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ABSTRACT

This paper reports a study of chromosome segregation and recombination
during sporulation of spof2-! and spof3-1 diploid strains of S. cerevisiae.
These strains undergo a single division to form asci containing two diploid or
near-diploid spores. The segregation of centromere-linked markers in the
two-spored (dyad) products indicates that the division is generally equational.
However, in a small percentage of the spof2-1 and spof3-1 cells, it appears
that a meiosis I-like division occurs. Aberrant segregation of the MAT locus
on chromosome 11, yielding a monosomic and a trisomic spore pair, occurs in
129 of all dyads. The segregation patterns of markers at various distances from
their centromeres and several pairs of markers on the same chromosome indi-
cate that recombination takes place in both strains at nearly standard meiotic
levels.

WHILE a large number of meiotic mutants have been characterized, few have

been found that complete only one of the two meiotic divisions and form
unreduced products. The study of such mutants has provided some insight into
the genetic control of chromosome segregation, as well as regulation of each
meiotic division (Bager ef al, 1976, GoLurovskava 1979, for general reviews).
In most mutants of this type, the majority of unreduced (diploid or near-diploid)
products have been attributed to failure of the second meiotic division (EsEw,
Soost and Geract 1979; Jounsson 1944; Mok and Peroquin 1972; RuoabpEs
and Dempsey 1966; Sarina and Braxestee 1935; StriNncaam 1970; ScHILD
and ByEeRrs, personal communication). Very few mutants have been reported
in which the meiosis I reductional division is absent and meiosis II takes place
(Levan 1940; Smrrr 1939).

Failure of chromosome segregation during either of the meiotic d1v1s1ons is
sometimes due to the presence of a large number of unpaired chromosomes dur-
ing meiosis I. In several plant mutants defective in the establishment (asynap-
tic) or the maintenance (desynaptic) of pairing, cytological studies have re-
vealed that only the first (Jounsson 1944; Strmincram 1970) or the second
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(Levan 1940) meiotic division takes place. For example, in two asynaptic mu-
tants of Brassica, as and as3, light microscopy studies indicate that unpaired
univalents generally undergo an equational centromere division during meiosis
I. A second division is not observed, and diploid or near-diploid products are
formed (StrincHAM 1970). The occurrence of a single division during meiosis
has also been attributed to the presence of mutations in genes involved in regu-
lating entry into one of the divisions (BARER et al. 1976; GoLuBovskava 1979).
For example, in the dyad (dy) mutant of Datura, meiosis I proceeds normally,
but the second meiotic division fails to occur (SaTina and Brakesier 1935).
The meiosis IT equational centromere division is delayed until the first post-
meiotic mitosis, and diploid spores are formed. In order to further our under-
standing of the genetic control of chromosome segregation and the regulation
of the two meiotic divisions, we have investigated the behavior of two strains of
yeast that undergo a single meiotic division.

In the preceding paper (Krarmorz and Esposiro 1980), we described the iso-
lation of the spo72—-1 and spo13-1 alleles, each of which results in the production
of two-spored asci, from Saccharomyces cerevisiae strain ATCC4117. ATCC4117
had previously been shown to form asci containing two diploid spores (GREWAL
and MirLer 1972). Cytological examination of this strain led the authors to
suggest that the single nuclear division was meiosis II (MoENs 1974; MoENSs
et al. 1977). However, a lack of genetic markers and the presence of a homo-
thallism gene (HO) in the original strain (see Krapmorz and Esrosrro 1980)
made it difficult to evaluate genetically whether meiosis I, meiosis IT or some
combination of these divisions occurs. Examination of individual spof2-7 and
spoi3—1 diploids during sporulation by staining the DNA with a fluorescent dye
indicated that, as in ATCC4117, each strain undergoes a single division (Kvae-
Horz, unpublished). In order to study the properties of recombination and chro-
mosome segregation in each of these strains, the spof/2-1 and spof3-1 alleles
were crossed into heterothallic (#0) genetic backgrounds, heterozygous for
markers on a number of chromosomes. A genetic analysis of sporulation in the
two strains is presented below.

Unlike most of the mutants described above, the majority of spo72-7 and
spol3—1 cells undergo meiotic levels of recombination, followed by a single equa-
tional division. A small percentage of the two-spored products appear to result
from a single reductional division. Aberrant segregation of chromosome I11, re-
sulting in approximately 129, monosomic and trisomic spore pairs, also occurs
during sporulation of these strains. Hypotheses regarding the roles of the spof2—1
and spol3-1 alleles in meiosis and sporulation are evaluated in the piscussioN.

MATERIALS AND METHODS

Strains: The strains used in this study are listed with their genotypes and origins in Table 1.
Nomenclature: The symbols 4 and — designate dominant and recessive marker phenotypes,
respectively. Mating phenotypes are indicated by the following symbols: N = nonmater, a=a
mating type (mates with « testers only) and «= a mating type (mates with a testers only). As
in standard tetrad nomenclature, marker segregation in the two-spored asci is represented by the
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TABLE 1

Genotype and origin of strains

Strain Genotype Origin
K915 MATa lys2 tyr1 his7 TRP! MET13 leul S.K
MATe lys2 TYR! HIS7 #rp! meti3 LEUL - BLAPHOLZ

his6 lys7 ADE2 ARO7 spol3-1
HISé LYS7? ade2 aro7  spol3-1

MATa tyri TRP{ wra3 CYH2 leu! adeb

K216 MATe TYRI wpl URA3 cyh? LEUI ADEE S Kusemoiz
HIS6 lyst met14 PET17 ARO7 spo12-1
his6¢ LYS! MET14 petl] aro7  spol2-1
MATa lys2 tyri HIS7 CAN1 URA3
DH8-303 MATa lys2 tryl his7 canl wura3 D. Prorem
met!3 cyh? trp5 leul adeé cly8  ade2
met13 CYH2 trp5 leul ADE6 CLY8 ade2
T .
DLA71-477 MATa LYSZ2 tyr! his7 URA3

MATa lys2 tyrl his7 wura3 D. ProTeIn

ADE5 meit13 cyh2 trp5 leul ade6 cly8  ade2
ade5 met!3 CYH2 trp5 leul ADE6 CLY8 ade2

Gene symbols are as follows: MATa and MATa (or a and a), mating type; ade, adenine;
aro, aromatic amino acids; can, canavanine resistance; cly, cell lysis; ¢yh, cycloheximide resis-
tance; his, histidine; lew, leucine; lys, lysine; met, methionine; pet, petite; spo, sporulation-
defective; zrp, iryptophan; #yr, tyrosine and ura, uracil (cf. PLiscHKE et al, 1976).

format +: — spores for heterozygous recessive markers, and a:a:N spores for MAT. The pheno-
type of each member of a given dyad spore pair, for a particular locus, is represented by the
format “phenotype of spore A, phenotype of spore B.” For example, -, — indicates spore A has
a - phenotype and spore B has a — phenotype.

Media: All media have been previously described (KrarProrz and Esposrro 1980).

