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PRESENT knowledge of the biochemical, cytological, and genetic events which

accompany meiosis does not provide precise information regarding the nature
and number of indispensable functions which must proceed for meiosis to occur.
Such information could be obtained if conditional mutants preventing these func-
tions were available for study.

Yeast possesses several properties which make it favorable for the study of
meiosis: 1) meiosis proceeds in single cells without the influence of surrounding
tissues; 2) it is possible to initiate meiosis at will in synthetic medium by manipu-
lation of cultural conditions; 3) the genetics of this yeast has been extensively
studied and there are several well marked linkage groups which may be used to
study the effects of meiotic mutations on chromosome segregation and genetic
recombination; 4) biochemical techniques applicable to yeast are available and
complement the features of yeast as an organism for genetic study.

In yeast, meiosis and ascospore development, collectively termed sporulation,
terminate with the production of an ascus containing four ascospores. One would
expect that mutants deficient in their ability to sporulate and form asci would
represent mutational blocks throughout the process of meiosis and ascospore
development. The following report describes the isolation and preliminary charac-
terization of temperature-sensitive mutants of yeast deficient in their ability to
sporulate.

MATERIALS AND METHODS

Yeast strain: A homothallic diploid strain of Saccharomyces was employed in this study. This
diploid, $41, was obtained from Dr. D. C. Hawraor~E. The genotype of this strain is shown
below:

a D arg-4 acr-1

a D arg-4 acr-1
@, o mating type alleles i

D: diploidization gene (WinGe and RoserTs 1949)

arg: arginine auxotroph

acr: actidione resistance

Media: The amounts of the various ingredients indicated are those required for the prepara-
tion of one liter of medium. Minimal-20 g dextrose, 6.7 g Difco yeast nitrogen base, 15 g agar;

* Supported by Grants 1-F2-GM-34,380-01 and 5-F2-GM-34,344-01, and 5-R01-AI0459-12 of the National Institutes of
Health, Public Health Service.
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Minimal plus arginine- minimal plus 75 mg arginine; Glycerol- 30 ml 96% glycerine, 20 g
Bacto-peptone, 10 g yeast extract, 15 g agar; Sporulation medium-1 g dextrose, 2.5 g yeast ex-
tract, 20 g potassium acetate, 15 g agar; Yeast Extract Peptone (YEP)-20 g dextrose, 20 g Bacto-
peptone, 10 g yeast extract, 15 g agar.

Ultraviolet irradiation: Approximately 250 cells per plate were irradiated on the surface of
agar medium at 25 cm from an 8W General Electric germicidal lamp. Irradiation and subsequent
operations were performed in dim daylight.

Sporulation and counting procedure: Diploids to be sporulated were grown for 48 hrs at
30°C on solid YEP medium. The colonies were then replica plated to sporulation medium. After
five days of incubation at 20°C, 30°C, or 34°C, the percent asci was determined by haemocytom-
eter counts of a water suspension of a portion of the sporulated replica. For these estimates no
attempt was made to distinguish buds from cells, each was counted as a cell. Thus, the percent
ascl is a minimum estimate of the frequency of meiotic cells since a fraction of the small buds
did not contain nuclei. This procedure was adopted because it eliminated subjective decisions
regarding the total cell number and allowed rapid scanning of sporulated cultures without re-
sorting to nuclear staining techniques.

Ascus dissection: Sporulated cultures were prepared for dissection by treating the asci with
snail digestive juice to soften the ascus wall. The spores of the ascus were then separated by
micromanipulation (HawTHorRNE and MorTIMER 1960).

Tests for mating ability: Derivatives of strain S41 to be tested for mating response were
crossed to @ and a haploid tester strains which required adenine for growth. After 48 hrs of
growth on YEP medium at 30°C the crosses were replica plated to minimal medium. Confluent
growth of a replica on this medium was scored as a positive mating response.

EXPERIMENTAL RESULTS AND DISCUSSION

The sporulation-deficient mutants were isolated in a homothallic strain of
Saccharomyces carrying the D (diploidization) gene described by Winge and
RoBerTs (1949). The life cycle of a D gene strain is summarized in Figure 1.
A homothallic diploid homozygous for the D gene produces haploid ascospores
which diploidize after a few mitotic divisions (HawraorRNE 1963). The D gene
strain was employed since it suggested a convenient method of obtaining muta-
tions affecting sporulation in homozygous condition in diploid cells. One would
expect that a mutation affecting sporulation induced in a haploid ascospore carry-
ing the D gene would eventually appear in homozygous condition in the diploid
cells composing the ascospore colony. By this technique both dominant and
recessive mutations may be obtained in diploid cells which may then be tested
directly for their ability to sporulate.

