit was operated at 50 KVP and 25 ma, with
only inherent filtration. The dose rate at the surface of the
plates was determined to be 28 kilorads/min, using a
Model 555 Radcon Il ratemeter with a 555-100 LA probe
(Victoreen Instrument Division). Sets of triplicate plates
were irradiated for 15, 30, 45 and 60 seconds.

Selection of S. cerevisiae strains homozygous for
mating type Approximately one thousand cells f cere-
visiae B-8722 MATa/MATa) were plated on YPD plates
and immediately irradiated with UV for 10 sec, resulting
in approximately 90% of survival. The mutants homozy-
gous for the mating type locus arise by mitotic crossing-

% Survival

N - W N e |
8 B EN
g 1 C P :
5 R (F
a |

R

34 4] _r.1:
] 5 i s =0 2% a0 35

*-ray dose (krad)

Figure 1. X-ray survival curves for the laboratory strains. A, B and C,

S. cerevisiae B-8722 (MATa/MATa), B-11961 (MATa/MATa) and B-6929
(MATa), correspondingly. D, E, F, and G, C. albicans FC18, 3153A, C9 and
WO-1, correspondingly.

strain. This increased sensitivity of homozygous
MATaMATa diploid strains is due in part to the absence
of the dimer protein Matlp-Mati2p, a product of the
MAT locus that induces the repair genes belonging to the
RAD52epistatic group [24].

All of the laboratoryC. albicansstrains showed
survival curves remarkably similar to the X-ray survival
curve of the diploid strain db. cerevisiadhlomozygous at
the MAT locus (Figure 1). In this regard, it is important to
note that Hullet al [25] analyzed the structures of the

over, which is enhanced by UV treatments. The screen formating-type-like MTL) loci, identified MTLal, MTLal

mutants homozygous for the mating type locus was per-
formed by crossing irradiated diploid cells with either one
of two haploid strains B-6929MATa) or no. 865
(MATa). The homozygouMATa/MATa strain, B-11961,
was isolated by this procedure and its survival curve was
used for comparison to the survival curves of Ghelbi-
cansstrains.

RESULTS AND DISCUSSION

The X-ray sensitivity of the laboratory strains of
C. albicans FC18, 3153A, C9 and WO-1, was compared
to various strains db. cerevisiagincluding theMATa (B-
6929) haploid strain, and thdATa/MATa (B-8722) and
MATa/MATa (B-11961) diploid strains, which are hete-
rozygous and homozygous, respectively, at the mating
type locus. As previously reported [22,23], and shown in
figure 1, MATa/MATa diploid strains are far more resis-
tant to the lethal effect of ionizing radiation than haploid
strains, and more resistant than diploid strains homozy-
gous for theMAT locus. Thus, the X-ray sensitivity of the
homozygousVIATa/MATa diploid strain is between that of
the haploid and the heterozygoM&ATa/MATa diploid

andMTLa?2 alleles in the studie@. albicansstrain, simi-
larly to theS. cerevisiae MAToci, and constructed
hemizygous derivatives of the strain with eitMeFLal or
MTLal and MTLa2 alleles disrupted [26]. These geneti-
cally produced hemizygous strains mated on a plate with
low frequencies [C. M. Hull, personal communication],
and also mated at approximately®Mhen the mixtures of
cells were passed through a mouse [26]. Also, Magee and
Magee [27] achieved low frequency of mating by crossing
populations with opposit¥TL loci, in which cells had
mixed, hemizygous and homozygous, conditionViafL
locus. In their experiments, hemizygosity was achieved by
passing strains through L-sorbose medium, which induces
the loss of either one of two chromosome 5 homologues
carrying oppositMTL loci [13]. The subsequent exposure
of mutated cells to the rich medium results in relatively
frequent duplication of the remaining homologue of chro-
mosome 5 [13], thus creating a mixture of cells with diffe-
rent condition of the chromosome 5 addL locus. The
similarity of curves foIC. albicanslaboratory strains and

S. cerevisiaestrain homozygous at tHdAT locus may
reflect a different natural level of resistance of a different
species or, in case the resistanceCoflbicanscould be



UV and X-ray sensitivity of C. albicans mutants
Jambon G, et al.

Table 2. UV and X-ray levels of sensitivity of C. albicans 3153A mutants having spontaneous and selected chromosomal alterations
(see Figure 2).

Sensitivity to

Mutants

X-ray UV light
m1to m7, m9, m500, Sorl, Sor2, Sor4 to Sor6, Sorl0, Ara3, 301-303 A, Normal E,Normal
m8, m10 to m13, Sor7 to Sor9, Ara2, Ara4 to Aral5s, A, Normal F
Sor3 B E, Normal
300 C E, Normal
Aral B F
m10 D F
ml4 Variable Variable
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Figure 2. X-ray and UV survival curves for the mutants of C. albicans 3153A. A, C. albicans parental 3153A and mutants m1 to m9,
m11l to m13, 301 to 303, Sorl, Sor2, Sor4 to Sorl0, Ara2 to Aral5; B, Sor3 and Aral; C and D, 300 and m10, respectively;