Gengtic techniques: The genetic procedures employed in this study have been described
(Krapmorz and Espostto 1980).

Calculation of second-division segregation frequencies: Second-division segregation (SDS)
frequencies were determined by standard techniques, using one or more markers closely linked
to their centromeres (adef, met3, met14, pet8 and trp!) to establish the first-division segregation
pattern of each ascus (MorrimeER and Hawtaorne 1969). An average of 60 tetrads with 4
viable spores from several Spot control crosses were used to calculate the SDS frequencies
presented in Tables 5 and 6.

Determination of the genotypes of mating-capable ascosporal clones: In order to determine
the genotypes of K215- and K216-derived a and a ascosporal clones, they were mated with
genetically marked MATa/MATa (DH8-303) and MATa/MATa (DL171-477) diploid testers
(Table 1), respectively. One hybrid colony from each cross was sporulated and 10 to 20 4-spored
asci dissected. The segregation of MAT and recessive markers on chromosomes I, V, VII and
XV was examined in these asci. Tetrad types diagnostic of various spore clone genotypes are
presented in Table 2. Crosses involving spore clones that are heterozygous (+/—) or hemi-
zygous (-+/0) wild type, or homozygous (—/—) or hemizygous (—/O) recessive, for a given
marker, will generate the same ascus types. However, in some instances, these genotypes can be
distinguished by examining the segregation of another marker on the same chromosome that
was originally homozygous wild type in the parental K215 or K216 diploid, and is homozygous
recessive in the diploid tester, e.g., &rp5 (chromosome VII), This additional marker, either +-/0
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TABLE 2

Marker segregation in tetrasomic and trisomic hybrids

Cross genotype*

Expected tetrad types (4 )+

Spore Diploid
clone X tester 4:0 3:1 2:2 1:3
= + + +
+/— + 4
e + o+
+/— + + o+
+/0 /= + +
+/— + + +
—/— + + +
+/— + o+
—/0 it + + o+
+/— + +

* Crosses between K215 and K216 ascosporal clones and diploid testers, DL.171-477 and DHS8-
303 (Table 1).

+ Tetrad types expected from tetrasomic segregation are from RomanN, PriLips and Sanps
(1955), and those expected from trisomic segregation assuming trivalent pairing are from
SHAFFER et al. (1971).

or +/4 in the ascosporal clone, depending upon whether the chromosome is present in 1 or 2
copies, will exhibit trisomic (~/—/—) or tetrasomic (-/-+/—/—) segregation (Table 2).
Trisomic marker configurations in the spore clones are not detected by this procedure.

Tetrad types diagnostic of monosomy or disomy for the MAT locus in the spore clones are
shown in Table 3. The cross hybrid will exhibit trisomic segregation if the a or « clone is
monosomic, and tetrasomic segregation if the clone is disomic.

Determinat.on of genotypes of nonmating ascosporal clones: The genotypes of nonmating
(N) sporulation-capable ascosporal clones were analyzed by sporulating and dissecting 20 or
more dyads from each clone. Segregation of both -+ and — progeny spores indicates a heterozy-
gous genotype; segregation of only - progeny spores indicates a -/ or a 4-/0 genotype. In

TABLE 3

MAT segregation in tetrasomic and trisomic hybrids

Cross genotype*

_— Expected tetrad types (a:a:N)+
Spore Diploid

clone X tester 0:0:4  1:1:2 2:2:.0 2::2 2:1:1  3:1:0 0:2:2 1:2:1 1:3:0
aa  a/a o+

a/O a/a -+ + 4 +
afa a/a + + +

a/0  a/a o+ o+ o+

* Crosses bhetween a and o K215 and K216 ascosporal clones and a/a and a/a diploid testers,
DHS8-303 and DL171-477 (Table 1).

+ Tetrad types expected from a/a/a/e teirasomic segregation are from Romaw, PrrLrips and
SanDps (1955), and those expected from a/a/a and a/a/a trisomic segregation assuming trivalent
pairing are from SHAFFER et al. (1971). The following asci with only three viable spores are
t(i(l)agn(;)stxcdog g/ia)/a/a tetrasomy (0:0:3), a/a/a trisomy (3:0:0 and 2:0:1) and a/a/e¢ trisomy

e an P .
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some instances, the segregation of other heterozygous markers on the same chromosome can be
used to distinguish homozygous from hemizygous genotypes. Trisomic marker configurations
(+/-+/— or-+/—/—) are not detected by this procedure. The analysis of MAT segregation
among the progeny spores is described in rREsuLTS.

RESULTS

The behavior of several genetic markers closely linked to their centromeres,
as well as markers located at various distances from their centromers, was used
to analyze chromosome segregation and recombination during sporulation of
spol12-1 and spoi3-1 homozygous diploids. The genotypes of the strains em-
ployed in this study, K215 (spof3-7) and K216 (spof2-1), are given in Table 1.
Both strains produced approximately 659 asci at 30°, more than 999% of which
contained only two spores (dyads).

The majority of cells undergo an equational division: The genetic conse-
quences of a single reductional (meiosis I) or equational (meiosis IT) sporula-
tion division are shown in Table 4. During a reductional division, a heterozygous
recessive marker (+/—) closely linked to its centromere will segregate 1:1 to
yield two homozygous spores (+/4 and —/—). In contrast, an equational di-
viison will generate two heterozygous (+/—) spores. A single recombinational
event between a heterozygous recessive marker and its centromere, followed by
an equational division will result in half 2:0 and half 1:1 dyads. When a single
recombinational event is followed by a reductional division, only 2:0 dyads are
formed. :

The segregation of heterozygous recessive markers in 84 spof2-1 (K216) and
100 spo13-1 (K215) dyads is summarized in Tables 5 and 6, respectively. (The
data for the MAT locus are presented separately in a later section.) Spore viabil-
ity was 889 for K216 and 739 for K215. The following conclusions were drawn
from the individual marker segregation data presented in Tables 5 and 6: (1)
‘Only two classes of dyads with two viable spores were observed for each marker,
2:0 and 1:1. The absence of 0:2 dyads rules out the possibility that extensive
«chromosome loss or haploidization takes place in either strain. (2) The majority
dyad class for all markers, linked and unlinked to their centromeres, is 2:0,
demonstrating that most chromosomes divide equationally. (3) With increasing
gene-centromere distance, the proportion of 1:1 dyad phenotypes increases as

TABLE 4

Genetic consequences of reductional and equational chromosome segregation in
strains that undergo a single division during sporulation

No exchange Single exchange
Chr h G Ph, G
“ogregation i of spores. of dya of spoces.
Reductional 1:1 +/4+—/— 2:0 1/2 +/—,+/—
Equational 2:0 +/—+/— 1/2 1:1 1/2 +/—+/—

1/2 2:0 1/2 ~+/—+/—
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TABLE 5

Segregation of heterozygous markers in K216 spo12-1 dyads

Gene-centromere

Dyad phenotypes* 1:1 dyads distance}
Chromosome: Marker 2:0 1:1 1:0 0:1 Total Totalt 1/2 SDS M
144 trp! 65 4 14 1 84 0.06 <0.01 1
Vil leut 64 5 1 4 84 0.07 0.03 3
X1 metl4 61 8 15 0 84 0.12 <0.01 3
14 ura3 59 10 14 1 84 0.15 0.07 7
IX hisé 52 17 13 2 84 0.25 0.15 14
XV petl7 51 18 13 2 84 0.26 0.28 17
XVI aro7 50 19 15 0 84 0.28 0.26 25
IX lysi 47 22 13 2 84 0.32 0.33 29
Vil adeb 48 21 14 1 84 0.30 0.36 32
Vil cyh2 46 23 13 2 84 0.33 0.42 59
11 tyr! 46 22 12 3 83 0.32 0.35 120

* No 0:2 dyads were observed.

