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ABSTRACT

Mutants defective in mating-type conversion were isolated from ascospores
of a perfect homothallism strain having the HO HMRa HMULax genotype.
Eighty mutants, including 11 temperature-dependent mutants showing a or
« mating potency, were isolated from 10,050 colonies derived from spores muta-
genized with ethyl methanesulfonate. Of the 80 mutants, 48 were tested by
crossing with an ho HMRa HMULa heterothallic and an HO HMRa HMLa
homothallic strain as standards. The results allowed their division into seven
classes. Mutants in the first class were due to mutation of HO to an ko allele.
The second class of mutants, csm, lacked the HO function as the result of a
mutation unlinked with the HO locus. Mutants in the third and fourth classes
were defective in HMRa and HMLa gene functions, respectively. Mutants in
the fifth and sixth classes were due to a mutation at the mating-type locus
showing insensitivity to the function of the homothallic genes. Mutants in the
seventh class lacked the expression of mating type as the result of a mutation
unlinked to the mating-type locus. All the temperature-dependent mutants lost
the mating potency at permissive temperature (25°). One belonging to the last
class of mutants was inferred to be a mutation at a locus necessary for the
expression of a mating type at restricted temperature (35°).

SACCHAROMYCES yeasts are divided into heterothallic and homothallic

strains. In a heterothallic strain, cultivation of an ascospore gives rise to a
haploid clone having either a or « mating type. In a homothallic strain, on the
other hand, cultivation of an ascospore gives rise to a diploid clone heterozy-
‘gous for the mating-type alleles, but homozygous for the other genetic markers.
Heterothallic haploid cells of opposite mating type readily conjugate and form
diploid cells of a/a genotype, which are nonmating and able to sporulate. While
a heterothallic haploid cell exhibits a rare interconversion of mating types within
normal mutation frequency, a homothallic haploid cell exhibits extremely high
frequency of conversion from one mating-type allele to the opposite type by the
action of the homothallic genes (Hicks and Herskowrrz 1976; Takawo et al.
1977). This conversion gives rise to offspring of both a and « mating types in
the culture. Offspring of complementary mating type then conjugate to form
a/a zygotes that produce nonmating diploid cells isogenic for all loci except

* Present address: Suntory Institute for Biomedical Research.
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mating type. Genetic analyses have indicated that homothallism is controlled
by a dominant gene, HO, which is unlinked to the mating-type locus, and by
two other genes, HMa (or hma), which specifies the conversion of « to a, and
HMa (or hmae), which specifies the conversion of a to « (Harasurma, Noet
and Osmrva 1974). Consequently, homothallic strains can be divided into
three different types by the configuration of the homothallic genes, one per-
fect homothallic (the Ho type), which is derived from the a or « HO hma
hma (Type I) or the a or « HO HM« HMa (Type II) genotype, and two semi-
homothallic (Hp and Hg types), which are derived from the a HO ~ima HMa and
the « HO HMa hma genotype, respectively. Recently, Krar and Focer (1977)
suggested the equivalence of function of the 2zma and HMe alleles; results sup-
porting this idea and showing the equivalence of function of ma and HMa
alleles have been obtained (Harasgima and Osarva 1978; Arima and Tarano
1979). These observations indicate that HMa and hma alleles have the concealed
ability to impart a function and the HMa and Ame alleles to impart « function.
These facts, together with the finding that the HM« and HMa genes are located,
respectively, on the right and left arm of chromosome III (Harasmiva and
Osmima 1976), have lead to proposals for a revised nomenclature for these HM
genes (HMRa for HMa, HMLa for HMa, HMRa for hma and HMLa for hma:
Hager, personal communication; ArimMa and Tarawo 1979). The correspon-
dence between the old and revised genetic symbols for the homothallic genes is
listed in Table 1. If the mutant alleles occur in the HMRa, HMLa, HMRa and
HMLa loci, the small letters Amra, imla, hmre and Amla, respectively, can be
assigned.

Functions of the homothallic genes are extremely specific to the mating-type
locus, and the mating-type conversion generally takes place in a few generations
after spore germination (TakaNo et al. 1977) or in cells that have passed through
one generation in the cell division cycle (Hicks and Hersrkowrrz 1976). Such
a high specific and frequent alternation of the mating-type alleles can not be
explained by the function of mutators that cause aberration in the DNA sequence.
Therefore, particular mechanisms seem to be involved in the mating-type differ-
entiation by the homothallic genes. Several models have been proposed for the

TABLE 1

Genetic symbols for homothallic genes

Old symbol  Revised symbal* Remarks
HO HO Essential for both conversions, a t6 @ and « to a
ko ho Recessive allele of HO
HMa HMRa a mating-type function, on right arm of chromosome 17
hma HMPRa « mating-type function, alternate allele of HMRa
HMa HMLe « mating-type function, on left arm of chromosome 7/
hma HMLa a mating-type function, alternate allele of HMLa

