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SUMMARY

Diploid strains of Saccharomyces cerevisiae homozygous for mating type and
capable of sporulation have been isolated. Tetraploid inheritance studies
suggest that the ability to sporulate is controlled by a recessive gene unlinked
to the mating type locus. The symbol sea (" sporulation capable ") has been
assigned to this gene.

I. INTRODUCTION

Saccharomyces cerevisiae is generally heterothallic. Haploid strains contain
one of two allelic mating type genes, or a (Lindegren and Lindegren,
1943 a, b, c, d). Mating may occur between haploid cells of opposite mating
type to produce diploids heterozygous for the mating type alleles. These
diploids enter meiosis and sporulate under appropriate conditions (see
review, Fowell, 1969). Diploids homozygous for mating type have been
isolated both from haploid cultures (Roman and Sands, 1953) and from
tetraploid segregations (Pomper, Daniels and McKee, 1954; Roman,
Phillips and Sands, 1955) but these diploids are incapable of sporulation.
It has been reported hitherto that heterozygosity for mating type is a neces-
sary prerequisite for meiosis and sporulation (Roman and Sands, 1953;
Friis and Roman, 1968; Roth and Lusnak, 1970).

This paper describes a recessive gene designated sca (" sporulation
capable ") which appears to relieve the normal control functions of the
mating type alleles, since diploid strains homozygous for mating type and
for this gene can sporulate.

2. MATERIALS AND METHODS

(i) Strains
Strains used:

Number Genotype Origin
1 a his3 Dr G. Rank
2 his3 Dr G. Rank

22 a adel cani ural Dr G. Rank
58 a ade2 trp5 lys2 tyrl *

647 thr2 arol trp5 leul ade6 Brewing Industry Research
Foundation,

his6 ural argl-2 thri Nutfield, Surrey
* Derived from crosses involving strains from Dr G. Rank and the Brewing Industry

Research Foundation, Nutfield, Surrey.
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Number Genotype Origin
G5B thri •'l Highly isogenic strains derived
G6B sc ural f from crosses between 647 and 22

G8B
thri + Illegitimate mating between G5B

and G6B
a ade6-21 leul-1 MAL lys

31 - ________ DrG.Rank
a adeO-21 leul-1 MAL +

Other strains mentioned in the text were derived from these strains.
Strain 31 is incapable of sporulation. Strains 1 and 2 were haploid mating
type tester strains.

(ii) Media
Nutrient medium was YEPD: 1 per cent Difco Yeast Extract, 2 per cent

Difco Bacto Peptone, 2 per cent dextrose. Minimal medium was 06 per cent
Difco Yeast Nitrogen Base without amino acids, 2 per cent dextrose. Pre-
sporulation medium was 1 per cent potassium acetate, 08 per cent Difco
Bacto Nutrient Broth, 1 per cent Difco Yeast Extract. Sporulation medium
was 1 per cent potassium acetate. 2 per cent Difco Bacto Agar was added
for solid medium. When required, nutritional supplements were added to
the minimal medium in the same concentrations as used by Manney (1964).

(iii) Procedures

Mating types were classified by mixing samples of unknown cells with the
mating type tester strains 1 and 2 on YEPD and examining the mixtures
microscopically for zygote configurations after 4-6 hours. When the strain
being tested was auxotrophic the mating type classification obtained by
microscopic examination was confirmed by the recovery of prototrophic
hybrids with appropriate tester strains.

Crosses were made on YEPD and zygotes isolated by micromanipulation
or, where possible, by selection of prototrophic hybrids on minimal medium.

Sporulation occurred after the transfer of cells from 1-day-old streaks on
presporulation medium to sporulation medium. Sporulation took place in
2-6 days.

Nutritional phenotypes were determined by replica plating colonies from
a YEPD master plate to an appropriate series of synthetic omission media.

Tetrads were dissected with a deFonbrune micromanipulator following
treatment with Glusulase (Endo Laboratories, New York) to digest the ascus
wall.

The incubation temperature for all operations was 300 C.