+ Total = dyads with two viable spores only (2:0 plus 1:1).

1 Gene-centromere distances were measured in tetrad-producing diploid strains. SDS (second-
division segregation) frequencies were derived from control cross tetrads (see MATERALs AND
METHODS), except for trpf (MorTiMER and HawtrorNE 1966). Control map distances are from
MorTiMER and HAwTHORNE (1975); cM = centiMorgans.

TABLE 6

Segregation of heterozygous markers in K215 spol3-1 dyads

Gene-centromere

Dyad phenotypes* 1:1 dyads distance}
Chromosome: Marker 2:0 1:1 1:0 0:1 Total Totalt 1/2 SDS cM
v trpl 57 3 38 2 100 0.05 <0.01 1
vi leut 47 13 36 4 100 0.22 0.03 3
1X his6 4 19 33 7 100 0.32 0.15 14
Xvi aro’/ 48 12 35 5 100 0.20 0.26 25
X1 lys7 36 21 34 6 97 0.36 0.23 27
XV ade2 40 20 30 10 100 0.33 0.34 68
Vi met13 33 26 32 8 99 0.44 0.38 80
11 tyr! 40 20 34 6 100 0.33 0.35 120
7 his7 41 19 28 12 100 0.32 0.33 168

* No 0:2 dyads were observed.

T Total = dyads with two viable spores only (2:0 plus 1:1).

I Gene-centromere distances were measured in tetrad-producing diploid strains. SDS (second-
division segregation) frequencies were derived from comtrol cross tetrads (see MATERiaLs and
METHODS), except for #rpf (MortivEer and HawraORNE 1966). Control map distances are from
MortiveR and HawTHORNE (1975); cM = centiMorgans.
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expected from recombination followed by an equational division. (4) There is
no obvious bias in the recovery of 4+ and — spores from dyads with only one
viable spore. Thus, spore death does not appear to be correlated with recombi-
national or segregational events on a particular marked chromosome.

In both strains, trp? is the most closely linked centromere marker, located less
than 1 centiMorgan (cM) from the centromere of chromosome IV (IMORTIMER
and HawtaorNE 1975). In approximately 959 of both spof2~7 and spoi13—1
dyads with two viable spores, zrp? exhibited 2:0 segregation, indicating that ap-
proximately 95% of the sporulating cells undergo an equational division.

A single reductional division occurs in less than 59 of sporulating cells: The
number of dyads in which trpf segregated 1:1 (4 of 69 spof2—1 and 3 of 60
spol3-1) sets a limit of approximately 5% on the proportion of the spof2-1 and
spo13—1 dyad populations that undergo a single reductional division. This is an
upper limit because 1:1 segregation for #rp? could also be due to events confined
to the #rpf locus or chromosome IV. These would include gene conversion or
gene-centromere recombination at an unexpectedly high level prior to an equa-
tional division, and reductional or aberrant segregation of chromosome IV alone
(Figure 1).

If the 59 1:1 trp? dyads are the result of a reductional division of the entire
genome, they should also show reductional segregation for leu?, 3 cM from the
centromere on chromosome VII. This proved to be true for three of the four
spo12-1, and one of the three spof3-1 dyads in which trp? segregated 1:1.

In the three spof2-f dyads, coincident 1:1 segregation for all four of the
closest centromere-linked markers, trp?, leu!, met!4 and ura3, was observed
(Table 7). The complete phenotypes of these dyads and their expected frequen-
cles are presented in Table 8. Note that in one of these dyads, K216-80, one locus
on each of the nine genetically marked chromosomes showed 1:1 segregation.

In the one spo?3—1 dyad, all markers less than 25 ¢cM from their centromers,
and three additional markers with greater gene-centromere distances, exhibited
1:1 segregation. The frequency with which a dyad of this particular phenotype
was expected to arise by chance (i.e., the product of the 2:0 or 1:1 frequencies
of each marker presented in Table 6, corrected for linked markers) is 1000-fold
less than that observed (expected = 1.4 X 10-5; observed = 1.7 X 10-%). The sim-
plest interpretation is that this dyad resulted from a single meiosis I-like divi-
sion of the genome. The 2:0 segregation patterns of the four other markers (aro7,
lys7, tyr! and his7) located 25 or more cM from their centromers would then be
due to gene-centromere recombination followed by reductional segregation
(Table 4). These results indicate that approximately 29 of the spof3~7 and
4.9 of the spof 2—1 cells undergo a single reductional division.

Two additional spof2-7 dyads were observed in which only two of the four
closest centromere-linked markers exhibited 1:1 segregation (Table 7). The
complete phenotypes and expected frequencies of these dyads are presented in
Table 8 (classes VI and VII). These dyads raise the possibility that during a
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A. MIXED DIVISION B. RANDOM CHROMATID SEGREGATION

- L L’ x*'_ £+
{‘i_ 0 __1!__
(9

C. CHROMATID LOSS D. CHROMOSOME LOSS
). L 1, i
0 o ( {

Ficure 1.—Several aberrant segregational events that could result in 1:1 dyad formation.
(A) Mixed division: One homolog fails to divide and segregates at random to one of the two
poles. (B) Random chromatid segregation: One homolog undergoes a precocious centromere
division, resulting in the random segregation of two chromatids, (C) Chromatid loss: Failure of
one chromatid to pass to either of the two poles. (D) Chromosome loss: Failure of one chromo-
some to segregate. Note that in order to generate a 1:1 dyad, the chromosome that divided
equationally must be recombinant. If the homologs were nonrecombinant, 2:0 or 0:2 monosomic
spore pairs would be formed.

Note that 2:0 dyads, in which one spore is + monosomic, could also be formed via events A,
B and C.

single division, some chromosomes divided equationally and others divided re-
ductionally (see p1scussioN).