* For_the mutant clleles of the HMR and HML loci, small letters Amr and Aml can be
assigned, respectively.
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differentiation (the controlling element model: Osmima and Taxano 1971,
Harasarma, Nocr and Osaima 1974 the flip-flop model: Horripay and Puch
1975, Broww 1976, and the cassette model: Hicks and Hersrowrrz 1977), of
which the controlling element model or the cassette model seems most plausible,
since the a ste~ (mate: a sterile mutant of the « mating-type locus) and e-inc
(mate-inc: an inconvertible o« mating-type allele) mutations were effectively
healed through mating-type conversion (Hicks and Herskowrrz 1977; Takano,
Kusumr and Osaima 1973).

To investigate the genetic and molecular mechanism of the function of the
homothallic genes, we isolated mutants from homothallism to heterothallism. In
this paper, we describe the isolation and characterization of mutants defective
in the mating-type conversions.

MATERIALS AND METHODS

Strains: Strains used in the present study are listed in Table 2. All strains were selected from
our genetic stock cultures. Mutants were isolated from spores of a perfect homothallism strain
(Type II Ho strain; Harasmrma, Nocr and Osmima 1974), T-1851-2D. For genetic analy-
sis of the isolated mutants, we used four standard heterothallic strains having the ko HMRa
HMLa genotype and a standard homothallic strain, T-1171-5D, having the HO HMRa HM L«
genotype. J-1-2B and J-1-5A were used as standards for determination of mating types.

Media: Nutrient medium (YPD) contained 10 g of yeast extract (Daigo Eiyo Chemicals and
Co. Lid., Japan), 20 g of polypeptone (Daigo Eiyo Chemicals and Co. Ltd.) and 20 g of dextrose
per liter of deionized water. Minimal medium contained 0.679% of Difco Yeast Nitrogen Base
without amino acids and 29 of dextrose in distilled water. For testing auxotrophic genetic mark-
ers, omission tests were made with minimal medium supplemented with appropriate nutrients.
Sporuation was performed by replicating cells on an agar medium containing 0.5% of anhydrous
potassium acetate and incubation for 2 days at 30° or 25°, All solid media were prepared by
addition of 20 g of agar per liter.

Isolation of mutants: A perfect homothallic strain, T-1851-2D, was used as parental strain for
mutants. Cells of T-1851-2D grown on YPD agar plate for 2 days at 30° were tarnsferred to
sporulation agar medium by replication and incubated at 30° for 2 days. More than 959, of the
cells formed 4-spored asci. These asci were harvested and suspended in sterile water. After wash-
ing twice with 0.1 m phosphate buffer (pH 7.5), the asci were incubated in the same buffer con-
taining 5 mg per ml of Zymolyase- 5000 (Kirin Brew. Co. Ltd., Japan) at 30° for 6 hr to digest
ascus walls and vegetative cells. Spores in the digesting solution were dispersed by slight sonica-
tion and collected by centrifugation at 3,000 X g for 10 min. After washing twice with sterilized
water containing 0.29% of tween 80, the spores were suspended in 0.1 m phosphate buffer (pH
8.0) to give a concentration of 107 spores per ml. To induce mutation, 3 ml of the spore suspen-
sion was shaken vigorously with 0.1 ml of ethyl methanesulfonate (EMS; Eastman Kodak Co.) at
30° for 1.5 hr. To quench the reaction of EMS, 0.2 ml of the suspension was transferred to 5 ml of
sterilized 5% sodium thiosulfate solution. This EMS treatment caused approximately 809% de-
crease of spore viability. To obtain 100 to 200 colonies per plate, the spore suspension of sodium
thiosulfate was diluted with sterilized water, 0.1 ml portions of the diluted spore suspension were
spread on the surface of YPD agar plates and the plates were incubated for 3 days at 35°. Colo-
nies appearing on the plates were subcloned on fresh YPD plates at 35° for preservation, and their
mating potency at 35° was tested with the standard haploid strain of a (J-1-2B) or a mating type
(J-1-53D). To isolate temperature-dependent mutants, the colonies that showed mating ability
at 35° were subcloned on YPD plates at 25° and tested for mating potency and sporulation ability
at 25°. Experiments with temperature-dependent mutants (which showed mating ability at 35°
but not at 25°) were carried out at 35°, except for sporulation.
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Mutations were characterized by the segregation patterns of mating types and homothallism
in asci of hybrids between the mutants and the standard strain having the ho HMRa HMLa or
HO HMRa HM L« genotype.