3. RESULTS

(i) Characterisation of G8B
G8B arose as a diploid prototroph selected from a mixture of cells from

strains G6B and G5B during studies on mutation of mating type genes. It
sporulated readily on sporulation medium and, after 4 days, 53 per cent of
the cells had formed approximately equal numbers of 2-, 3- and 4-spored
asci. G8B gave an mating reaction.
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Fourteen tetrads were dissected from G8B and 8 of these yielded 4 viable
spores. Overall spore viability was 88 per cent. Each complete tetrad
segregated 2thrl :2 + and 2ural:2 + but all spore progeny (i.e. cultures from
single ascospores) were of a mating type. The mating type of the progeny
was checked using a number of other tester strains as well as strains 1 and 2.
Five tetrads yielded three viable spores. In these tetrads thri and ural
once again segregated from their prototrophic alleles but, as with the
complete tetrads, all progeny were of a mating type. The mating type
similarity of the spore progeny was confirmed by their inability to mate with
each other.

Spore progeny from G8B were crossed to strain 58. In each case, tetrads
from these crosses segregated 2:2 for mating type as well as all nutritional
markers present.

It was concluded that spore progeny of G8B were normal haploids of
mating type a and that the strain G8B was a diploid, a thrl/a ural, which
was capable of sporulation.

(ii) Inheritance of G8B sporulating ability
To investigate the mode of inheritance of the unusual sporulating ability,

strain G8B was crossed to strain 31 to form a tetraploid, designated

TABLE 1

Classification of 38 complete tetrads from tetraploid (G8B x 31) according to sporulation capability and
mating reaction of spore progeny

Tetrad type Number Mating type genotype
sporulation ability: of Mating phenotypes of spore progeny

inability tetrads of spore progeny* capable of sporulation*
4:0 12 (12) non-maters (12) alicia
3: 1 9 (9) 1 a: 1 a :2 non-maters (5) 1 aa and 2aa

(4) 1 cia and 2 cia
2:2 12 (11) 1 ce:1 a:2 non-maters (11) 2cia

(1) 2ci:2a (1) ciciandlaa
1:3 1 (1) 2 ce:2 a (1) 1 aa
0:4 4 (4) 2ci:2a

* Numbers of tetrads indicated in brackets.

(G8B x 31). This was sporulated and, of 53 tetrads dissected, 38 each
yielded 4 viable spores. Overall viability of the diploid spores was 86 per
cent.

The diploid progeny from the 38 complete tetrads were tested for the
presence of a mating reaction with haploid tester strains and for their ability
to sporulate. All non-maters were capable of sporulation and segregated
mating types in their progeny, i.e. the diploid non-maters were heterozygous
for mating type alleles. Maters (either a or a) which were capable of
sporulation did not segregate mating types in their progeny. The progeny
were of the same mating type as their diploid parent and so the diploids
must have been homozygous for mating type.

Table 1 summarises the sporulation capabilities and the mating reactions
of the diploid progeny from the 38 complete tetrads from (G8B x 31).

Segregation of the nutritional markers in both the diploid progeny from
the tetraploid and in the haploid progeny of those diploids capable of
sporulation was consistent with the expected genotype of the tetraploid.



244 W. L. GERLACH

This indicated that the mating type and sporulation segregation patterns
observed arose from normal meiotic events within the tetraploid.

(iii) Further investigation of the inheritance of the sporulation ability
Segregants from the tetraploid (G8B x 31) which were capable of sporu-

lation and homozygous for mating type were crossed to produce new tetra-
ploids. Strain I lBb

ct ade6-21 leul-1 thri lys
ct ade6-21 leul-1 + +

was crossed with strains l2Bb and 32Ac, both

a ade6-21 leul-1 lys thri ural
a + leul-1+ + +

The tetraploids were designated (1 lBb x l2Bb) and (llBb x 32Ac) according
to their origin.

TABLE 2

C1asslcation of progeny from tetraploids (llBb x l2Bb) and (llBb x 32Ac) according to mating type

Total Pooledt numbers of mating
Number of number of genotypes in spore progeny

tetrads Mating type segregation in viable
Tetraploid dissected complete tetrads* spores aa

(llBbx l2Bb) 10 (2) 4 ca 32 6 6 20
(7) (4) 1 cc:l aa:2 a

(1) 2 aa:2 aa

(llBbx32Ac) 9 (1) 4a 23 3 4 16

(3) (1) 1 xc:l aa:2 a

(1)2Ea:laa:{a
* Number of tetrads indicated in brackets.

I- From complete and incomplete tetrads.
The mating type genotype of this spore could not be ascertained—see results.