Evidence that intergenic recombination is responsible for most 1:1 dyads:
Direct evidence for the occurrence of recombination followed by equational divi-
sion comes from the behavior of markers on the same chromosome. For all pairs
of linked markers in the spof2-7 and spo?3-1 strains (except tyr! and his7,
both of which are not centromere-linked), the centromere proximal markers had
lower 1:1 segregation frequencies than did the distal markers (e.g., leuf = 0.07,
cyh2=0.33, Table 5; leuf =0.22, met13 = 0.44, Table 6). Furthermore,.
changes in coupling, indicative of one or more recombinational events, occurred
between all marker pairs (Table 9). For example, dyad phenotypes B and C.
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TABLE 7

Coincident 1:1 marker segregation in spol2-1 dyads

Dyad phenotype*

Number Percent
Class leut metl4 trpf ura3 observed of total
I 2:0 2:0 2:0 2:0 53 76.8
1I 1:1 2:0 2:0 2:0 2 2.9
I11 2:0 1:1 2:0 2:0 4 58
v 2:0 2:0 1:1 2:0 0 0
v 2:0 2:0 2:0 1:1 5 72
VI 2:0 1:1 2:0 1:1 1 1.5
VII 2:0 2:0 1:1 1:1 1 1.5
VIII 1:1 1:1 1:1 1:1 3 4 4

* The segregation patterns of the four closest centromere-linked markers in 69 K216 dyads are
presented. None of the other possible phenotypes were found. leuf — 3cM, met?4 = 3cM,
trp15 ): 1cM, and ura3 = 7cM from their respective centromeres (MorTIMER and HAWTHORNE
1975).

for the tyr?-his7 pair, which comprise 589 of the total dyads, each require at
least one recombinational event,

If all 1:1 spore pairs resulted from meiotic levels of recombination followed
by equational division (Table 4), their frequency should equal half the second-
division segregation (SDS) frequency of each marker. The SDS frequency meas-
ured in control tetrads is equal to twice the gene-centromere distance for mark-
ers within 33 cM of the centromere and reaches a theoretical maximum of 679,
for more distal {unlinked) markers.

The SDS frequencies measured in control tetrads (MATERIALS AND METHODS )
are presented for comparison with the 1:1 dyad frequencies of spof2-f and
spo13—1 in Tables 5 and 6, respectively. The frequency of 1:1 dyads for markers
less than 15 ¢M from their centromeres was between two and 12 times higher
than half the SDS frequency in the control. With increasing gene-centromere
distance, the 1:1 dyad frequencies approached half the SDS frequencies. Un-
linked markers (> 33 cM) showed an average of 72% SDS in control cross
tetrads and 359 1:1 segregation in spo?2-1 and spo?3-7 dyads. These results
suggest that the level of recombination in both dyad-producing strains is close
to that observed in tetrad-producing strains.

The larger deviation from the expected 1:1 dyad frequency for markers closely
linked to their centromeres than for more distal markers is attributable, in part,
to reductional segregation. For the closely linked centromere markers, both the
observed and the “expected” (based on half the control SDS frequency) num-
bers of 1:1 dyads are relatively small. Thus, a small percent of “reductional
dyads” can account for a large proportion of the total 1:1 dyads. For example,
three of the five spof2-1 dyads in which leuf exhibited 1:1 segregation (Table
7) are reductional (see Table 8). When these reductional dyads are omitted
from the total, the 1:1 frequency becomes equal to half the SDS frequency (2 of
66 = 0.03).
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TABLE 9

599

Evidence for recombination in spol2-1 and spol3-1:segregation of markers on the

same chromosome

Dyad phenotypes

Number of dyads in each phenotypic class for linked markers*

Proximal Distal

marker marker Gene pair: leuimitIB ty:i—ﬁﬂ leui—c-_i;_'hZ Leu_l-a_d‘e6 hi._sf—l_;’y_sl
Phe(ﬁggpic Splo\re Spﬁre Spore Spore lc’;::rlllt:é — s o s -

A +, + + .+ o7 23 42 43 33
(46%) (38%) (61%) (62%) (48%)

B +,+ +,— 19 17 22 21 19
(32%) (28%) (32%) (30%) (28%)

C +, — 4, + 6 18 3 5 14
(10%)  (30%) 4%) (7%)  (20%)

D +, — +, — 4 2 1 0 1
(7%) (3%) (1%) (1%)

E +,— —,+ 3 0 1 0 2
(5%) (1%) (3%)

leut-met13 and fyri-his7 are from K215 (60 total dyads); leuf-cyh2, leul-adeb and hisé-lyst
are from K216 (69 total dyads).

* The meiotic map positions (in cM) are as follows (MorTimer and HawrHORNE 1975):
17 o tyrl his7 VII ade6 cyh2 metl3 IX lyst P hisé

120 48 32 7 3 56 21 290 ~ 14

A small percent of reductional dyads are not expected to affect significantly
the number of 1:1 dyads observed for markers not linked to their centromeres
for two reasons (1) the number of reductional dyads is relatively small com-
pared to the total number of 1:1 dyads, and (2) the centromere-unlinked mark-
ers often exhibited 2:0 segregation in the reductional dyads due to recombina-
tion (see Table 8).

Since a number of aberrant segregational events, as well as gene conversion,
could also generate 1:1 dyads (see Figure 1), a genotypic examination of the
ascosporal clones was undertaken.

2:0 marker segregation reflects two heterozygous genotypes: If 2:0 marker
segregation reflects a single equational division or a reductional division follow-
ing exchange, both spores should be heterozygous (Table 4). Similarly, if 1:1
marker segregation is due to an equational division following exchange, or a re-
ductional division, the spores should be homozygous. These predictions were
tested by analyzing the genotypes of spof2-1 and spof3—1 ascosporal clones.

A total of 20 ascosporal clones from 11 spof2-7 dyads, including five clones
from the three reductional dyads shown in Table 8 (class VIII), and 18 asco-
sporal clones from nine spof3-1 dyads, were examined. In both strains, the
heterozygous mating-type locus (MATa/MATa) segregated to a yield three
phenotypic classes of spores: a mating type (a) « mating type («) and nonmat-
ing (N) sporulation-capable (described below). The genotypes of markers on
chromosomes 17, 111, V, VII and XV in 21 a and « spore clones were analyzed
by crossing to marked diploid testers; the complete genotypes of 17 N clones
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were examined by sporulation and dyad dissection. These procedures are de-
tailed in the MATERIALS AND METHODS section. It was not always possible to make
an unambiguous assignment of genotype to each marker examined in a given
ascosporal clone.

For markers that exhibited 2:0 segregation in the 38 ascosporal clones, a total
of 70 spo12-1 and 56 spof3—7 individual marker genotypes were determined. In
989, of the cases, 2:0 marker segregation indicated that the spore clones were
heterozygous, as expected. The data for two markers are summarized below. The
centromere-linked marker leu? was heterozygous in 13 of 14 spof2-1 and 10 of
10 spo13—1 spore clones. Similarly, all spo72-1 (6 of 6) and spof3-1 (7 of 7)
spore clones were heterozygous for tyr?, located 120 cM from its centromere
(Mortimer and HawraorNE 1975). Two of the 20 spof2-1 ascosporal clones
examined appeared to be aberrant in genotype (i.e., either homozygous or hemi-
zygous wild type) for one or two markers that exhibited 2:0 segregation; they
are being investigated further.

