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ABSTRACT

Effects of nutritional alteratiecms {carbon source, zinc) on
, . T

nuclear division and protein synthesis during apomictic and meiotic

differentiation in Saccharomvces cerevisiae strain 19el were .

investigated. The 'approach taken has led to identification of:

physiological prerequisites for both developmental routes, landmark

. - -
cytological and molecular events controlling the manner of nuclear

.

division and spore production, other edvironmental modifications

suppressing apomixis, and the period of sporulation during which a

decision is made concerning the manner of differentiation.

Unlike cells cultured under meiosis-promoting conditions, cells
] - .
cultured under apomixis-promoting conditions exhibited extemsive protein

synthesis during the first 3 h of sporulation. Cycloheximide treatment

of -the latter cells induced meiosis and maximum yields of meiotic-asci

resulted when the treatment was given for the first 3 h in sporulation

medium.- Temperature shock tredtments administered durjing early hours

[T}

under sporulation-inducing conditions also increased the frequency of

meiosis. Thus fhe data indicate that the decision concerning which

developmental route, apomictic or meiotic, a given cell will follow is
. . e A

made shortly after transfer of cells to sporulation medium. .

N

Electrophoretic analyéis of labeled proteins synthesized during

dporulation revealed bands unique to both developmental routes.

» .

1l

A novel microcytochemical staining procedure was developed to

L 3

determine sites of zip¢ accumulation in vegetative and sporulating
/\
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yeast. The procedure was used to monitor intracellular distribution of
zine during_spogulation'in an ;;fort to integrate cytological with
molecular data. The micronutfilite traanslocated from vacuolar to
nuclear compartments during the early critical period of sporulation.
Possible roles of zinc were considered and several hypotheses were
offered to explain the restoration of meiosis in apomictic mutants by

environmental manipulation.
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INTRODUCTION

Life Cycle of Saccharomyces cerevisiae

With genmetical and cytological evidence, Winge (1935) and Winge

and Laustsen (1937, 1939) demonstrated the alternation of haploid and

diploid generations in Saccharomyces yeasts. When the four spores from

a single ascus were isolated and cultivated, genetic segregation for
morphological characters was evident. It was concluded that segregation.,
by reductional nuclear inisien preceded ascospore formation and that
the cells of Cultdres derived from siﬁgle spores' were haploid.
Furthermore, during or shortly after ascospore gerﬁination
diploidization coul? o;cur through conjugation between.haploid cells
féllowed by nuclear fusion. Like haploid cells, diploid cells so formed
could multiply asexually by budding. Lindegren and co-workers (1949)

confirmed these observations and in addition, established the existence

of a mating system in Saccharomyces cerevisiae. When the four spores

from a single ascus were cultivated, four non-sporogeunic hagloid
colonies‘developed, two of which were of one mating type (designated a)
and the other two were of opposite mating type (designated o). Tﬁe
existence of such a mating system w%s indicated By the cousistent
observation that haploid cells of one mating type could fuse only with
haploid cells of the other mating type, Diploid cells remained diploid
under conditions favou;:ing vegetative growth, but when transferred to a
medium favouring sporulation, they differentiated ipnto asci containing
~

four haploid ascospores, two of which were a and two of 4 mating type.

P
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The life cycle of a typical diploid strain of Saccharomyces

cerevisiae is_given in Figure 1.
The ability to unﬁergo the two successive meiotic anuclear

divisions and form uninucleate haploid spores per ascus requires the

presence of both a and @ mating tyﬁe alleles (Roman and Sands, 1953).

~qéing an a/a haploid disomic strain of S. cerevisiae, Roth and Fogel
‘ (1971) reported that cells—require ﬁhé simultaneous presence of Bothlg
and « alleles for premeiotic DNA syﬁthesié. Although haploid strains of
either a or u mating type and diploia strains homozygous Qé{g or ufu)
for the mating typgralleles dre capable Qf vegetative reproduction by
mitotic nuclear division apd budding, they do aot undergo premeiotic DNA
synthesis when transferred to” a medium favouring sporulation and
consequeﬁtli recombination, nuclear division by meiosis and ascospore
formation do not occur (Roth and Lusnak, i970). Diplbid straips
heterozygous (a/) for the mating type alleles are competent to undergo
premeiotic DNA syntbesis, recombination, the two successive meiotic
nucléar divisions and ascospore formation. Thus heterozygosity for the
mating type alleles is a necessary prerequisite.for meiosis and

sporulation in S. cerevisiae.

Nutritional Requirements for the Phases of the Life Cycle of

Saccharomyces

The alternation of haploid and diploid phases ia the life cycle

of Saccharomyces yeasts is dependent upen the\nutritional.conditiops to
which cells are exposed. De Séynes (1868), who was the first to observe

endospore formation in yeast, noted that it occurred when the growth



Figure.l:

Life cycle of Saccharomyces showing alternation of haploid

with diploid generations (after Grewal, 1972).

Budding of a vegetative cell with mitotic division of the
diploid nucleus.

Four haploid nuclei resulting from meiotic division of the
dipleid nucleus.

Four hapleid spores in an ascus, two of which are a mating
type and two G mating type.

Ascus after a few hours in germination medium; spores swell
and the ascus wall degenerates (- - - - = ).

Plasmogamy and karyogamy between spores of opposite mating
type.