Ultraviolet induction of sporulation-deficient mutants: Mutants affecting sporu-
lation were induced in strain S41 by ultraviolet irradiation. Temperature-sensi-
tive mutants were sought to facilitate the genetic analysis of meiotic mutations
which would require sporulation and tetrad analysis. A culture of S41 was grown
to stationary phase on YEP medium and was replica plated to sporulation me-
dium. At the completion of sporulation the culture, consisting of 78% asci and
229, unsporulated cells, was washed once with distilled water and plated on
minimal plus arginine medium. The cells were irradiated with ultraviolet light
for 10 sec. This dose resulted in approximately 409 survival. Since 10 sec of
ultraviolet light results in 50% killing of diploid cells approximately 73% of the
surviving colonies resulted from the growth of a single ascospore.
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Freure 1.—The cell cycle of a D gene homothallic yeast strain. Diploidization occurs during
the vegetative growth of a spore as a result of copulation of haploid cells following directed
mutation of either the a or a mating type alleles to its opposite allele (HawTHORNE 1963).

After six days of growth at 30°C, 896 survivors were transferred to YEP plates
and were replica plated to minimal, minimal plus arginine, glycerol, and sporula-
tion media. Survivors which did not grow on glycerol or sporulation media were
not considered further since they are likely to represent respiratory-deficient
petite mutants unable to utilize acetate which is the prime carbon source of the
sporulation medium (Epurussi, HorTiNGUER, and CaiMENEs 1949). In addition
only those survivors which retained their arginine requirement and grew well on
the minimal plus arginine media at all three temperatures were examined further.

At five days a portion of each sporulated replica was examined in a water
suspension for the presence of asci. Optimum sporulation of the parental strain
occurred at 30°C with near optimum sporulation frequencies at 20°C and 34°C
(see Table 1). Survivors which exhibited lower sporulation than the wild-type
parental strain were tested further. 142 survivors were in this class. Each putative
mutant was purified by restreaking on YEP medium and a single colony was
tested for its ability to sporulate at the three temperatures. At this second screen-
ing the percentage of asci at five days was measured by haemocytometer counts
of atleast 500 cells per determination.

Among the 142 putative mutants tested 75 were found to differ significantly
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TABLE 1
Percent asci at 20°C, 30°C, and 34°C of strain S§41

20°C 20°C 30°C
Clone 20°C 30°C 34°C 30°C 34°C 34°C
1 46 78 61 0.6 0.8 1.3
2 60 75 53 0.8 1.1 1.4
3 49 80 50 0.6 1.0 1.6
4 58 78 40 0.7 1.4 2.0
5 52 67 42 0.8 1.2 1.6
6 44 78 44 0.6 1.0 1.8
7 58 68 49 0.9 1.2 1.4
8 60 85 41 0.7 1.5 2.1
9 60 72 41 0.8 1.5 1.8
10 59 69 35 0.9 1.7 2.0
Mean 54.6 75.0 45.6
Standard
Deviation 6.3 5.8 7.6

from the parental strain. The percent sporulation of 75 strains are summarized
in Table 2. The mutants are ordered with respect to their percent sporulation at
20°C. For each mutant the ratios of the percent asci at 20°C, 30°C, and 34°C
have been calculated and may be compared with the values exhibited by the
parental strain (Table 1). All of the mutants listed in Table 2 were tested at least
twice for their percent asci at the three temperatures.

The mutants which exhibited no asci at all three temperatures were tested for
their mating ability since those mutants could represent 1) haploids in which the
D gene function was lost or 2) ez or ae diploids arising by mitotic exchange in
diploid cells. Both possibilities could be eliminated by a mating test since g, ¢, aa,
aa strains mate but do not sporulate (Romaw, PaiLuips, and Sanps 1955). None
of the mutants demonstrated mating ability.

Temperature-sensitivity of the sporulation-deficient mutants: The ratios of the
percent asci at 20°C, and 34°C of the 69 mutants listed in Table 2 which produced
asci at one or both temperatures are shown as a frequency distribution in Figure
2. The ratios of 4/69 of the mutants fall within the range (0.8—-1.7) exhibited by
the parental strain (Table 1), The remaining 65 mutants are temperature-sensi-
tive; 16 are sensitive to cold and 49 are sensitive to heat. Thus 65/75 (84%) of
the mutants isolated display temperature-sensitivity.