While our methods of analysis would not have distinguished spore clones that
were heterozygous for a particular marker from those that were trisomic (+/
—/—) (see MATERIALS AND METHODS), the presence of a significant number of
trisomic spore clones is unlikely because: (1) no +/0 monosomic spore clones,
the reciprocal products of trisomic spore clones (see Figure 1), were identified,
and (2) in most cases, the genotypes of both members of a dyad could be as-
signed, and both appeared to be heterozygous.

1:1 marker segregation may indicate two homozygous spores or an aberrant
genotype: For markers that exhibited 1:1 segregation, a total of 33 (17 + and
16 —) spo12—1 and 22 (13 + and 9 —) spof3—1 individual marker genotypes
were determined. This sample included 13 genotypes of markers from the
spo12—1 reductional dyads. In all of the spo72-1 dyads examined, 1:1 marker
segregation indicated that the spore clones were homozygous, as expected.

In contrast to these results, four of the nine spof3—1 dyads examined were
aberrant in genotype for one or two markers that exhibited 1:1 segregation. All
of the spore clones that were recessive in phenotype for lew? (4 of 4), meti3
(3 of 3) and tyr1 (2 of 2) proved to be homozygous, as expected. However, ap-
proximately half of the spore clones that were wild type in phenotype for these
markers were found to be aberrant in genotype, either hemizygous or heterozy-
gous: leul (2 or 4), met13 (1 of 3) and tyr? (2 of 3). In addition, all three +
clones were homozygous for ADEZ.

These results demonstrate that 1:1 marker segregation, at least in the spo3-7
dyads, is caused in some proportion of the cases by events other than gene-
centromere recombination followed by an equational division or reductional seg-
regation alone. For example, the chromosome VII genotypes of the two spo?3—1
dyads in which leuf and/or met!3 segregated aberrantly are as follows: (1)
spore A leul /LEU! met13/MET13, spore B leut /leu! met13/met13, and (2)
spore A leul /LEU1 met13/MET13, spore B leuf /leul met13/MET13. The first
dyad could have originated by gene conversion of both LEU{ to leuf and MET13
to met13, and the second by a single conversion of LEUZ to leul. Gene conver-
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sion during sporulation of spo?2-1 and spo?3—! strains has been demonstrated
for several heteroallelic loci, including leu? and met?3, and appears to be ele-
vated (Krapmovrz, unpublished). The former dyad could also have resulted from
loss of one chromosome VII chromatid from spore B, and subsequent restoration
to disomy, since chromosome VII monosomics are generally unstable (BRUENN
and MorTiMeR 1970; Parry and ZimMERMAN 1976), We are further investigat-
ing this finding in spo?2~1 and spof3~1 strains with markers that will allow us
to distinguish between the different possible causes of 1:1 marker segregation.
The next section presents evidence that aberrant segregation of the MAT locus
in spo12-1 and spof3-1 dyads is due largely to abnormal chromosome segrega-
tion.

Aberrant phenotypic segregation is observed for the MAT locus: The mating
type (MAT) locus is located 25 ¢cM from the centromere on chromosome 111
(MortiMeR and HawtnorNE 1975). Because the two alleles, MATa and MAT e,
are co-dominant, this locus has been particularly useful in the phenotypic de-
tection of aberrant chromosome segregation (described below). Strains that con-
tain one or more copies of either MATa (a mating type) or MATa (a mating
type) can be distinguished from one another and from heterozygous MATa/
MATa (nonmating) strains by their unique mating behavior. The segregation
of MAT in the spo?2—1 and spo?3—1 dyads is shown in Table 10.

Consistent with our conclusion that the majority of cells undergo an equa-
tional division, most dyads contained two nonmating (N) spores. The expectation
that these spores were MATa/M AT« in genotype was confirmed by sporulating
and dissecting eight clones from 0:0:2 dyads. The segregation of mating pheno-
types in the dyads produced by these ascosporal clones (Table 11) was similar
to that observed in the dyads produced by the parental MATa/MATa diploids,
K215 and K216 (Table 10).

The second most frequent type of dyad produced by both strains contained one
spore of a mating type and one of « mating type (Table 10). Spore pairs of this
sort were expected to arise primarily from gene-centromere recombination fol-
lowed by an equational division, and thus be MATa/MATa, MATa/MATa in
genotype. The level of 1:1:0 dyads produced by spo12-1 (39%) and spo13—1
(279%) was consistent with this view; 279 MAT-centromere recombination
was observed in control cross tetrads. All crosses involving six pairs of a and «
spore clones from 1:1:0 dyads and MATa/MATa or MATa/MATa diploid
testers exhibited tetrasomic segregation patterns for MAT (see Table 3), indi-
cating that the spo?2—7 and spo?3—1 spore clones were MATa/MATa or MATa/
MAT ain genotype (Table 12).

Two other types of dyads, not expected to occur by either reductional or equa-
tional segregation, were found at a moderately high frequency; 1:0:1 and 0:1:1
dyads constituted 7% of the spof2-7 and 179% of the spof3-1 dyads (Table 10).
There are three genetically distinguishable ways in which such dyads could
have arisen: (1) chromatid loss, (2) aberrant chromatid segregation, and (3)
gene conversion. The genetic consequences of each event are shown in Table 13.
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TABLE 11
MAT genotypes of N spore clones from 0:0:2, 1:0:1 and 0:1:1 dyads

MAT segregation in dyads from sporulation of N spore clones

Mean % Dyad phenotypes (a:a:N)* Total spores
No. spore spore

Strain clones viability 0:0:2 1:1:0 1:0:1 0:1:1 0:0:1 1:0:0 0:1:0 a o N
Dyad type 0:0:2

K215 4 68 16 9 5 5 30 7 4 21 18 69

K216 4 88 58 16 1 2 17 1 2 18 20 136
Percent of total} 66.1 223 54 6.3
Dyad type 1:0:1

K215 3 57 14 1 1 7 13 0 2 2 10 49

K216 1 62 21 1 0 11 29 0 4 1 16 84
Percent of totalt 62.5 36 1.8 321
Dyad type 0:1:1

K215 2 64 13 1 5 1 12 6 0 12 2 44

K216 3 69 32 2 10 1 24 1 1 9 2 60
Percent of totalt 692 4.6 231 3.1

Nonmating ascosporal clomes from 0:0:2, 1:0:1 and 0:1:1 dyads were sporulated and 20 or
more dyads were dissected from each clone.

* There is no apparent correlation between spore death and the phenotype of the surviving
spore.