Mitotic division of diploid nucleus and production of first
bud. ’
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medium became depleted of nutrients. Subsequently others found that

nutritional deprivation caused Saccharomyces cells to cease growth and .
differentiate into asci‘con:aining refractile spof;g (e.g. Engel, 1872;
Stantial, 1935). 1Ia a recent study, Freese EE.él- (1982) demonstrated
that partial deprivation of carbon, nitrogen or phosphate sources in the
presence of all other nutrients necessary for vegetative reproductioﬁ

¢an iniriate sporulation of S. cerevisiae in growth medium. Generally

for maximal yields of asci, sporulation-competent cells of Sarcharomyces

should be nourished in a nutrient rich growth medium consisting of
sources of nitrogen, carbon, vitamins and inorganic salts, and then

-

allowed to respire in a nitrogen—free sporulation medium containing a

.

suitable carbon source such as acetate (Miller and Hof fmann-Ostenhof,

- 1
1964). In S. cerevisiae ascus production in acetate sporulation medium
has been optimized by using glucose-grown cells harvested from early®"

stationary phase during the shift from fermentationm to respiratory

metabolism (Croes, 1967a,b) or respiratory—competent, acetate-grown

.

cells hafvested-during the expduential phase of growth (Roth and
Halvorsom, 1969). In the former procedure maximum yields of asci are
observed betweén 36 - 48 hours in spﬁrulation medium whereas in the
latter procedure final yields are attained by 24 hours. It is not an
absolute requirement that vegetative cells be traasferred from such
growth media to a sporulation'medium in order for them to differentiate
into asci. As noted above, yeast cells caqrsporulate when'putrients
become depleted from the growth medium and depending on the strain and
culture conditions, moderate yields of asci can be obtaipned from

vegetative cultures in the stationary phase. This is particularly so if



-
- | _
glycerol or acetate is supplied as the carbon source for vegetative

growth (Dawes, 1975; Fast, 1978). If asci are returned to nutrient rich

conditions, the ascus wall degenerates and each of the ascospores swells

and germinates. During germination diploidization usually occurs in the

-~

ascus through fusions between adjacent spdres of opposite mating type.

-

Protein Synthesis during Yeast Sporulation ,

In S. cerevisiae ﬁrotein synthesis is essential for\ggsfulation
(Sando, 1960; Croes, 1967a; Esposito et al., 1969; Magee and Hopper,
1974). For example, Magee and Hopper (1974) dem;;strated an
irreversible iphibition of ascué\formation when the inhibitor.of
cytoplasmic protein synt%esis, cyéloheximide, was administered on
transfer of cells from presporulation growth medium to sgorulation
medium. Addition of this antibiotic at any time during sporulation ﬁid
not affect protein breakdown but did inhibit all other key events
associated with sporulation - premeiotic DNA synthesis, recombination,
nuclear division, RNA degradation, glycogen synthesis and breakdown,
ascus formation and to some extent RNA synthesfs.

Mitochondrial protein synthesis may also be requiréﬁ for
sporulation since sporogenic diploid strains of S. cerevisiae cannot
sporulate in the presence of erythromycin (Puglisi and Zennaro, 1971;
Marmiroli et al., 1981b), an antibiotic which inmhibits mitochondrial but
not cytoplasmic protein synthesis (Clark-Walker and Linnane; 1966; Lamb
et al., 1968). 1Inhibition of mitochondrial protein synthesis by

erythromycin causes cells to arrest in prophase of meiosis I at some

point between intragenic and intergenic recombination, and consequentl
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the two supeessive meiotic nuclear divisions and ascospore formation do

not oceur (Marmiroli et al., 1983). Ethidium bromide, a drug which
inactivates mitochondrial DNA (Goldring.EE_gl., 1970; Perlmann and

Mahler, 1971) and inhibits mitochondrial transcription and comsequently

¥

mitochoﬁdrial_protqin synthesis (Fukuhara and Kujéwa,ll970) greatly

reduces ascus formation when administered during the first 4 hours of
sporulation (Newlon and Hall, 1978), which for glucose-grown cells
corresponds to the period duringwhich cells complete, regpiratory

= )

adaptation (Marmiroli et al., 1981b).

“-—'——-..,__

As in other developmental systems (e.g. Schultz and Wasserman,

1977), sporulating yeast cells would be éxpected to synthesize proteins.
required for differentiation from the vegetative to the sporulated

state. Morphogenetic events in sporulating cells which are essentially ~
o

absent from vegetative cells include formation of synaptonemal

complexes, meiotic spindle plaques and ascospore walls (Moens and
Rapport, 197la,b; Zickler and Olson,rl975; Horesh et al., 1979)., As
3 == a

noted above certain physiological and biochemical processes associated

L]
with meiosis and ascospore formation are dependent on protein synthesis.

The occurrence of such morphogenetic, physiological and-biochemical
events implies synthesis of sporulation-specific proteins. Moreover the

existence of temperature-sensitive mutants that are capable of

vegetative reproduction but nét of sporulation at their restrictive

-

temperatures (Esposito and Esposito, 1969) suggests also that
‘ .
sporulation-specific proteins exist and in S. cerevisiae at least 50

loci have been identified which code for indispensable sporulation-

specific functions (Esposito et al., 1972). However several studies
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7
(Hoppe}:gg_gk., 1974; Petersen et al., 1979; Trew et al., 1979) using

polyacrylamide gel electrophoresis and comparison of autoradiograms of
[ *53]methionine-labelled proteins extracted from sporogenic (ala
diploid) and non-sporogenic (a° or ¢ haploid) strains have met with

little success in the demonstration of meiosis-specific proteins.