The two tetraploids were sporulated and tetrads dissected. In all cases
but one, diploid progeny were either , aa or a as judged by their mating
reaction and the segregation or non-segregation of mating type in their
haploid progeny. Table 2 shows the spore viabilities and mating types of the
diploid progeny from these tetraploids. All diploid progeny of each tetra-
ploid were capable of sporulation regardless of their mating type genotype.

The exceptional diploid whose mating type genotype could not be classi-
fied arose in one complete tetrad from (11 Bb x 32Ac). Three spore progeny
from this tetrad behaved as normal diploids homozygous for mating type
(laa and 2scot) while the fourth spore progeny showed a weak a mating
reaction. Of 10 tetrads dissected from this spore progeny, none produced
more than two viable spores but all 7 viable spores which were obtained were
of a mating type. The weak mating reaction and the segregation of in-
viability in its progeny may be the result of monosomy for one or more
chromosomes. However, since the diploid showed a weak a mating reaction
and did not produce any sc mating type progeny it was probably not hetero-
zygous for mating type but either homozygous or hemizygous for a at the
mating type locus.
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4. Discussion

From the experimental observations one can postulate that the sporula-
ting ability of diploids homozygous for mating type is controlled by a single
recessive gene, designated sea (" sporulation capable "), the locus of which
is unlinked to the mating type locus. On this basis the experimental
observations can be accounted for thus:

(i) The tetraploid (G8B x 31) was duplex at both the mating type and
sca loci. Its diploid parent G8B was homozygous for c mating type and sca
while its other diploid parent, strain 31, was homozygous for a mating type
and scat

The tetraploid (G8B x 31) would then be expected to produce the
following proportions of tetrads with respect to sca genotypes depending on
the pairing behaviour of the sca chromosomes (Roman, Phillips and Sands,
1955):

(a) If sca is unlinked to its centromere (random chromatid segregation)
0444 4 sca/+
0444 1 sea/sea: 1 + I+ :2 seal + exclusively bivalent formation
01l1 2sca/sca:2 +1+ J

or

0395 4sca/+
0395 1 sca/sca: 1 +1+ :2 sca/+ .exclusive1y quadrivalent for-
0210 2 sca/sca:2 +1+ J mation.

(b) If sea is completely linked to its centromere (random chromosome
segregation)

067 4sca/+ bivalent or quadrivalent formation.
033 2sca/sca:2 +/+j

Roman, Phillips and Sands (ibid.) specify that the derivation of the
expected proportions for total quadrivalent formation are theoretical only
and assume that centromeres disjoin at random, two to each pole, that there
is no exchange of chromatid pairing partner and that interference is negli-
gible over long genetic distances. It must also be noted that the association
of homologous chromosomes at meiosis in autotetraploids might involve both
bivalent and quadrivalent formation and not exclusively one or the other.
Therefore, the proportions derived for random chromatid segregation on the
basis of total bivalent or quadrivalent formation are extremes and the true
expectation might be somewhere between the two.

The phenotypic expectations for the segregation of sca will be affected
by the segregation of the mating type alleles since ca heterozygotes will
sporulate independently of the sea genotype. Assuming sca is unlinked to
mating type the expected frequencies of tetrads having none, one or two
mating type homozygotes capable of sporulation can be calculated. The
expectations arise from the expected frequencies of sca tetrads within the
mating type tetrad being considered (e.g. 1 a: 1 aa:2 a or 2 c: 2 aa).

Table 3 shows the expectations and statistical comparison with observa-
tions of 20 1 c: 1 aa: 2 ca and 6 2 xx:2 aa mating type tetrads containing
none, one or two mating type homozygotes capable of sporulation. The
observations are consistent with expectations based on a single recessive gene,

32/2—Q
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sca, unlinked to the mating type locus, modifying the sporulation capabilities
of mating type homozygotes. The statistical analysis does not give any
insight into the centromere linkage of sca. However, since there was one
2 occ:2 aa mating type tetrad which contained only one mating type homo-
zygote capable of sporulation it is probable that linkage of sca to its centro-
mere is not absolute.