1 Percent of total K215 and K216 dyads with two viable spores.

TABLE 12
MAT genotypes of a and a spore clones from 1:1:0, 1:0:1 and 0:1:1 dyads

MAT segregation in crosses t0 a/a or a/« testers

Mean % Total spores
No. spore Mating spore  Tetrasomic Trisomic Tri- or — e Inferred
Strain clones type  viability a/a/e/e  a/a/e a/a/o Tetrasomic* a a N genotype
Dyad type 1:1:0
K215 2 a 69 9 0] 0 1 5 4 46 a/a
K216 4 a 63 16 0 0 7 20 20 81 a/a
K215 2 @ 76 8 0 1 6 8 12 40 afa
K216 4 @ 80 20 0 0 9 18 22 81 afa
Dyad type 1:0:1
K215 3 a 63 0 0 12 9 11 50 34 a/o
K216 1 a 83 0 0 6 0 2 14 14 a/o
Dyad type 0:1:1
K215 2 a 74 1 11 0 6 47 16 21 afo
K216 2 a 88 1 12 0 4 31 11 24 efo
1 @ 84 15 0 0 2 11 12 47 afa

The a and « ascorporal colonies were crossed to e/ and a/a diploid testers, respectively, and
10 to 20 four-spored asci from each cross hybrid were dissected (see MATERIALS AND METHODS).
The inferred genotype is based upon the segregation of mating phenotypes in asci with three or
four viable spores and the overall a:a:N spore ratio. The ascal types diagnostic of a/a/a/a tetra-
somic segregation (RomaN, ParLirps and Sanps 1955), and a/a/« and a/a/a trisomic segregation
assuming trivalent pairing (SEAFFER ef al. 1971) are shown in Table 3. The a/a/a/a tetrasomics
are expected to produce a:a:N spores in a 1:1:4 ratio (Roman, Pamrips and Sawps 1955), and
a/a/a and a/a/a trisomics, in approximately 3:1:2 and 1:3:2 ratios, respectively (Haper 1974).

* Nondiagnostic ascus types (see Table 3).
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TABLE 13

Genetic consequences of aberrant chromosome behavior and gene conversion on
MAT segregation during a single sporulation division

Segregation of MAT in dyads

No exchange Single exchange
Segregation or Phenotype Genotypes Phenotype Genotypes
recombination event of dyad* of spores of dyad* of spores
Chromatid loss:
Reductional division 1:1:0 1/2 a/aw 1/2 1:0:1 1/2 aa/a
1/2 a,n/a 1/2 0:1:1 1/2 aa/a
Equational divisicn 1/2 1:0:1 1/2 aa/a 1/4 1:0:1 1/4 aa/a
1/2 0:1:1 1/2 aa/a 1/4 1:1:0 1/4 aa/a
1/2 1:1:0 1/4 a,e/a
1/4 a/ae
Aberrant segregation:
Mixed divisionf 1/2 1:0:1 1/2 aa/a/a same as no exchange
1/2 0:1:1 1/2 a,a/a/a
Random chromatid 1/4 1:0:1 1/4 a,a/e/a 1/4 1:0:1 1/4 aa/e/a
segregation} 1/4 0:1:1 1/4 w,a/a/a 1/4 0:1:1 1/4 aa/a/a
1/2 0:0:2 1/2 a/aa/a 1/4 1:1:0 1/4 a/a,a/a
1/4 0:0:2 1/4 a/aa/a
Gene conversion§: 1/2 1:0:1 1/2 a/aa/a same as no exchanga
1/2 0:1:1 1/2 a/aa/a

* a:a:N spores.

+ One homolog divides equationally; the other segregates as a unit to one of the two poles
{see Figure 1).

1 One homolog divides equationally; the other undergoes precocious centromere division, re-
sulting in the random segregation of two chromatids (Figure 1).

§ Assumes MATa converts to MATa and MAT« converts to MATa with equal frequency.

The evidence presented below demonstrates that these exceptional dyads were
generally the result of aberrant chromatid segregation.

Most a and « clones from 1:0:1 and 0:1:1 dyads are monosomic for the MAT lo-
cus: The a and « spore clones from 1:0:1 or 0:1:1 dyads were expected to be mon-
osomic (a/o or a/0), if the dyads resulted from aberrant chromatid segregation or
loss (Table 13). On the other hand, gene conversion of MATa to MAT« or MAT a
to MATa would be expected to generate MATo/MATa, MATa/MATo and
MATa/MATa, MATa/MAT« diploid spore pairs, respectively (Table 13). To
distinguish between gene conversion and the other two mechanisms, crosses
were made between four a and five « clones from 1:0:1 and 0:1:1 dyads and the
MATa/MATa or MATa/MATa diploid testers. Trisomic mating-type segrega-
tion (see Table 3) was observed in eight of nine crosses, demonstrating that the
spore clones were monosomic for the MAT locus (Table 12). This result elimi-
nated gene conversion as the primary explanation for the 1:0:1 and 0:1:1 dyads.

Tetrasomic mating-type segregation was observed in one cross, indicating that
the spore clone K216-45A contained two copies of MATa (Table 12). Genotypic
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analysis of its sister (IN) spore (described in the next section) suggested that
K216-45A was originally monosomic for chromosome 7II and became disomic
during growth.

N clones from 1:0:1 and 0:1:1 dyads are generally trisomic for MAT: The
N clones from 1:0:1 and 0:1:1 dyads were expected to be heterozygous MATa/
MAT« if dyads of this phenotype result from chromatid loss (Table 13). If
aberrant chromatid segregation were responsible for generating the exceptional
dyads, the N clones should be trisomic for MAT (Table 13). In the former case,
the frequency of each type of dyad produced by these N clones should be the
same as those produced by N clones from 0:0:2 dyads.

The expected genetic consequences of disomy or trisomy for MAT in strains
that undergo a single meiotic division are presented in Table 14. While the phe-
notypic outcome of an equational division without recombination is the same
for spore clones of either ploidy, all other segregational events have different
consequences. In MATa/MATa/MATa or MATa/MATa/MATa trisomics, it
is expected that a large proportion of the 1:1:0: dyads that are formed by MATa/
MATa diploids will be replaced by 1:0:1 or 0:1:1 dyads, respectively. Further-
more, 0:1:1 dyads are expected to be produced by a MATa/MATa/MATa clone
only if aberrant segregation occurs; likewise for 1:0:1 dyads from a MATa/
MATa/MATa clone (data not shown). However, in MATa/MAT « clones, aber-

TABLE 14

Dyad types expected from sporulation of N diploid and trisomic spore clones

No exchange Single exchange

Chromosome Spore clone Phenotype Genotypes Phenotype Genotypes
segregation genotype of dyadt of spores of dyadt of spores
Equational a/a 0:0:2 a/ea/a 1/2 1:1:0 1/2 a/aa/a
1/2 0:0:2 1/2 a/aa/a

a/a/a 0:0:2 a/a/aa/a/a 1/3 1:0:1  1/3 a/a/aa/a/a

2/3 0:0:2 2/3 a/a/aa/a/a

a/a/a 0:0:2 a/a/aa/a/a 1/3 0:1:1  1/3 a/a/ca/a/a

2/3 0:0:2 2/3 a/a/aca/a/e
Reductional a/a 1:1:0 a/an/a 0:0:2 a/a.a/a

a/a/a 1/3 1:1:0 1/3 a/a/a/aa/a 1/9 1:1:0 1/9 a/a/a/aa/a
2/3 1:0:1  2/3 a/a,a/a/e/a 4/9 1:0:1  4/9 a/aa/a/a/a
4/9 0:0:2 4/9 a/a,a/a/a/a

a/a/e 1/3 1:1:0 1/3 a/a,e/a/o/a 1/9 1:1:0 1/9 a/aa/a/e/a
2/3 0:1:1 2/3 a/aa/a/a/a 4/9 1:0:1  4/9 a/aa/a/a/a
4/9 0:0:2 4/9 a/aa/a/a/a

* The following assumptions were made in calculating the dyads expected from the trisomic
strains: (1) a single exchange event is equally likely between any two of the three homologs,
and (2) trivalent pairing occurs with random 2 from 1 disjunction. The relevant phenotypic
consequences of aberrant segregation are discussed in the REsULTS.