E, C. albicans parental 3153A and mutants m1 to m7, m9, m500, 300-303, Sorl to Sor6, Sorl0, Ara3; F, m8, m10 to m13, Sor7 to
Sor9, Aral, Ara2, and Ara4 to Aralbs.

potentially the same as & cerevisiaereflecting certain Thus, in contrast t&. cerevisaeX-ray sensitivity does
deficiency ofMTL locus inC. albicans.Because mating  not appear to depend on the genetic constitution of the
of C. albicansoccurred at frequencies far below the fre- mating loci. It remains to be seen if the diminished mating

guencies observed with analogous strainS. akrevisiag and X-ray response are directly related.

the regular heterozygous strains@f albicansmay not In addition, the UV-survival curves of tle albi-
have the properties of heterozygous diploid strains of canslaboratory strains showed little variability (data not
S cerevisiae Perhaps there is certain deficiencyMiL shown). In contrast, Suzukt al. [28] reported variability

locus inC. albicans which probably is reflected in ineffi-  among clinical isolates. It is important to note for our pur-
cient mating and lowered resistance to ionizing radiation pose that the radiation sensitivity of strain 3153A, from
(Figure 1). which the mutants were derived, appeared typical for the
Furthermore, the Sorl - Sorl0 mutants (Table 1) species. These results were highly reproducible and have
were obtained as monosomic for chromosome 5 [13] andbeen confirmed from the results of three independent
can be considered hemizygous for either one of the matingexperiments.
type locus. Because these mutants were grown in rich In this study, we have investigated the UV and X-
medium prior to radiation experiments, they are represen-ray sensitivity of two major classes ©f albicansmutants
ted by mix populations of cells, which are hemi-and derived from 3153A, the spontaneous morphological
homozygous bWTL locus (see above). It is noteworthy mutants, and the selected positive mutants, which were
that the mix populations of Sorl - Sorl0 mutants by-in- comprised of the L-sorbose and D-arabinose utilizers.
large had the same X-ray sensitivity as the heterozygouswWhile the spontaneous morphological mutants have a
parental strain, 3153A (Table 2, Figure 2), contrary to the wide range of altered karyotypes, the selected positive
expected difference by the analogy wBh cerevisae mutants constitute homogenous classes.
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Many of the mutants of this study had increased In contrast, selected positive mutants, although ori-
sensitivity to radiation (Table 2 and Figure 2). ginated from different subclones of the parental strain, had
Approximately 36% of the spontaneous morphological changes in specific chromosomes. Namely, all sorbose
mutants were more sensitive to UV, one mutant was moreutilizing mutants were predominately monosomic for
sensitive to both UV light and X-rays, and approximately chromosome 5, or were mixtures of cells monosomic for
14% were more sensitive solely to X-rays. Olagjaal. chromosome 5 or homozygous for one or another of the
[29] also reported a similar increase in UV sensitivity of two chromosome 5 homologues. Arabinose utilizing
two supposedly morphological mutants, which the authors mutants are represented by two groups, each having a spe-
isolated from strain 3153A for the inability to form germ cific alteration of either chromosome 6 or 4. Perhaps a
tubes (see [3] for the equivalence of nongerminative andlink between sensitivity to UV light and D-arabinose posi-
morphological mutants). In this regard, we would like to tive phenotype can be established after a more thorough
note that use of UV survival curves by Olaiya and Sogin investigation. An alternative explanation would be that
[30], Olaiyaet al [29], and Suzuket al [28] to deduce coincidentally both chromosomes 6 and 4 are implicated
ploidy is erroneous, and increased UV sensitivity reflects in UV sensitivity.
only a diminished repair capacity, similar to the mutants In this work, we determined the UV and X-ray sen-
of our study. All arabinose positive mutants but one, sitivity of laboratory and mutant strains ©f albicansand
Ara3, which has an exceptionally altered chromosomal found the lack of expected resistance of diploid laboratory
pattern (see Table 1 and [14]), were more sensitive to UV, strains to X-ray. The increase in sensitivity to ionizing
but not to X-ray. In addition, unlike the morphological radiation may be related to inefficiency of mating. In
and arabinose positive mutants, the sorbose positiveaddition, although the mechanism is unknown, our results
mutants did not show any significant change. As descri- clearly established that certain chromosomal alterations
bed above, the X-ray survival curves were similar to the cause increased sensitivity to radiation, which is another
curve of strain 3153A (Figure 2, sector A), except for feature among many others effected by chromosomal alte-
Sor3, which fell in sector B (Figure 2). Similarly, UV sur- rations. It is also unclear why such a high proportion of
vival curves for Sor7, Sor8 and Sor9 were positioned the mutants with chromosomal changes are sensitive to
slightly distant from the rest of the sorbose mutants, at theradiation, especially to UV light. Possibly the common
top of sector F (Figure 2). The broader spectrum of sensi-change in chromosome copy number, which influences
tivities in morphological mutants is consistent with this positive or negative regulators @. albicans[11,13], is
group large variety of chromosomal changes. sufficient for affecting UV but not X-ray repair.

This work was supported by U.S. Public Health Science
Research Grant Al22963 from the National Institutes of
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