Genetic methods: Mating types were determined by the prototrophic recovery method, i.e., by
the appearance of prototrophic growth on a minimal agar plate after replication from a YPD
plate on which the standard haploid strain having either the a or @ mating type and the comple-
mentary auxotrophic genetic markers had been cross-streaked. Tetrad dissection was carried out
by the method of Jornston and MorTiMER (1959). Diploid hybrids were obtained by the mass-
mating method (LinpecreEN and Linpeeren 1943) for crosses of mutants with the heterothallic
strain and by cell-to-spore mating (Tagawo and Osmrma 1967) for crosses of mutants with the
homothallic strain.

RESULTS

Isolation of mutants from HO HMRa HMLa spores: To obtain mutants defec-
tive in the mating-type conversion in the homothallic strain, ascospores from
the perfect homothallic diploid strain (T-1851-2D) were subjected to mutagene-
sis with EMS. After incubation of the treated spores on YPD plates for three
days at 35°, colonies appearing on the plates were tested for their mating ability
at 35° by the prototrophic recovery method, as described in MATERIALS AND
mEeTHODS. Colonies that showed a or @ mating potency at 35° were isolated and
transferred onto fresh YPD plates in duplicate. One of the duplicates was tested
for mating potency at 25° and 35° after incubation at 25° to determine the
temperature dependency of the mating potency, and the other was preserved as
a stock culture after incubation at 35°. From six independent experiments, 10,050
colonies were randomly selected and. were examined for their mating ability
(Table 3). Of the 10,050 colonies, 38 showed a mating type and 42 showed «
mating type at 35°. The frequency of appearance of the mutant clones was 0.89%,
of total colonies tested. Of the 80 mutants, 11 (four of a and seven of « mating
type) were temperature dependent, i.e., they showed no mating ability at either
35° or 25° when they were grown on YPD plate at 25°. Eight of the 11 tempera-
ture dependent mutants grown at 25° had sporulation ability, but the remaining

TABLE 3

Mutants isolated after testing 10,050 colontes by cultivation of
homothallic spores treated with EMS*

Mating type at: Mutants Frequency
35° 25°4 observed} (%)
a a 34 0.34
o e 35 0.35
a nonmater 4 0.04
o« nonmater 7 0.07

* EMS-treated spores of HO HMRa HMLa genotype were incubated at 35° on YPD plates,
and colonies showing a or « mating type at 35° were isolated as mutants,

+ Matiug potency at 25° was tested after incubation on YPD plates at 25° for two days. The
mating ability of the clones that were nonmating at 25° did not recover even after incubation
at 35° for two days.

1 Figures indicating total numbers in six independent experiments.
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three did not. Only one of the potentially informative temperature-sensitive mu-
tants could be classified, as described below (Table 5). All the isolated mutants
carried the same auxotrophic genetic markers as the parental strain, T-1851-2D.
Forty-eight of the 80 mutants were randomly selected and were subjected to
genetic analysis to characterize the mutations.

Classification of mutants: Since cultivation of a spore of a perfect homothallic
strain with HO HMRa HM L« genotype always gives rise to a nonmating diploid
clone through the conversion of mating-type alleles by the function of the homo-
thallic genes (Harasuima, Noct and Osuima 1974), the appearance of colonies
showing a or « mating potency strongly suggests that each contains a mutation
defective in the mating-type conversion. Two alternative mechanisms are pos-
sible for the inconvertibility of the mating-type alleles: (1) defect of homothallic
gene function, and (2) insensitivity of the mating-type allele to the homothallic
genes. To test these possibilities, 48 of the 80 mutants were crossed with the
standard a or « haploid cells having the so HMRa HMLa genotype and with
spores having the HO HMRa HMLa genotype, and the resultant diploid hybrids
were dissected after sporulation. Six types of segregation can be expected in the
diploid strains by assuming six possible mechanisms of mutation (Table 4). One
of the six possible mutations, /o, gives rise to defectiveness in the HO allele. The
csm (controlling switch of mating) mutation gives the same phenotype as an /0
mutation, but the mutant locus is not linked to the HO locus. The Amla and Amra
mutations indicate the phenotypic changes of the HMLa and HMRa alleles,
respectively; a-inc and «-inc indicate mutations at the mating-type locus that
have, respectively, an inconvertible a or ¢ mating-type allele. By comparing the
segregation patterns observed in the two types of hybrids (mutant X ho HMRa
HMULa and mutant X HO HMRa HMLe) with the expected patterns listed in
Table 4, the 48 mutants tested could be put into seven classes (Table 5). Three
mutants, 2-9, 6-26 and 5-17 (mutant class VII: Table 5), gave quite different seg-
regation patterns from those listed in Table 4. These exceptional mutants were
thought to have mutations affecting the expression of mating type, as described
later (Tables 7 and 8). Two diploid strains constructed by crossing a wild-type
spore of the parental strain, T-1851-2D, with the two standard strains having %o
HMRa HMLq and HO HMRa HM Lo genotypes segregated as expected in Table
4, i.e., they gave a 2 homothallic:2 heterothallic (2 homothallic:2a, 2 homo-
thallic:2« or 2 homothallic:1a:1a) segregation and 4 homothallic:0 heterothallic
segregation in asci, respectively (data not shown),