Ascospore survival of sporulation-deficient mutants and their segregants: To
pursue the genetic analysis of the mutants it was necessary to determine whether
the mutations were i homozygous condition as expected, and to assess their
effects on ascospore viability. A sample of 23 mutants was sporulated at the
permissive temperature and the asci were dissected. The results with respect to
ascospore survival are shown in Table 3. The ascospore viability of seven mutants
was similar to wild type and ranged from 869, to 100%. Twelve mutants showed
spore survival values between 5% and 509, ; the remaining four mutants yielded
no surviving ascospores.
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TABLE 2

Percent asct at 20°C, 30°C, and 34°C of sporulation-deficient mutanis*

83

Mutant

20°C

20°C

30°C

No. 20°C 30°C 34°C 306°C 34°C 34°C
1 <02 <02 <02
14 <02 <02 <02
17 <02 <02 <02
18 <02 <02 <02
39 <02 <02 <02
66 <02 <02 <02 L -
9 <02 <02 1.3 <02 <02
85 <02 <02 9.7 . <01 <01
13 09 12.9 3.1 0.1 0.3 42
5 1.0 44 41 0.2 0.2 11
6 1.1 1.0 32 1.1 0.3 0.3
93 16 <02 < 02 >80 > 80 L
60 1.6 39 <02 04 >80 >195
86 20 < 02 05 >10.0 40 < 04
10 23 0.9 5.6 2.6 0.4 0.2
2 2.6 23.0 49.1 0.1 0.1 0.5
48 28 < 02 3.8 >14.0 0.7 < 01
30 2.9 59.3 6.2 0.1 0.5 9.6
87 3.6 11 < 02 33 >180 > 55
28 3.6 20.1 26.8 0.2 0.1 038
20 5.9 4.4 0.6 13 9.8 73
15 6.8 35.9 10.6 02 0.6 3.4
19 6.9 4.7 1.0 15 6.9 4.7
64 79 <02 <02 >39.5 395 .
54 7.9 16.8 3.1 05 25 5.4
11 8.4 33.7 23.7 0.2 0.4 1.4
12 8.8 33.1 20.7 0.3 0.4 1.6
52 8.6 16.9 11 0.5 7.8 15.3
84 10.6 75 < 02 14 >530 >375
62 11.7 8.8 0.4 13 29.3 22.0
88 12.3 54 < 02 23 615  >27.0
36 124 < 02 21.1 >62.0 06 < 01
33 12.4 5.0 7.6 2.5 1.6 0.7
80 13.7 28.0 0.7 0.5 19.6 40.0
61 15.7 11.2 2.4 1.4 6.5 4.7
59 15.6 272 12.7 0.6 12 2.1
41 16.3 352 6.7 05 2.4 52
16 18.9 52.7 95.4 0.4 0.7 2.1
46 19.6 038 7.6 24.5 2.6 0.1
76 20.0 384 < 02 05 >1000 >192.0
67 20.1 23.5 16.2 0.9 12 15
100 25.8 29.8 2.9 0.9 11.8 13.6
56 278 12.9 0.7 2.2 39.7 18.4
7 28.4 29,7 42 1.3 6.8 5.4
82 288 <.02 3.5 >144.0 82 < 01
89 30.0 72 1.2 42 25 6.0
3 30.6 10.1 3.5 3.0 8.7 2.9
102 312 22.9 0.4 1.4 78.0 57.3
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TABLE 2—Continued

Mutant 20°C 20°C 30°C
No. 20°C 30°C 34°C 30°C 34°C 34°C
91 332 6.6 4.0 5.0 8.3 1.7
79 41.3 36.3 2.4 1.1 17.2 151
51 41.3 47.2 5.6 0.9 7.4 8.4
40 42.0 26.3 12.8 1.6 3.3 2.1
71 42.1 334 6.9 1.3 6.1 4.9
98 43.5 20.0 0.2 2.2 212.5 100.0
73 43.6 57.2 13.0 0.8 3.4 4.4
90 44.5 13.4 8.2 3.3 54 1.6
21 45.8 28.2 12.2 1.6 3.8 23
92 49.4 29.6 0.8 1.7 61.8 37.0
78 51.0 55.0 0.9 0.9 56.6 61.1
74 51.2 2.0 < 0.2 256 >256.0 >10.0
70 53.5 462 19.7 1.2 27 2.3
81 535 62.5 7.7 0.9 6.9 8.1
65 55.7 43.5 4.3 1.3 12.9 10.1
25 56.8 34.7 15.7 1.6 3.6 2.2
68 56.8 71.8 15.7 0.8 3.6 4.6
24 57.2 83.1 4.9 0.7 11.7 17.0
4 57.8 9.4 < 02 6.1 >289.0 >47.0
69 58.0 35.8 4.4 1.6 13.2 8.1
97 58.1 38.0 2.6 1.5 224 14.6
57 58.7 53.5 9.8 1.1 6.0 5.5
32 66.8 69.0 17 4 1.0 3.8 4.0
34 69.6 75.8 151 0.9 4.6 5.0
83 74.6 42.6 2.1 1.8 35.5 20.3
23 75.0 81.2 17.2 0.9 4.4 4.7
37 78.0 69.2 9.2 1.1 8.5 7.5

* Strains listed as mutant exhibit sporulation frequencies at least three standard deviations
lower than the mean value of the parental strain (§41) at one or more of the temperatures tested.