" Although the pattern of proteins synthesized by sporulating (a/a) cells

differed from vegetative (a/a) cells, the iévestigators were unable tﬁ
conclude whether proteins present in ghe former and absent from the
latter were meiosis-specific, since the same differences between
vegetative and sporulation cultures wefe detec;ed for meiosis—incapabie,
non-sporogenic diploid (a/a; u/uw) and haploid (a or a) strains, In .
-addition, qualitative changes in proteins synthesized during the course
of spofula:ion in a/u strains were also detected in the non-sporogenic
strains. Similar results were described by Friedmann and Egel (1978) .

s

with thejfission yeast Schizosaccharomyces pombe. In a recent search

for meiosis-specific proteins in Saccharomyces cerevisiae, Wright et al.

(198;) identified qualitative protein changes unique to a/u diploids
which were not evident in non-sporogenic a/a diploids. Instead of
pulée;labelling cells with [3SS]—methionine, they prelabelled proteins
synthesized duFi?g vegeta;ive growth by supplying [3°S]-sulfate in

presporulation medium and then extracted proteins for electrophoretic

_analysis at intervals during a peribd of 24 hours . in unlabelled

L] - -

sporulation medium, In this way 21 sporulation-specific proteins unique

to a/u cells;were detected, some of_which were due to the appearance of
new polypeptides. They also provided evidence indicating the

possibility that.modifications to proteins synthesized during vegetative
g :

[k



growth may pliy an important role in the control of meiosis and
sporulation.

Although electrophoretic studies prior to those of Wright ec al.
(1981) did not convincingly "demonstrate induction of meiocsis-specific
proteins in S. cerevisiae, sporulation-specific increases im the
activities.of‘certain proteins have been reported and these are as

follows: proteinase A (Chen and Miller, 1968; Klar and Halvorson, 1975;

Betz and Weiser, 13976), proteinase B (Klar and Halvorson, 1975; Betz and

Weiser, 1976), proteinase G (Klfr and Halvorson, 1975) and ribonuclease
(Tsuboi, 1976). Colonna and Magee (1978) detected an increase in u-
glucosidase activity in developing asci after completion of.the meiotic
nuclear divisions. This particular glycogenolytic enzyme actiyity was
L b '

present in only trace amounts in non-sporogenic strains cultured under
sporulation-inducing conditions and absent in vegetative cells, fhus
suggésting the enzyte to be sporulation-spe;ifi;. In a recent study
with temperature-sen31t1ve sporulation-deficient mutants, ClanCy et al

e

(r982) reported that the appearance of increased u—gluCOSLdase activicy

in sporulating Qg(g) cells is developmentally regulated since it

depended on the occurreace of premeiotic DNA synthesis and on some

‘recombination events. However it did, not require completion of the two

successive meiotic nuclear divisions.

Factors Influenc1qg_the Number of Spores_per Ascus

As noted earlier, vegetative cells of sporulatxon competent

Saccharomyces can differentiate into tetranucleate asci, the nuclei of’

which constitute the haploid products of meiosis. But not each of the



.

haploid nuclei necessarily bécomeg'enclosed within a spore wall. A
maximum of four uninucleate spores per ascus can be gxéec:ed but asei‘*‘;
containing one, two or three uninucleate spores are often found. The
cytological observations of Nagel (1946) and Pomtefract and Miller
(1962) demonstrated completiom of two successive nuclear divisions in
developing asci prior to the appearance of refractile ascospores.

L 3
Mature asci with fewer than four spores contained unenclosed nuclei in
the epiplasm between the spores and ascus walls.

.

' b
Nutritienal conditions may have a marked effect on the number of

spores per ascus., Lindegren and Lindegren (1944) found that a

sporulation medium prepared from potato favoured two-spored.ascus
’ £
" o

formation, whereas on beet medium most asci were four—sgpored. Miller'
{1957) surveyed the effects of varioQS carbon sources suppliéd in *
sporulation medium and reported that with acetate or pyruvate there were
more spores per ascus than with glucose, fructose, mannose, galactose
and dihydroxyacetone,” Addition of assimilable-nitrogen cpmpounds to
sporulation media may also influggce.the number of spores per ascus,
Miller (19635 showed that sdﬁe nitrogen sources (casein hydrolysate,
glutamie acid{ ammonium sulfate) deéﬁeased the ave{age mumber of spores
forméd per ascus Qhen supplied in an acetate sporulation medium, whereas
others (valihe, tyrosine, isoléﬁcine, reduced glutathione) increased it,
Fowell k1967) varied the cell density of S. cerevisiae in sporulation
wedium and observed a«narrowloptimum cell density range for maximum
four-spored ascus formation. He also noted Lhat the pH of the v
sporulation ﬁediuﬁ influenced four-spored ascus production: strains

displayed eithexr broad or narrow pH optima for maximum yields of four-
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.spored-asci., Some of Fowell's strains produced no‘fo@p—spored‘asc{ on
sodium p ruvate agar medium but the further addition of potasgium
chloridp made four-spored ascus development possible. With other
strains‘which produced some four—-spored asci on sodium p?ruvate‘slan;s,
o
‘Ehe potassium c%loride addition inég;;Bed yieids of such asci further.
The composition of the sp&rulation medium may also induce some

strains of S. cerevisiae to form more than four spores per ascus. Santa

Maria (1959) obtained 7 isolates that produced up to eight spores per

ascus in a sporulation medium devised by Kleyn (1954) containing
\

glucose, sodium acetate, sodium chloride and tryptose, butf in

sporulation medium with acetate alone the maximum was four per ascus.