Mutation of the HO function: A mutation defective in the HO function can be
easily identified among the mutants. Since such a mutant should have the equiv-
alent genotype to the 7o HMRa HM L, diploid strains prepared by crossing the
mutant with a heterothallic strain of the a or « ko HMRa HM L« genotype should
show a 2a:2a segregation in all asci (type I segregation; Table 4). The same
mutant should show a 2 homothallic:2 heterothallic segregation when crossed
with a spore of the HO HMRa HMULa« genotype. Ten of the 48 mutants tested
showed the type I segregation and were deduced to have the HO to ho mutation
(mutant class I; Table 5). Four of the 10 mutants were a mating type and the
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TABLE 5

Classification of 48 mutants tested

Mutant Mutant Mating type Number of

class allele of mutant mutants Mutant no.

a 4 3-13, 4-7, 4-25, 426
I ho

a 6 915, 3-6, 4-8, 4-15, 5-7, 5-23
a 3 4-35, 5.4, 5-31

I csm*
@ 1 4-27

1-11, 1-19, 2-8, 3-2
111 hmle a 11 3-3, 4-3, 4-18, 5-6,

5-9, 5-19, 5-29

1-8, 2-11, 3-1, 3-4, 3-12,
v hmra a 14 4-4, 5-12, 5-16, 5-20, 5-26,
5-28, 6-9, 6-28, 6-33

A% a-inc* a 4 2-6, 3-5, 3-8, 4-28
VI a-inc* a 2 3-7, 5-22
a 2 2-9%, 6-26
VII mext
a 1 5-17

* See footnote } and § of Table 4. )
+ mex indicates a mutant allele that blocks the expression of mating type.
T This mutant showed temperature-dependency for mating behavior.

other was « mating type. Two typical segregation patterns in asci of the two
types of diploid strains observed in this class of mutation are listed in Table 6.
For the auxotrophic genetic markers, a 2+:2— segregation was observed in asci
of all the diploid strains, with few exceptions (data not shown). In the case of
one of the mutants, 3-13, having a mating type, the diploid J-42 obtained by
crossing it with the heterothallic standard (ko HMRa HMULa) strain showed a
2a:2q segregation in all 19 asci tested. Diploid J-68 prepared by crossing it with
the homothallic standard (HO HMRa HMLea) showed a 2 homothallic:2 hetero-
thallic segregation in 22 asci of the 23 asci tested and an exceptional 1 homothal-
lic:1a:2a segregation in the remaining ascus. Another mutant, 5-7, having «
mating type, showed a true segregation of type I (Table 4) in tetrads from two
hybrids, J-165 and J-138.

Four of the 48 mutants tested showed characteristic type II segregation, as
listed in Table 4 (Table 5). Three of them (4-35, 5—4 and 5-31) showed a mat-
ing type, and the other (4-27) showed « mating type at both 35° and 25°. Diploid
hybrids obtained by crossing these mutants with the HO HMRa HM UL« strain
gave a 2 homothallic: 2 heterothallic segregation in all asci as if they had mutated
from HO to ho. However, diploid strains obtained by crosses with the so HMRa
HMULq strain showed distinctly different segregation patterns from the simple
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2a:2e segregation observed in similar diploid strains of HO to Ao mutants. For
example, diploid J-163 obtained by crossing mutant 5-4 with the 20 HMRa
HMLe strain gave five different types of asci, while diploid J-136 obtained by
crossing with the HO HMRa HM L« spore showed a 2 homothallic: 2 heterothallic
segregation in all asci tested (Table 6). The other three mutants, 5-35, 5-31 and
4-27 (Table 5), showed essentially the same segregation in asci of the two types
of diploid strains as did mutant 5-4 (data not shown). Although the frequencies
of each ascus type in diploid J-163 differed slightly from those expected for segre-
gation type II (Table 4), these segregations suggest that mutations of this class
occur at a locus unlinked to the HO locus. We designated this mutation csm
(controlling switch of mating type: CSM+ for wild type). No linkage was ob-
served between the csm locus, the mating-type locus or the auxotrophic traits so
far tested. The csm mutation might be different from the swif mutation described
by Haser and Garvik (1977), since csme mutant showed stable a or « mating
type, while the swif mutant showed bisexual mating reaction. No temperature
dependency was observed in the HO to so and ¢sm mutants (mutant classes I and
II; Table 5).