The lethality observed may be due to the sporulation mutants themselves or
to the segregation of independently induced recessive lethals. Since mosaic colo-
nies have been observed following mutagenesis of haploid yeast (Nasim and
CrarkEe 1965; HaerNER 1967), diploid colonies heterozygous for lethal mutations
would not be unexpected following mutagenesis of homothallic haploid asco-
spores. If lethality were due to the segregation of lethals, surviving ascospore
segregants should demonstrate near wild-type spore viability upon further sporu-
lation and dissection. However, no improvement in ascospore viability would be
expected where spore death resulted from the sporulation mutation.

To determine whether reduced ascospore viability would persist the segregants
obtained from the original mutants were sporulated at the permissive temperature
and the resultant asci were dissected. The percent ascospore survival of these
segregants is also given in Table 3. The ascospore viability of mutants 81, 78, 37,
56, 61, and 71 remained low, In the case of these six mutants decreased ascospore
survival may result from the sporulation mutation itself.

Percent sporulation of segregants of sporulation-deficient mutants: The sporu-
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Ficure 2.—Frequency distribution of the ratios of the percent asci at 20°C/ percent asci at
34°C of 69 sporulation-deficient mutants.

lation frequencies of the segregants of the 19/23 mutants (see Table 3) which
yielded viable ascospores are shown in Table 4. In each instance one or two asco-
spore colonies (eg. 19-1A) were again sporulated at the permissive temperature
and dissected to determine the sporulation ability of their segregants (eg. 19-1A-
1A, 1B, 1C, 1D).

The mutants may be divided into two broad classes: those which produced
segregants whose sporulation frequencies were uniform and similar to the original
mutant (e.g. 41, 83, 74, 89) and those which exhibited variable sporulation
frequencies through two cycles of vegetative growth, sporulation, and dissection
(e.g. 76, 81, 78, 61) . In general those mutants which gave high ascospore survival
produced segregants whose sporulation frequencies were uniform while those
mutants which exhibited intermediate or low ascospore survival yielded segre-
gants with variable sporulation frequencies.

Since ascus production represents the termination of the sporulation process,
thus the mutants collected should represent lesions throughout meiosis and asco-
spore development. Low ascospore survival and variable sporulation frequencies
may reflect disturbances of chromosome segregation and assortment occurring
at the permissive temperature. The mutants which exhibited high spore survival
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TABLE 3

Ascospore viability of sporulation-deficient mutants and their segregants*

Percent Percent

Mutant No. ascospore survival Segregants ascospore survival
19 100 19-1A, 19-1B 83, 83
41 100 41-1A,41-1B 96, 67
83 100 83-1A,83-1B 92, 80
74 96 74-1A, 74-1B 92, 79
97 93 97-2A, 97-2B 84, 50
57 88 57-1C, 57-1D 93, 92
89 86 89-1D 100
51 45 51-1C, 51-3B 63, 88
79 41 79-1B 100
76 29 76-2G, 76-3A 92, 83
69 21 69-2A, 69-3A 83,82
65 8 65-1A 96
92 8 92-1A 86
81 50 81-5B 13
78 31 78-1A, 78-6A 21,15
37 13 37-2A 42
56 8 56-1A 13
61 8 61-2A 50
71 5 71-1A 65
33 0
82 0
90 0

102 0

* Approximately 28 ascospores of each strain were tested for viability. The ability of an asco-
spore to form a colony on YEP medium was used as the criterion of viability.

and uniform sporulation frequencies at the permissive temperature could be con-
cerned with functions in the sporulation cycle which precede or follow chromo-
some segregation.

It is a sincere pleasure to acknowledge the hospitality and encouragement shown to us by
Proressor Harrynw O. Havvorsow in whose laboratory this work was performed. We also wish
to thank Caror JonEs and MaryvoNNE ArNaUD for their excellent technical assistance.