Patel and Miller (1972) observed a small proportion of asci with more

than four spores in an acetate sporulation medium containing glycerol,

Ashraf and Miller (1977) reported induction of ;sci’cbutaining five or

more spores by the herbicide amitrole,
The composition of the presporulation mediuh in which cells are

- grown can affect their ability to form four-spored asci after transfer

to sporulation medium. Tremaine and Miller (lQSﬁ) reported an increase’

in yields of four-spored asci in acetate sporulation medium when an

isolate of baker's yeast was grown in a defined presporulatéon medium

[}

s&pp;emented with the Yitamin inositol. Fowell and Moorse (1960) showed
that increasing the glucose concentration in Lodder-Rij's presporulation
medium increased the proportion of foﬁr-spéred ascli formed after
transfer to,acetatg agar and that aeration of‘preéporulafion cultures

gave a marked increase in yields of four-spored asci as compared with

cells grown anaerobically. Halbach-Keup and Ehrenberg (1971) reported

P
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that Saccharomyces cells transferred to sporulation medium during the

transitory ph;se between fermentative and respiratory stages of the .
growth curve gave Qighest yields of four-spored asci.

It is possible to determine the number of buds a yeast cell has
produced, and hence its age, by fluorescence.stéining of bud scars with
calecofluor. Sando and Saite (1970) found that older cells'whidﬁJhad
completed a budding cycle produced three- and four-spored asci, whereas
freshly fofmed cells which_had_not yet produced daughter cells
aifferentiate§ into two-spored asci or did not sporulate at all. Haber
and Halvorson (1972) noted increased levels of two-spored asci in small

, . .

cells 6r buds that in general have a lower capaci& to sporulate than

: 2
larger mother cells., However even bu@s similar in volume to their
mother cells sporulated much less frequently and with feﬁer_spores per
ascus.

It is well known that the extent of four-spored ascus proéuction
in any sporulation medium varies from stEain to’straig\in S§. cerevisiae

(Rirsop, 1956). Furthermore, within a strain, single cell isolates may

show differences in yields of four-spored asci in sporulation medium

 (Fowell and Moorse, 1960).

.y L . . .

” Under certain circumstances 8. cerevisiae can be induced to
differentiate into asci containing predominantly two spores. Kleyn
(1954) added various.nitrogen compounds to a dilute complex sporulation

medium and noted that with aspartic acid 99% of the asci formed were

sro-spored. When yeast cells sporulate in distilled water or buffer in

the absence.of a carbon sdurJ::ﬁzéw ascil develop and these are mostly

two-spored (Miller énd1Haipern, 1956, Miller} 1957; Vezinhet, 1969).

i
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Srivastava et al. (1981). interrupted the meiotic process by tramsferring

- .
cells to water after a brief exposure to acetate sporulation medium and

obtained almost exclusively two-spored asci. Kuenzi et al. (1974) found

that cells that had their mitochondrial genome destroyed by ethidium

bromide during the last onme or two doublings in acetate presporulation

medium sporulated when transferred to sporuliation medium but that most
of the asci were two-spored, Sporulation culture at 36° followed by a

. . s .
downshift to 23° induces formation of two-spored asci at elevated levels

(Davidow et al., 1980}, Esposito et al. (1974) observed exclusive

formation of two-spored-asci at a semi-permissive temperature in spo3, a
Lal

sporulation mutant, "

As mentioned above, Nagel (1946) and Pontefract and Miller ,
. £
(1962) demomstrated that incomplete asci, i.e, thdse with less than four

spores, have non-enclosed nuclei visible in the epiplasm. This

cytological evidence suggests that since four nuclei were formed, the

two successigf meiotic nuclear divisions preceded spore formation and

that the nuclei in all the ascospores were haploid. This has been

confirmed by DNA determinations (Kuenzi et al., 1974) and by genetic

" analyses (Bevan,\l953; Magni, 1958; Takahasﬁi, 1962; Takahashi and

Akamatsu, 1963; Esposito et al., 1974; Davidow et al., 1980; Srivastava
et al., 1981l). However it does not follow that twd successive meiotic
nuclear divisions precede formation of asci containing less than four

spores in all strains of S. cerevisiae.
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Unusual Strains of Saccharomyces with Two-Spored Asci

Grewal and Miller (1972) examined cyto}ogically 17 strains of S.

cerevisiae which formed few or no asci with more tham two spores.

N

Fourteen of the strains underwent apparently normal meiosis since the
asci always contained four nuclei. The remaining three strains were
unugual in that_asci nevér contaiﬁed more than two nuclei. From a
detaiied-study they reported that ;hese strains (19el, ATsz::T:,éATCC-'

4098) were unlike typical S. cerevigiae yeasts in the following

respects: < - . .