Mutation of the HMLea and HMRa gene function: A defect of the HM L« gene
function in the a HO HMRa HM L« genotype will give rise to a haploid clone of
a mating type, while the same defect in the « HO HMRa HM L« genotype will
give rise to homothallism. On the other hand, a defect of the HMRa gene func-
tion in the a HO HMRa HM La genotype will give rise to an « mating-type hap-
loid clone. If such mutations as HM L« to Amle and HMRa to Amra occur in per-
fect homothallic spores, type III and type IV of segregations (Table 4) will be
expected in crosses of the mutants with the 7o HMRa HMLa and HO HMRa
HMULa standards, respectively. Of the 48 mutants tested, 11 showed type III
segregation, and 14 showed type IV segregation. For example (Table 6), diploid
hybrids J-14 and J-33, prepared by crossing two mutants, 1-19 and 3-3, with
the ~io HMRa HM L strain, showed similar segregation, which is comparable to
type III segregation in the similar diploid hybrid listed in Table 4. When the
same mutants (1-19 and 3-3) were crossed with the HO HMRa HM L« strain,
the diploid hybrids (J-53 and J-65) gave three ascus types, 2 homothallic:2a,
3 homothallic:1a and 4 homothallic:0 heterothallic segregations, as expected from
a mutant carrying the HO HMRa hmla genotype. On the other hand, diploid
strains J-34 and J-39, obtained by crossing two mutants, 3—4 and 3-12, with the
ho HMRa HM L« strain, and the other two diploid strains, J-62 and J-64, ob-
tained by crossing with the HO HMRa HMLa strain, showed segregation pat-
terns similar to the type IV segregation expected from HMRa to imra mutants.

Mutation of the mating-type locus insensitive to the homothallic genes: If a
mutation insensitive to the function of the homothallic genes occurs at the mating-
type locus in a spore of HO HMRa HM L« genotype, the spore will give rise to a
haploid cell culture having a or « mating type. An « mating-type allele that is
inconvertible to a (a-inc) has been found in a strain of Saccharomyces diastaticus
(TaraNo, Kusumr and OsuarMa 1973), and it was demonstrated that the incon-
vertibility is due to the insensitivity of the mating-type allele itself to the action
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of the homothallic genes (TakaNo and Arima 1979). Six of the 48 mutants tested
were thought to be this type of mutation. Two of them (3-7 and 5-22) showed
essentially the same behavior as a strain carrying the a-inc allele, and the other
four (2-5, 3-5, 3-8 and 4-28) were thought to carry an inconvertible a mating-
type allele (designated a-inc; Table 5). Typical segregations observed in asci
from diploids J-22 and J-56 and from the other type of diploid strains, J-37 and
J-63, which were observed by crossing two mutants, 2-6 (a-inc) and 3-7 («-inc),
with the ho HMRa HMLa and HO HMRa HMLa standards, respectively, are
shown in Table 6. These segregation patterns are comparable to type V and type
VI segregations in Table 4, respectively. Three other mutants, 3-5, 3-8 and 4-28,
having a mating type, and another mutant, 5-22, having « mating type, showed
essentially the same segregation as observed with mutants 2-6 and 3-7, respec-
tively. Thus, it could be concluded that the six mutants are due to a mutation at
the a or « mating-type allele. Temperature dependency for the phenotypes was
not observed in these two classes of mutations. A diploid hybrid prepared by the
26 (a-inc) X 3-7 (a-inc) cross always showed 2a:2a segregation on tetrad
analysis, and a diploid hybrid between 2-6 (a-inc) and N-90-16C having the
a-inc HO HMRa HMLa« genotype (Taxano, Kusumr and Osmima 1973) also
showed 2a:2a segregation in all asci tested (data not shown).