SUMMARY

As part of a study of the genetic regulation of meiosis and sporulation in yeast,
temperature-sensitive mutants deficient in their ability to sporulate have been
isolated in a homothallic strain of yeast carrying the D (diploidization) gene.
Haploid ascospores obtained by sporulation of a diploid strain homozygous for
the D gene were irradiated with ultraviolet light. The surviving diploid colonies
were examined for their ability to sporulate at 20°C, 30°C, and 34°C. By this



SPORULATION-DEFICIENT MUTANTS OF YEAST

TABLE 4

Percent sporulation of segregants of sporulation-deficient mutants

87

Percent asci

Percent asci

Percent asci

Mutant No. Spore 20°C  34°C Mutant No. Spore 20°C  34°C Mutant No. Spore 20°C  34°C
19 1A 39 77 74 1A 615 04 89 1A 49 28
B 69 123 B 662 02 B 308 18
C 65 92 C 659 08 C 122 038
D 43 54 D 698 0.4 D 293 17
19-1A 1A 31 165 74-1A 1A 402 <02 89-1D 1A 310 17
B 81 276 B 41.7 <02 B 255 06
C 58 194 C 386 <02 C 274 32
D 64 246 D 355 <02 D 217 12
19-1B 1A 51 174 74-1B 1A 429 <02 51 1A 515 305
B 75 168 B 45.0 <02 B 565 224
C 44 135 C 436 <02 C 150 04
D 38 137 D 456 <02
41 1A 565 5.9 97 2A 508 203 3A 97 19
B 400 4.7 B 489 16.2 B 502 220
C 393 125 C 528 252 C 158 76
D 220 05 D 465 187
41-1A 1A 549 27 97-2A 1A 428 1.8 51-1C 3A 96 20
B 591 1.0 B 494 56 B 112 49
C 563 241 C 43 74 C 128 45
D 524 15 D 479 42 D 143 45
41-1B 1A 418 12 97-2B 1A 466 85 51-3B 1A 433 38
B 401 18 B 421 68 B 434 02
C 453 39 C 200 65 C 395 1.0
D 35 29 D 398 82 D 454 <02
83 1A 56.8 1.1 57 1A 520 244 79 1A <02 <02
B 524 16 B 60.0 445 B 345 102
C 604 04 C 642 432 2A 02 <02
D 588 1.0 D 601 225 B <02 <02
83-1A 1A 628 04 57-1C 1A 501 392 79-1B 1A 474 18
B 616 04 B 414 187 B 523 341
C 669 <02 C 373 52 C 563 65
D 685 <02 D 352 115 D 558 25
83-1B 1A 596 1.6 57-1D 1A 376 203
B 634 1.0 B 321 106
C 613 05 C 396 126
D 677 0.4 D 373 116
76 1A 122 04 92 1A 374 42 56 1A 258 1.4
2A 205 <02 2A 36 02 2A <02 <02
3A 232 1.0 3A <02 132
4A 206 95
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TABLE 4—(Ccontinued)

Percent asci Percent asci Percent asci
Mutant No.  Spore 20°C  34°C  Mutant No.  Spore 20°C 34°C  MutantNo.  Spore 20°C  34°C
76-2A 1A 2.0 <02 92-1A 1A 37.0 06 56-1A 1A 129 117
B 120 <02 B 493 1.0
C 06 <02 C 590 20
D 193 <02 D 534 08
76-3A. 1A 232 67 81 1A 106 26 61 2A 340 128
B 247 8.6 B 157 18
C 211 105 5A 83 04
D 145 52 B 249 22
69 1A 266 02 81-5B 1A 328 50 61-2A 1A 173 4.1
2A 363 02 2A <02 <02 B 239 741
3A 467 02 B 232 15 C 276 151
4A 358 02
69-2A 1A 422 20 78 1A 551 233 2A 352 82
B 39.0 <02 B <02 <02 B 394 133
C 387 02 C 727 319
D 341 13 6A 97 1.0
69-3A° 1A 453 165 78-1A 1A 606 552 71 1A 21.6 200
B 495 118 2A 61.8 51.9 24 <02 <02
C 46.1 125
D 535 95 )
65 1A 514 127 78-6A 1A 134 7.7 71-1A 1A 300 156
2A <02 <02 B 292 186
3A <02 <02 C 189 141
65-1tA 1A 591 383 37 1A <02 <02 2A 257 162
B 645 541 2A 464 04 B 193 144
C 722 422
D 700 417
37-2A 1A 504 02
B 521 02
59.6 <0.2
2B 60.0 <02
C 242 <02

technique 75 mutants deficient in their ability to form asci have been obtained.
65 of the mutants are temperature-sensitive; 16 are sensitive to cold and 49 are
sensitive to heat.
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