LY

1
(1) Asci contaiﬁing only two spores were consistently prodksed in

acetate sporulation medium.

*

(ii) Sporulating cells mever contained more thaﬁ two nuclei.
(iii) The nucleus within each a§éospore was apparently diploid.

(iv) Aséospofés were:never‘observed‘to conjugate during germination,
which the haploid spored in four-spored asci usually do. o

Clones d:;ived from single germinated spores were competent to

sporulate in the absence of pfior mating between cells.
- %

L

-{\vi) Unlike meiOfis I, the single nuclear division that preceded

ascospore formation was not inhibited by glucose as it usually is

in Saccharomyces (Miller, 1964).
L4 | X ) - \ ..
(vii) The two spores in -each ascus were connected by a comspicuous

- intersporal body. C . ' .

l The life cycle -of these unusual two-spored strains of

Saccharomycdg cerevisiae is shown in Figure 2.
7 :

T



Figure 2: Life cvcle of unusual two-spored strains of Saccharomyces
cerevisiae which do not undergo reduction division during
sporulation (after Grewal, 19/2). .

A,B,C: Vegetative nuclear division by budding during the growth
phase,

D,E: A single equational nuclear division yields two diploid
nuclei preceding ascospore formation. Consequently, two-
spored asci are produced in the sporulation medium.

F: Germination of the ascospores without conjugation.
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Grewal and Miller at first assumed that the single nuclear
Hivisioﬁ in the ascus was mitosis. However, when an unpublished
cytological observation by Dr. C. F. Robinow using the Giemsa stain
indicated that the nuclear division had some of the morphological
characteristics of meiosis I, they decided to refer to it by the nomn-
commital term 'equationai'.

. Eighty years ago Guilliermond (1903, 1905) made cytological

observations on nuclear division during sporulation of a two—spored

strain of Saccharomyces pastorianus. Like the unusual two-spored

strains of §. cerevisiae described above, sporulating cells never -
contained more than two nuclei and conjugations were not observed during
ascospore germination.

In;an ultrastructural study of strains 19%el and ATCC-4117, Moens
(1974) observed that the single nuclear division which preceded diploid
Spore formation resembled the nuclear behaviour of typical sporulating
strains which undergo the two successive meiotic nuclear divisions and

thus produce haploid spores. As in typical four-spored Saccharomyces, a

round, granular body was observed in association wilh nucleoli of
sporulating cells after 4 hours in sporulation médium. This stf%cture
is known to contain synaptonemal complex-like elements (Moens aﬁd
.Rapport, 1971a). After 8 hours had elapsed in sporulation medium, he
noted that nuclear divisions in both strains began with a spindle which
could have beén either a mitotic or a first meiotic spindle, but
suddenly the spindle, sﬁindle pole bdaies and nucleus tﬁok on features

»
characteristic of meiosis II in four-spored Saccharomyces. In addition

he noted that on completion of the single nuclear division and ascospore



16

formation, the pa;éntal nucleolus ;as discarded as in yeast meliosis
(Moens, 1971) in the epiplasm surrounding the two ascospores and this
does not occur witg\guclear division by mitosis. Recently Marmiroli et
al. (198la) confirmed the foregoing observations of Moens (1974) using a
two—sporedrstrain derived from ATCC=4117.

In a subseéuent study, Moens et al. (1977) combined genetical
and cytglogicai approaches to study the mamner of nuclear division
during sporulation of strain ATCC-4117. Again the nucleolus—associated
granular round body was observed in sporulating cells but synaptonemal
complexes were rére.‘ Using a force-mating technique deviged by:ﬁorrisbn
et al. (1975), they mated 4117 with a haploid adenine—requiriné strain
and sporulated the resulting triploids. Ascospores dissected from the
resulting aséi ylelded diploid célonies which produced two-spored asci
like the original 4117 strain. However, these synthesized diploid
strains showed abundant synaptonemal complexes and meiotic levels of
recombination. In their opinioq this was evidence that: (1) a normal
meiotic pfophase was ret;inea iﬁ the origiual 4117 strain, (2) following
synapsis and recombination, desynapsis occurred, (3) duplicated
homoi?gues failed to segregate at anaphase of meiosis I and (4) instead,
cells went into meiosis II, that is, there was segregation of’sister
centromeres, giving rise to two diploid nuclei per ascus.

Klapholz and Esposito (1980a) undertook a genetic analysis of
strain ATCC-4117 in an effort to identify loci responsible for its
unusual sporulation phenotype. They discovered that ATCC-4117 harbours

two homozygous recessive mutations, designated spol2-1 and spoll-1,

which map to chromosome VIII either of which alone was capable of
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causing production 'of asci containing two diploid spores. By
complementation analysi% strain 19el was found to be homozygous for
spol2-1 and strain ATCC-4098 wégihomozygous for both.recessive alleles
(personal comm&uication, S. Klaphélz). The segregation of centromere-
linked markers in the two-épored products originating from spol2-l and
spol3~-1 diploids indicated that segregation was gemerally equakional
(Klapholz aﬁﬁ Esposito, 1980b), although a few percent of the dyaas were
the products of a single reductional divis%on.. The segregation patterns
of markers- at various distances from their centromeres and of several
pairs of markers on the same chromosome inéicated that recodbination in
either genetic background occurred at nea y standard meiotic levels.
In thei; studies they also proposed several hypotheses to account for
the single nuclear divisiOn.which preceded spore formation:

[
(i) replacement of meiosis I and meiosis II with mitosis
(ii) an equational centromere division during meiosis I and subsequent

-¥

failure of meiosis II
(iii) failure of meiosis I reductional chromosome segregation followed
by meiosis II
They argued against the first hypothesis because cells exhibited high
levels of recombination indicating completion of a landmark meiotic

~

event and dyads were occasionally recovered which were products of a
single reductional nuclear division. The occasional recovery 5{\\
prodﬁcés of a single reductional division made the second hypothesis
untenable also. They did not consider spol2-l and spol3-l to be 'leaky’
alleles because such a condition would predict occasional recovery of

asci containing four haploid spores. Yet such asci were evidently

L8
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recovered at low frequency (less than 2%) but they cousidered such

T

yields to be insignificant. The third hypothesis seemed most likely

since it offered a reasonable explanation for the occasional occurrence
i

of a single reé%ctional division. If homologues managed to remain

paired at the time of congression to the meiosis II metaphase plate,
. o

then a single reductional.division might ensue. Also the third
hybothesis is supported By data from the electron microscopic studies
described above, which indicated that cells initiate aspects of meiosis
I but then bypass reductional chromdsome segregation and instead undergo
the equational centromere disjunction of meiosis II to yield two diploid

. .

nuclei and consequently two diploid spores per ascus.

The term "apomictic" has been used to describe the developmental

=
process which yields diploid rather than haploid spores (Moens EE.EL°:
1977), since, by analogy to apomictic plants, a sexual structure (ascus)

»

is produced but gamete formation does not occur and instead diploid
R

progeny (spores) result which give rise to clones that are competent to

sporulate in the absence of prior mating.

-

S

Apomixis

Plants and animals were classified by Winkler in 1908 into 3
groups according to their mode of reproduction. Those organisms in
which he-beliede sexual differentiation and fertilization had not yet
arisen were called amictic (Ck. a-without, mictié;mingling). Sexﬁally
differentiated organisms were designated mictic. Within the mictic
cétegory, organism; occasionally arose in which'reproduction was not

associated with fertilization and in which the latter process was in
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fact absent. These organisms were called apomictic (Gk. apo-froum or

away). Thus apomixis was a derived state in which the fertilizing .
mechanlsm had been lost..

In the plant kingdom seed formation without fertilization was

first recorded by Smith in 1841 in Alchormea ilicifolia from Australia.

Braun (1857) confirmed Smith's observation, and also repogted an alga

(Chara crinita) in which the egg cell developed without prior

fertilization. Subsequently, egg cell development in the absence of
fertilization was found in many higher plants. This subject has been
extensively reviewed by Gustafsson (1946; 1947a,b) who described
instances of apomixis in all major plant groups. His treatise is the
basic botanical work omn the subject.

Pa}meé (1971) described a form of apomictic parthenogenesis in

.an ameiotic mutant of Zea mays, in which presumptive meiotic cells

underwent a single nuclear divisionm that cytoleogically resembled mitosis
in most respects. The single equational nuclear division occurring
withip meiocytes of sterile anthers however had some features common to
the first meiotic division of cells from fertile aathers, but chromosome
p;iring and genetic exchange were absent.

Mittwoch (1978) briefly reviewed parthenogenesis or virgin birth

1 ) .

in the animal kingdom. There are strains of parthenogenetic chickerds

and turkeys. The New Mexico whiptail lizard, Cnemidophorus neomexicanus

is a species hybrid consisting exclusively of females which reproduce
parthenogenetically. The presumptive sex cells undergo two rounds of
DNA replication instead of one, and normal reductional auclear division

occurs, but the egg cell is diploid with the same chromosome ' complement
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as the mother. No cases of virgin birth have been authenticated in
mammal;.- According to Mittwoch, however, there is strong evidence tgat
pvarian tumours known as dermoid cysts originate from diploid cells
whigh undergo meiosis I but not meiosis II. .

Apomictic parthenogenesis in insects has been reviewed by
Suomalainen et al. (1976). Chromosome pairing is lacking in some of
these insecté although transient pairing has been observed in others.
Only one "maturation" division occurs in the eggs of apomictic
parthenogenetic insects and this division is equational.

In the fungi,‘GHumann (1928) used the term "apomixis" to
describe the development of sexual cells in the absence of copulatien,
He referred to the apomictic development of diploid cells as apogamy.
Burnett (1956) modified Gaumann'; definitions using the general term
amixis to describe parthenogenesis in haploid organisms and apomixis to
describe parthenogenesis in diploid organisms where certain events of
sexual reproduction are lacking. In.the present study, Burnett's
definition of apomixis will be adopted.

Meiosis in the fungl occurs in a differentiéted cell e.g. ascus
in Ascomycetes, basidium in Basidiomycetes, zygospofe in Phycomycetes.