Muzation blocking the expression of mating type: Of the 48 mutants tested,
three (2-9, 6-26 and 5-17) showed a novel segregation pattern that was not
comparable with any of the tetrad segregation types in Table 4 when they were
crossed with the so HMRa HML« and HO HMRa HM La strains. One mutant
(2~9) showed temperature dependency for mating ability, i.e., cells grown at
35° showed the normal mating potency of « mating type, while cells grown at
25° showed no mating potency with either the a or « standard strain and showed
self-sporulation ability. The two other mutants, 6-26 and 5-17, showed, respec-
tively, « and a mating type at both 25° and 35°. A self-sporulating clone that
was obtained by cultivation of mutant 2-9 at 25° gave four « segregants in all
ascl tested when the single-spore cultures were incubated at 35°, but showed a
4 homothallic: 0 heterothallic segregation in all asci when incubated at 25°. The
diploid hybrid obtained by the mutant 2-9 X a HO HMRa HM L« cross segre-
gated 2 homothallic: 2« at 35° and 4 homothallic: 0 heterothallic at 25° in all asci
tested (data not shown). When diploid J-25, obtained by the 2-9 X a ho HMRa
HM ULe cross, was subjected to tetrad dissection and the spores were grown at 35°,
a complicated segregation pattern was observed in the mating behavior, while a
simple segregation (2 homothallic:2 heterothallic) was observed when the spore
cultures were subcloned at 25° (Table 7). The segregants showing neither mat-
ing nor sporulation ability at 35° are designated Ste in Table 7. These Ste segre-
gants showed a mating type when they were subcloned at 25°. Approximately
half of the segregants (18 of 42) showing « mating type at 35° were changed to
diploid cells (homothallism) showing sporulation ability, but no mating potency,
when they were subcloned at 25°. After the change from « to homothallism,
stable diploid colonies resulted, i.e., the mating potency was not restored by
temperature shift from 25° to 35° or by subculture at 35°. All segregants show-
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TABLE 7

Segregations of mating behavior in asci of @ hybrid, J-25, prepared by crossing a
temperature-dependent mutant, 2-9, with the ho HMRa HMLg strain

Mating behavior of segregants in asci

at 35° at 25° Number of asci

A B C D A B C D Observed FExpected*
a @ @ o @ @ Hom Homt 1 0.7
a @ a Hom a @ Hom Hom 2 2.7
a @ a @ a a Hom Hom 0 27
a a o o a a Hom Hom 1 0.7
Ste} « o Hom a @ Hom Hom 3 5.3
a a Hom a « Hom Hom 8 5.3
o a« Hom Hom o @ Hom Hom 0 0.7
a Ste o Hom a a Hom Hom 1 2.7
Ste « Hom Hom a @ Hom Hom 7 2.7
Ste Ste Hom Hom a a Hom Hom 1 0.7

* Expected frequency of each ascus type was calculated by supposing that a temperature-
dependent mutation inhibiting the expression of a mating type at 35° occurred at a gene unlinked
to any homothallic locus or to the mating-type locus.

+ Hom indicates a segregant that is nonmating but able to sporulate.

I Ste indicates a sterile segregant that is nonmating and unable to sporulate.

ing a mating ability at 35° remained heterothallic with normal a mating type
at 25°, i.e., changes from a to « and a to homothallism were not observed upon
a temperature shift from 35° to 25°. All the auxotrophic genetic traits marked
heterozygously showed a 2+4-:2— segregation in each ascus at both temperatures
(data not shown). These observations could be explained by supposing that mu-
tant 2-9 had a temperature-sensitive mutation that inhibits the expression of a
mating type specifically at the restrictive temperature (35°) and that the mutant
locus is unlinked to the mating-type locus. That is, a cell carrying the mutation
cannot express the a mating type at 35°, even if it has the normal a mating-type
allele, but can express it at 25°. These observations suggest that, in a clone carry-
ing the mutation, both mating-type coversions, « to a and a to «, can occur
normally by the action of the homothallic genes at both temperatures, although
the a mating type cannot be expressed at 35°. Therefore, the mutant clones
generated from spores of a or « HO HMRa HMLa genotype or expected to be
a mixed culture of unexpressed a and normal « mating-type cells, and the
mixed culture should show & mating type at 35°. Since the a mating type is
expressed at 25°, the sterile a cells in the mixed culture should give rise to non-
mating diploid clones at the permissive temperature through the formation of
zygotes with normal « matig-type cells. In fact, we observed many zygotes in
the mutant cultures within a few hours after the temperature was shifted from
35° to 25°. We tentatively designated this mutation mexz! (expression for mating
type), but did not ascertain dominance or recessiveness with respect to the
wild-type counterpart.