+ a:a:N spores.
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rant segregational events are expected to generate both exceptional dyad types
in equal frequency (Table 13).

As is shown in Table 11, the summed frequencies of the different dyad classes
generated by sporulation of N clones derived from 0:0:2, 1:0:1 and 0:1:1 dyads
are very different. The data suggest that at least some of the N clones from
1:0:1 and 0:1:1 dyads are MATa/MATa/MATa and MATa/MATa/MATa
trisomics, respectively. For example, two clones that closely fit the expectations
for MATa/MATa/MAT« trisomy and MATa/MATa/MATe trisomy, respec-
tively, are K216-47B and K216-54A. While the N clones from K216 0:0:2 dyads
generated an average of 20.79% 1:1:0: dyads from a sample of 77 dyads with two
viable spores, 47B produced only 3.0% (33 total) and 54A only 4.29%, (24 total)
1:1:0 dyads. Trisomic strains are expected to produce very few 1:1:0 dyads be-
cause such dyads result only from reductional segregation (1/3 of the no-
exchange plus 1/9 of the single-exchange products, Table 14) and aberrant seg-
regation. The N clones from K216 0:0:2 dyads produced an average of 1.3%
1:0:1 and 2.79% 0:1:1 dyads. In contrast, 47B produced no 1:0:1 and 33.3%
0:1:1 and 544, 29.19 1:0:1 and no 0:1:1 dyads. The relatively large percentage
of only one type of exceptional dyad is indicative of trisomy (Table 14). Thus,
aberrant chromatid segregation, with no loss of genetic material, appears to be
the mechanism responsible for generating exceptional dyads. Two types of events
that could result in a three-from-one chromatid distribution, “mixed’ division
and precocious centromere division followed by random chromatid segregation
(Figure 1, Table 13), are considered in pIscussioN.

DISCUSSION

Yeast strains homozygous for either of the recessive alleles, spo72-7 or
spo13-1, produce almost exclusively two-spored asci (dyads) during sporulation
(KrapaoLz and Esposrro 1980). Genetic analysis of chromosome segregation
and recombination in each diploid strain has demonstrated the following: (1)
the spores contain diploid or near-diploid genomes, (2) approximately 959 of
the dyads result from a single equational division, (3) a few percent of the dyads
result from a single reductional division, (4) recombination takes place at or
close to standard meiotic levels and (5) aberrant segregation of chromosome 117
occurs in approximately 129 of dyads.

Chromosome segregation is regulated at both the cellular and the individual
chromosomal level: Although only one division takes place during sporulation of
spo12—1 and spo13-1, the mode of chromosome segregation is not fixed, i.e., the
division is generally equational, but it may be reductional. A similar phenotype
has been reported in another mutant that sometimes undergoes a single division
during meiosis, the elongate (el) mutant of maize (Nev 1975). The segregation
of centromere markers indicates that most of the unreduced meiotic products
result from a single reductional division (Rmoapes and DEmpsey 1966; NEL
1975). However, NeL (1975) observed that approximately 209% of the diploid
eggs result from a single division in which at least one chromosome divided
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equationally. The presence of only one marked chromosome in NEL’s study pre-
vented the author from determining whether the “decision” to divide equa-
tionally was made at the level of the cell or the individual chromosome.

In some instances, segregational behavior does appear to be regulated at the
level of the individual chromosome. A number of mutants that exhibit chromo-
some-specific effects on loss or nondisjunction during meiosis have been reported
in Drosophila (see Baxkr and Harw 1976, for review). In yeast, HaBer (1974)
and Liras ef al. (1978) described a recessive mutation, chl, that causes non-
random mitotic chromosome loss. In our study of chromosome segregation in
spo12—1 and spo?3—1 diploids, coincident 1:1 phenotypic segregation for some,
but not all, centromere-linked markers was observed at frequencies too high to
be explained by meiotic levels of recombination (e.g., see Table 8). These dyads
can be explained as the result of a single meiotic division in which some chromo-
somes segregated equationally, others reductionally. Alternatively, the level of
recombination in these cells may be greatly elevated in near-centromere regions,
as has been observed in meiotic mutants of Drosophila and other organisms
(BAKER et al. 1976).

More convincing evidence that chromosome segregation may be partially reg-
ulated at the level of the individual chromosome comes from the analysis of
MAT segregation in spof2-1 and spo13-1 dyads. Abberrant segregation of the
MAT locus on chromosome 111, independent of whether the majority of chromo-
somes divided equationally or reductionally, occurred frequently in both strains
(Table 10). The finding that most of the exceptional dyads (1:0:1 and 0:1:1)
contained one spore that was monosomic and one that was trisomic for MAT
(Tables 11 and 12) suggested that a three-from-one chromatid distribution of
chromosome 771 had taken place. The segregation of both MAT and leu2, located
on the opposite side of the centromere from MAT, in other spo!2-1 and spof3-1
strains supports this conclusion (Krarmorz, unpublished). This type of aberrant
chromosome distribution could result from (1) a “mixed” division in which one
univalent does not divide and segregates at random to one of the two poles, while
its homolog equationally, or (2) a precocious centromere division followed by
random chromatid segregation (Figure 1; Table 13). Both types of abnormal
chromosome behavior have been described in a number of meiotic mutants. The
occurrence of an equational division of some univalents and random segregation
of others has been reported in asynaptic and desynaptic plant mutants (Prax-
KEN 1943; Soost 1951 ; STRINGHAM 1970). Precocious centromere division, often
resulting in random segregation of chromatids at anaphase II without further
division, has been observed in several meiotic mutants in plants (CLAYBERG
1959; Lanvm 1944; Jornsson 1944) and Drosophila (Davis 1971; Masow 1976).

Is aberrant segregation limited to specific chromosomes? The amount of aber-
rant segregation that other chromosomes undergo was difficult to assess in the
present study. This is, in part, because the products of aberrant segregation of
chromosomes marked with heterozygous recessive markers are not phenotypi-
cally unique as they are for MAT (see Figure 1). Genotypic analysis of 38
ascosporal clones revealed that 98% of the markers that exhibited 2:0 segrega-
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tion were heterozygous, as expected. However, approximately one-third of the
markers in spo73—1 that exhibited 1:1 segregation were aberrant in genotype,
i.e., heterozygous or hemizygous in the + spore. Thus, while gene conversion or
aberrant segregational events appear to be responsible for some of the 1:1 dyads
‘(at least for spo?3—-1), it is not possible from these data to estimate the extent of
their contribution to the total 1:1 dyad types for each marker and obtain a cor-
rected measure of gene-centromere recombination and aberrant segregation.