(ii) 1 lBb, l2Bb and 32Ac are expected to be homozygous for sca and
hence the tetraploids (11 Bb x I 2Bb) and (11 Bb x 32Ac) nulliplex at the
sca locus. All of their diploid progeny should be homozygous for sca and
consequently capable of sporulation. The results show that a total of
19 mating type homozygotes were observed in the diploid progeny and that
all were capable of sporulation. Of note was one tetrad from (11 Bb x 1 2Bb)
which segregated 2 oc:2 aa and another tetrad from (llBbx32Ac) which
segregated 2 : 2 aa or 2 c: I aa: 1 a(?) monosomic. The spore progeny
from these tetrads were all capable of sporulation as expected if the tetra-
ploids were nulliplex at the sea locus.

Therefore, the data accommodate the hypothesis that a single recessive
gene, unlinked to the mating type locus, is the controlling element.

A survey of the literature reveals three instances where diploid strains of
Saccharomyces cerevisiae observed to be capable of sporulation might possibly
have been homozygous for mating type.

Firstly, it could be thought that the homothallic diploids of S. cerevisiae
described by Takahashi (1958) and Takahashi, Saito and Ikeda (1958)
which are capable of sporulation might be homozygous for mating type
since they give a weak mating reaction which can be detected under con-
ditions of prototroph selection. However, the genes controlling this homo-
thallism in S. cerevisiae have been shown to be allelic to the homothallism
genes in S. ovjformis (Takano and Oshima, 1 970a) which are mutators of the
mating type alleles (Oshima and Takano, 1968, 1971; Takano and Oshima,
1970b). Therefore, it is possible that the homothallic genes of S. cerevisiae
act in the same way and that the homothallic diploids are, in fact, hetero-
zygous for mating type. Furthermore, diploid strains of yeast need not be
homozygous at the mating type locus to show a weak mating reaction;
diploids heterozygous at the mating type locus can also show a weak mating
reaction under conditions of prototroph selection (Inge-Vechtomov,
Ravdonikas and Pavlenko, 1969).

Secondly, Lindegren and Lindegren (I 943a, b, c) reported the occurrence
of degenerate diploids in cultures arising from single ascospores. They
postulated that these were the result of " illegitimate

"
matings between

cells of the same genotype and, consequently, that they were homozygous
for mating type. These diploids produced only 1- or 2-spored asci and these
spores were mostly inviable. Unfortunately, it appears that the viable
spores were not checked for segregation of mating type alleles toascertain
whether the" illegitimate " diploids were actually mating type homozygotes.
It has been thought unlikely that they were homozygotes since Ahmad
(1952, 1953) found that diploids which arose in haploid cultures and were
capable of sporulation always segregated mating type in their progeny and
so were heterozygous at the mating type locus. Further, Roman and Sands
(1953) showed that the diploids homozygous for mating type which arose
in single-spore cultures were incapable of sporulation.

Thirdly, Grewal and Miller (1972) have reported two strains of S. cere-
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visiae which produce solely two-spored asci. The spores show good viability
and are diploid. Cultures from such spores are themselves capable of
sporulation in a similar manner. They mention that cytological evidence
indicates that the division which results in the production of the two-spored
asci is similar to that observed at the first division of a normal meiosis. On
this basis, they suggest that the diploids might be mating type homozygotes
which are capable of sporulation (albeit an atypical sporulation) but that
this is uncertain.

It must be noted that the mating type genotype of the diploids capable
of sporulation has not been ascertained in any of the above instances; the
diploids might or might not have been homozygous at the mating type locus.
This paper, however, plainly describes diploids which are homozygous for
mating type and capable of normal sporulation. Roth and Lusnak (1970)
have shown that diploids homozygous for either of the mating type alleles
have been unable to enter the early stages of meiosis, being blocked at or
before the pre-meiotic DNA synthesis. The gene sca appears to override the
normal mating type control of meiosis in such diploids.

It is interesting to note that the mating type alleles control the mating
ability, sporulation ability and the growth habit of diploid strains (Roman
and Sands, 1953). The gene sca relieves the mating type control of sporula-
tion but the mating ability of diploids homozygous for mating type is un-
affected. Preliminary observations suggest that sca does affect the growth
habit, decreasing the clustering tendency of mating type homozygous
diploids.

Lines of work in progress using sca involve the investigation of polyploid
segregations using strains homozygous for sca, the measurement of the
frequency of illegitimate matings between haploid strains of S. cereuisiae and
preliminary investigations into the biochemical action of sca.
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