Two other mutants in mutant class VII (Table 5), 6-26 («) and 5-17 (a),
showed similar behavior in the expression of a and « mating types, respectively.
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However, their mutations were not temperature dependent. A diploid strain
obtained by the 6-26 X a ho HMRa HM L« cross gave similar segregation pat-
terns to diploid J-25 dissected at 35° (Table 7), and a diploid strain obtained by
crossing with HO HMRa HMLa showed a 2 homothallic:2« segregation in each
ascus (data not shown). This mutation was also inferred to have a mutation
inhibiting the expression of a mating type and was tentatively called mezx2.
The mez2 mutant locus was thought to be different from the mex? locus since
normal a mating-type segregants were recovered in tetrads of a diploid hybrid
obtained by an a ho HMRa HML«a mex! X « ho HMRa HMLa mex2 cross
when the spore-cultures were incubated at 35° (data not shown). Segrega-
tions in asci of diploid J-169 obtained by a 5-17 X « ho HMRa HM La cross were
complex, as shown in Table 8. However, the complicated distributions were
explained by assuming that the mutant carried a mutation that specifically
inhibited the expression of « mating type and that the mutant locus was unlinked
to the mating-type locus. The sterile segregants (designated Ste in Table 8)
probably have the ho HMRa HMLa genotype for homothallism since, if they
had the HO allele, they would show a mating type (even if the a to « conversion
was affected by the homothallic genes, the « mating type could not be expressed).
A diploid strain constructed by forced mating between one of the sterile segre-
gants and the a ho HMRa HMLa strain gave three ascus types: 2a:2e (2 asci),
2a:1a:1 sterile (11 asci) and 2a:2 sterile (1 ascus). A diploid hybrid obtained by
the mutant 5-17 X « HO HMBa HMULa cross showed a 2 homothallic:2a segre-
gation in all asci tested {data not shown). These observations support the assump-
tion that mutant 5-17 possesses a mutation inhibiting the expression of « mating
type. This mutation was tentatively called mez3, although complementation tests
with the mex? and mex2 mutants were not carried out.

TABLE 8

Segregations of mating behavior in asci of a hybrid, J-169, obtained by
mutant 5-17 X ho HMRa HML« cross

Segregation in asci Number of asci

A D Observed Expected*
a a a a 1 0.7
a a a @ 2 27
a a a Hom+t 3 2.7
a a « @ 0 0.7
a a Stet Hom 6 533
a a « Hom 5 5.3
a a Hom Hom 0 0.7
a a Ste Hom 2 2.7
a Ste Hom Hom 3 2.7
Ste Ste Hom Hom 2 0.7

* Expected frequency of each ascus type was calculated by assuming that a mutation inhibiting
the expression of « mating type occurred at a gene unlinked to any homothallic locus or to the
mating-type locus.

+ See footnotes + and 1 of Table 7.
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Genetic analysis of temperature-dependent mutants: We isolated 11 tempera-
ture-dependent mutants (Table 3), one of which was designated mex?, as
described above. Seven of the remaining 10 temperature-sensitive mutants
showed sporulation ability when they were subcloned at 25°. The sporogenous
clones obtained from the mutants of a mating type gave four a segregants in
their asci and those from the mutant of « mating type gave four « segregants
in their asci when the spore cultures were incubated at 35°, while all the sporo-
genous clones showed a 4 homothallic:0 heterothallic segregation in asci when
the spore-cultures were incubated at 25°. Diploid hybrids obtained at 35° by
crossing the temperature-sensitive a and « mutants with a spore of HO HMRa
HMLa genotype gave, respectively, 2 homothallic:2a and 2 homothallic:2«a seg-
regations in asci when single spores were grown at 35°, while both hybrids
showed a 4 homothallic:0 heterothallic segregation at 25°. These observations
suggest that these mutants might belong to the mutant classes IIT, IV or VII
listed in Table 5 and not to classes I, II, V and VI. These mutants were further
analyzed by crosses with the ~io HMRa HM L« standard strain, but they could
not be characterized since the observed segregation patterns for mating behaviors
in asci were too complicated.

DISCUSSION

It is established that the HO allele, which mediates both the « to a and a to «
conversions in combination with the HMRa (or HMLa) and HMLe« (or
HMRa) alleles, is dominant to its counterpart Ao allele (Hopper and HaLn
1975b; Hicks, STrRaTHERN and Herskowrrz 1977; Tagano and Arima 1979).
Therefore, the HO allele may be a structural gene for a product having possitive
function in the mating-type conversions. If this is true, temperature-sensitive
mutants of the HO gene should be isolatable. Ten of the 48 mutants tested were
due to an HO to ko mutation, but no temperature-sensitive HO mutant has so far
been observed in the present study. Temperature dependency of mating behavior
was observed in mutant 2-9, in which the expression of a mating type was spe-
cifically inhibited at 35° (Tables 5 and 7). Genetically, this mutation, desig-
nated mex1, seems to be a temperature-sensitive sterile mutant, though it is
unlike the temperature-sensitive sterile mutants ste4 and ste5 described by
MacKay and Manney (19744, b), in that it is strictly specific to the a mating
type, while ste4 and sfe5 mutants are not specific. The mez! mutation is not
linked to the mating-type locus or to any genetic traits so far tested. In the
mezx] mutant (2-9; Table 5), mating-type conversion occurs normally by the
action of the homothallic genes even at a restrictive temperature (35°), although
the a mating-type cell formed from an « cell is sterile at 35°. Since the a mating
type of this mutant is expressed at permissive temperature (25°) and the a cell
forms a zygote with an « cell to produce an a/« cell, the mutant should be useful
for studying the timing or regulation of the switch of mating type during vegeta-
tive growth of a homothallic cell. Two other mating-type-specific sterile mutants,
tentatively called mex2 for mutant 6-26 and mex3 for mutant 5-17, did not
show temperature dependency and neither was linked to the mating-type locus.
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Mating-type-specific sterile mutations unlinked to the mating-type locus, sze2
and ste3, have been reported by MacKay and ManNey (1974a, b). However, we
have not tested whether the mex?, mex2 or mex3 correspond to these mutations.