4

Yet certain members of these taxonomic groups produce fruiting
structures but bypass gamete formation within them. Instead the nucleus’
divides equationally so that each of the resultant nuclei is identical

to the original parental nucleus. Such is the case in multispored

strains of the yeast Lipomyces lipofer (Henninger et al., 1974;

Henninger and Emeis, 1974). In apomictic strains of this species, the

nucleus does not undergo reduction division during sporulation, and
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- . - - - -
lnstead, a series of equational nuclear divisions precedes ascospore

formation within the ascus. In Saccobolus versicolor and Peziza

quelepidotia (0'Dounell et al., 1976a,b), sexuality is apparent]l
== 4_ Yy y

absent since they never observed male reproductive structures

(antheridia)-but only female reproductive structures (ascogonia).

Pyronema domestiCum undergoes apomictic production of ascogenous hyphae
with formatioq of sterile apothecia following t?eatment with the
herbicide 2,4-D {(Moore-Landecker, 1972).

Thus the production of diploid progeny in sexual structures A
without‘fertilization.is a well known phenomenon in plants, animals §nd
fungi. The,availability of 3 apomictic strains S. éerevisiae (19el,
ATCC-4117, ATCC-4098) makes possible investigation of the induction and
regulation of apomixis in a genetically-defined unifcellular eukaryote,

- ]

Nutritional Control of Ascosporogenmesis in Apomictic Yeast

L}

As indicated earlier nutritiohal and other enviromnmental factors

may influence the number of spores per ascus Saccharomyces yeasts will ‘

produce in sporulation medium. Sporulation procedures with apomictic

Saccharomyces cerevisiae have yielded exclusively two-spored asci
L]

(Grewal and Miller, 1972; Ho and Miller, 1978). However a few three-
and four-spored asci have been observed in agar slant sborulatioq
cultures (persdﬁal communication, K.H, Ho). 1In 1977, the writer
sporulated one of the apomictic strains (19el) in 2% potaSﬁiuﬁracetate
sporulation medium following growth in a defined liquid presporulation

medium {Yeast Nitrogen Base) supplemented with 2% instead of the usual

1% glucose, and a few 3- and 4-spored asci (apbroximately 5Z) were
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obtained. The previous workers (Grewal and Miller, 1972; Ho and Miller,

1978), using 17 glucose, had not observed such asci but only two-spored

-asci and the writer has since confirmed their observation.

The difference in the sporulation phenotype of strain 19el,
: a

detected in response to an adjustment in carbon source levels, led the

writer to undertake detailed studies of the effects of nutrition and

other envircoumental factors on nuclear division and ascosporogenesis in
. .. . e . Tg” . y . . .

this apomictic strain (Bilinski, 1979; Bilinski and Miller, 1980). Tt

was found possible to restore prodiuction of asci containing 3 or 4

spores by increasing carbon source and zinc levels in defined

.

presporulation and sporulation media. An increase in the concentrations

of glucose (from 1 to 6%) suppljed in defjfied Yeast Nitrogen Base -
L+ ]

presporulation medium and of potassi cetate (from 2 to 3.5%) in
sporulation medium incpeased yields of 3- and 4-spored asci from .
insignificant levels (less than 2%Z) to 16*3%. 1Inclusion of 25 Ho /m]
zinc.sulfate or zinc acetate inm the sporulétion medium gave a further
inéreasg in yields of 3- and 4-spored asci and maximum yields (48%1%)
were obtained when zinc was added to @oﬁh the presporulation and
sporulation media, .

The followigg evidence indicated that the above ad justments in
carbon source. and Zinc levels which increased the pumber of spores‘per
ascus in strain l9el from two to four did so by restoring the two
éuccessive meiotic nuéiear divisions:

(1) Giemﬁﬁ nuclear staining demonstrated that a single nuclear

division consistently preceded formation of asci containing 1 or

2 spores whereas two successive nuclear divisions preceded
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(ii)
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formation of asci containing 3 or 4 ascospores. Thus two

classes of aéci were evident: binucleate (1- and 2—sporéd) and

tetranucleate (3- and 4-spor®d). Formation of the latter class

was blocked in the presence of tﬁe meiosis inhibitor, glucose.
" Inclusion of glucose in acetate sporulation medium is known to

o

inhibit the two successive meiotic nuclear divisions in typical
" S. cerevisiae &Miller, 1964) but not the single equational

nuclear division characteristic of apomictic 5. cerevisiae

(Grewal and Miller, 1972). )
Studies on the mating behaviour of cells originating from single
isolated ascospores indicated that reductional chromosome
segregation prgceded formation of asci containing 3 or 4
ascospores whereas equational chrompsdme-segreéatiou preceded
formation of asci comtainiag 1 or.Z spores. During or shortly

‘after germination of single spores isolaFed from 3- and 4-spored
asci, conjugations were observed between cells in the mitotic
progeny of the skngle isolated spores, a feature characteristic
of germinating haploid spores produced by homothallic diploid S.

+ . .
 cerevisiae (Herskowitz and Oshima, 1981). However such

. conjugations were not observed between cells in the mitotic
progeny of single spores isclated from l- and 2-spored asci.
Nonetheless the progeny were able to sporulate. The ability to
sporulate in the absence of prior matings indicated the spores

"in 1- and 2-spored asci to be diploid products of a single

equational nuclear division.
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(iii) Generic analysis of spores from single asci indicated

24

reductional segregation for mating type and morphological

markers in 3- and 4-spored asci but equational segregation for
’ the same markers in 1~ and 2—sp$red asci.