The excess in 1:1 dyad types over that expected from recombination plus re-
ductional division varies for different centromere-linked markers (e.g., compare
trpl and leui, Table 6). This suggests that the frequency of autonomous aber-
rant or reductional segregation events may be chromosome specific. An interest-
ing question is whether the level or distribution of recombination events on a
particular chromosome influences its segregational behavior during the single
division of sporulation. Chromosomal variations in recombination behavior
might be due to size differences or to constraints imposed by the gene functions
located on the chromosome. However, it is important also to consider that the
recovery of aberrant segregation products could depend upon the ability of the
yeast cell to tolerate aneuploidy for each chromosome (BRUENN and MORTIMER
1971; Perry and Cox 1970).

Hypotheses for the occurrence of an equational division during sporulation:
There are at least three hypotheses that can explain the occurrence of a single
equational division during sporulation in the majority of spo/2—1 and spol3-1
cells: (1) replacement of meiosis I and II with a mitotic division, (2) an equa-
tional centromere division during meiosis I and subsequent failure of meiosis II,
and (3) failure of meiosis I chromosome segregation followed by meiosis II.

Does muitosis replace meiosis I and meiosis II in spol2-1 and spol3-1 strains?
Mutants that may be defective in the regulation of “meiotic versus mitotic”
functions have been previously described (BAKER ef al. 1976; GoLUBOVSKAYA
1979). For example, in the ameiotic (am) mutant of maize, a single division that
cytologically resembles mitosis in most respects, including the absence of pairing
and genetic exchange, replaces both meiotic divisions (Parmer 1971). Two lines
of evidence from our study argue against the view that spof2-7 and spo?3-1
undergo an “ameiotic” meiosis. The first is the occurrence of high levels of re-
combination during sporulation of spof2-71 and spo?3-1, indicating that the
strains enter meiosis and complete a landmark event of meiotic prophase. Second,
the presence of dyads in which a single reductional division takes place indicates
that normal events of meiosis I are executed in a fraction of the population.

Does an equational centromere division replace a reductional division during
meiosis I, causing failure of meiosis II? The premise of the second hypothesis is
that failure of the meiosis IT division occurs because chromosomes or unpaired
and therefore divide equationally at meiosis I. Some mutations that affect chro-
mosome pairing have been shown to result in the complete failure of one of the
two meiotic divisions (JomnssoN 1944; Levan 1940; StrineEaM 1970). For
example, cytological studies of the asynaptic as and as3 mutants of the plant
Brassica campestris revealed that the unpaired univalents divide equationally at
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anaphase I (STrineEAM 1970). The chromatids fail to segregate at meiosis II,
resulting in the formation of diploid or near-diploid products.

While spof2-1 and spof3-1 are clearly not asynaptic, since meiotic levels of
recombination are observed, they could be defective in maintenance of synapsis
after recombination is complete, However, the finding that a small percentage
of the dyads undergo a single reductional division makes this hypothesis less
tenable. If spof2-1 and spo?3-1 were leaky alleles and the strains occasionally
underwent a reductional meiosis I division, a normal meiosis II should follow,
resulting in the production of four haploid spores.

Do spo12-1 or spol3-1 initiate but fail to complete meiosis I and then proceed
to meiosis I1? Only a few mutants have been described that fail to complete the
meiosis I division and then proceed to meiosis IT (Levan 1940; Smita 1939).
Mutants of this type may be defective in “signals” regulating the start of meiosis
I and/or meiosis II or in an essential component of the meiosis I division ap-
paratus. There are several ways whereby an interruption of meiosis I after com-
pletion of recombination could be followed by a meiosis II division: (1) a defec-
tive “signal” for movement (congression) of the paired homologs to the meiosis
I metaphase plate or for reductional chromosome separation, resulting in a
failure of these events and a normal progression to meiosis I, (2) a defective
meiosis I spindle apparatus or centromere-spindle attachment site on the paired
chromosomes, and (3) a precocious “signal” for the initiation of meiosis II that
interrupts and terminates meiosis I. Potentially, the genetic consequences of
each would be similar. Desynapsis of the paired homologs would occur, resulting
in the presence of univalents at the time of the meiosis IT equational division.

This general hypothesis, unlike the previous ones, offers an explanation for
the occurrence of some dyads that undergo a single reductional division. If, in a
small proportion of the cells, homologs remained paired at the time of congres-
sion to the meiosis IT metaphase plate, a reductional division might ensue. The
presence of paired chromosomes at the time of the meiosis II division could be
due to variation in the timing of desynapsis relative to the signal to divide, as a
consequence of the disruption of the normal sequence of events of meiosis by
spo12—1 or spo13-1. Similarly, aberrant or reductional segregation of some, but
not all, chromosomes might reflect asynchrony in the timing of desynapsis of
each chromosome.

Cytological evidence in support of the view that cells initiate aspects of meiosis
I and then enter and complete meiosis IT comes from electron microscope studies
of ATCC4117 (Mogns 1974; MoENs et al. 1977), the strain from which spo?2-1
and spof3-1 were isolated (GrReEwAL and MiLLEr 1972; KLaPHOLZ and EsposiTo
1980). Morwns (1974) and MogNs et al. (1977) observed that during sporula-
tion of ATCC4117, synaptonemal complexes are present and a meiosis I-like or
mitotic spindle is replaced by a more developed spindle with characteristically
“modified” meiosis IT spindle pole bodies (MoEns and RapporT 1971; PETERSON,
Gray and Ris 1972). Cytological studies of spo?2—f and spof3-1 are in progress
to determine if each behaves like ATCC4117.
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In summary, two major conclusions about the interrelationships among land-
mark events of meiosis in yeast can be drawn from our genetic studies of re-
combination and segregation in spof2-1 and spof3-1 dipliods. (1) Equational
centromere division during meiosis does not depend upon prior reductional
chromosome segregation. (2) Meiotic levels of recombination are not obligatorily
associated with reductional division. Equational division of homologs following
meiotic levels of exchange has been previously observed in tetrad-producing
strains returned from sporulation medium to vegetative growth (EsposiTo and
Esposito 1974). The behavior of spof2-1 and spo?3—1 raises the intriguing pos-
sibility that sporulating cells may ‘“‘return to vegetative growth” via meiosis II.

We thank M. Esposito, R. FagreLL, R. MavLonNg, T. PeTEs, A. Ravin, L. SANDLER, P. SzZAUTER
and J. WacsTarr for helpful suggestions on the manuscript, and R. MaronE for insightful dis-
cussions on the possible roles of spo72-1 and spof3—1 in sporulation. The technical assistance of
S. Hasg1n is greatly appreciated.
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