Three mutants, 4-35, 5-4 and 4-27, were thought to be caused by a new muta-
tion, designated csm (controlling switch of mating type; Table 5), which blocks
the HO gene function, but is not linked to the HO locus. Diploid strains obtained
by crossing the mutants with the HO HMRa HMLa strain segregated as if the
mutants carried the ko allele, but diploid strains obtained by crossing with the
ho HMRa HM L« strain showed a different segregation from a similar diploid
with the HO to ho mutant (Table 6). This finding suggests that a new gene
(CSM) controlling the HO gene function exists in the homothallic system. It
has been reported that a mutation unlinked to any homothallic loci, cm? (control
of mating type), causes mating-type conversion without the function of the
HO allele (Hopper and Harr 1975a). Therefore, it is likely that at least three
different genes, HO, CSM and cmt, participate in mating-type conversion with
the HMRa/HMRa and HMLa/HMLa genes. It may be interesting to study
mating-type conversion in a mutant carrying both csm and cmt mutations.
Although the data were not shown, results were obtained suggesting that the
csm mutant might be correlated with the meiotic processes. The mutation
may affect excision/recombination of DNA, as observed in radiation-sensitive
mutants, rad51 and rad52, which are thought to affect mitotic recombination
{(Mogrr and Naxar 1968; Game and MorTiMER 1974).

The most interesting mutants isolated in this study were those of HMLa
and HMRa genes, which were observed at higher frequency than other
mutants (Table 5). The real frequency might be much higher (theoretically
twice) than the observed one, since mutation at the HML« gene cannot be
detected by cultivation of spores having the « HO HMRa HMLe, and mutation
at the HMRa gene cannot be detected from a HO HMRa HM L« spores (those
spores should show homothallism). For these two classes of mutants (mutant
classes III and IV; Table 5), two alternative possibilities can be envisaged.
The first possibility is that the HM L« allele is switched to the HMLa allele for
mutant class IIT and that the HMRa allele is switched to the HMRa allele for
mutant class IV, i.e., the original allele of a given HML or HMR locus is mutated
to the other functional allele. The second possibility is a defective mutation
at the HM La locus for mutant class III and at the HMLa locus for mutant class
IV, i.e., the functional allele is mutated to a nonfunctional allele. These possi-
bilities cannot be distinguished by the segregation patterns observed in dissection
of hybrids between the mutant and the Ao HMRa HMLa or HO HMRa HMLe
standard strain (Table 4), since both types of mutation at the HMLa or the
HMRa gene give the same segregation in these hybrids. The two types of muta-
tions in mutant classes III and IV (Table 5) are discussed in the following paper.

Six mutants in classes V and VI (designated a-inc and a-inc; Table 5) are
thought to be caused by a genetic event at the mating-type locus. Inconverti-
bility of an & mating-type (a-inc) allele has been observed in a strain of S. dia-
staticus (Taxanwo, Kusumi and OsHima 1973) and an inconvertible a mating-
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type allele, which might correspond to the a-inc, was suggested by HapEer
(personal communication). The mechanism of the inconvertibility of the mating-
type allele of the mutants isolated in this study was not tested, though it has
been demonstrated that an a-inc allele found in S. diastaticus is able to turn
on the homothallic genes, but is insensitive to the function of the homothallic
genes (Tarano and Arima 1979). According to the controlling element model
(Osurma and Tagano 1971; Harasaima, Nocr and Osmima 1974) or the cassette
model (Hicks and HErswowrrz 1977), these mutants might be caused by altera-
tion of the conformation of the element inserted into the mating-type locus,
which decreases its sensitivity to the switching action of the homothallic genes.

We thank SuHiro Sewon, Director of the Central Research Institute of Suntory Ltd., for per-
mission to publish this paper. We especially thank Yasusr Osuima of Osaka University for dis-
cussions during the preparation of the manuscript, and also thank Kumiro Marsusara for her
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