Tﬁus the number of spores per ascus related directly to the
manner of developmeﬁt, apomictic or meiotic, a given cell followed
during sporulatiomn. The alternative routeé that cells of the 19el strain

may follow during sporulation are given in Figure 3.

Objectives
It is evident that increased.levels of carbon source and zinc

supplied in defined culture media can conditiom cells of an apomictic

strain of Saccharomyces cerevisiae ({931) to undergo the two successive
- - - - * . ‘ . - - - hd
melotic nuclear divisions and differentiate into tetranucleate asci _.

containing 3 or 4 haploid spores. aithout these increased levels the

cells underge only a single apomictic nuclear division and differentiate
into binuclegte asci ;;ntaining 1 or 2 diploid s#ores. The ability to
condition cells nutritionally for either meiotic or apomictic
development has presented an opportunity to investigate cytological and
macromolecular.eventé associated with each developmental route.
Therefore a stqdy was undertaken to identify landmark events involved in
the determination of meiosis and apomixis in this yeast system.
Alternativé nutritional conditions were used to monitor the sequence of
nuclear_events and changes in protein synthesis during the course of
sapomictic and mgiotic sporulation. Clearly zinc plays an important

morphogenic role in yeast meiosis. The zinc-specific stain, dithizone,



Figure 3:

Alternative life cyvcles in Saccharomyces cerevigiae strain

1,2:

19el (after Bilinski, 1979).

...

-

Hitotic'nuclear division of diploid nucleus during budding.
L4 .

Mature bud ready to separate from mother cell. (Between 3

and 4 the yeast is transferred from growth to sporulation

medium).

Diploid nuclei of some cells undergo reduction divisiomn
yielding four haploid nuclei in the ascus, twe of which are a
mating type and two & mating type (left). Diploid nuclei of
other cells divide equatxonally yleldlng two diploid nuclei

of a/a mating type (right).

A spore wall forms around each nucleus. A

A single spore isolated from the four-spored ascus (left) and

a single spore isclated from the two—-spored ascus (right) are

transferred to germination medium.

During or shortly after the germination of the single haploid
ascospore derived from the four-spored ascus, there is a
directed switch of the mating type allele to opposite mating

type (left). This change of mating type does not occur with

the ascospore derived from the two-spored ascus when it
germinates since its nucleus is already a/& (right).

Plasmogémy followed by karyogamy between haploid sister cells

of opposite mating type (left).

-
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was used in an effort to detect histochemically sites of zinc

accumulation in vegetative and sporulating yeast cells. A further

-~ '

objective was to investigate the cell age dependency of apomictic versus
g ~9 P .

meiotic sporulatién by.fluorescence analysis of bud scar numbers.
- P S8 '



- . MATERIAL AND METHODS

Stock, Cultures

Q. The three two-spored-strains of Saccharomyces cerevisiae (19%el,

ATCC-4117, ATCC-4098) described by Grewal and Miller (1972) were

employed in this study.  Stock cultures were maintained on slants of

Wickerhdm's (1951) Yeast Nitrogen Base (YNB) contaiming 2% glucose. The

slants were prepared as follows: Three grams Difco Bacto agar were
. ]

dissolved in 100-ml deionized glassﬁistilled water and 9-ml volumes of ®

the agar solution were transferred to 15 mm test tubes. One ml of a l0x

solution of Difco Yeast Nitrogen Base containing 20% glucose was added
to each of the test tubes and mixed thoroughly. The test tubes were

autoclaved for 15 min at 121° and 15 psi pressure. After inoculationm,

the slants were incubated for 2 days at 27° and were then stored at 4°.

Fresh stock cultures were prepared every 3 to 4 weeks,

LN

Presporulation Phase
¢
The medium used to grow cells for inoculation of sporulationm

cultures. was Witkerham's (1951) defined Yeast Nitrogen Base (YNB)

medium. This med¥um, which lacks a carbon source, contains vitamins, .

"

trace eleg?nts,~3 amino acids. in traée amounts,.ammoniumlsulfate and

other salts in known quantities (Appeudix 1}. The presporulation medium
(PSM) was prepared directly in‘fiAaI strength‘by dissolving 0.67 g Difco
Yeast ﬁiprogén Base in 100-ml deiouized‘glass-distilled water containing

1 or 6% glucose. Where indiéated, the ZnSO,.7H,0 concentration in PSM

63”

)
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was increased from 0.4 Mg to 25 ¥g per ml. Medium was sterilized by

filtration through Millipore Type HA membrane filters (47 mm, pore
]
diameter 0.45 Hm) and stored at 4° in sterile 1,000-ml erlemmeyer

flasks. For experimental use, 50-ml volumes were dispensed aseptically
into sterile 250-ml erlemmeyer flasks. All glassware was oven—

sterilized.

Prior to each experiment an inoculum was transferred from a’
! -

stock culture to a fresh 2% glucose. YNB agar slant and incubated at 27°
for 24 h. The 50-ml volumes of growth media in sterile 250-ml flasks

ware inoculated with cells from the 24 h slant at an initial cell

L4 .
density of 10° per ml of medium. Cell counts were made with Spencer
LY
"Bright-Line" hepocytometer counting chambers. The growth flasks were

incubated at 27° for 21 h in a Warner-Chilcott Laboratories model 2156

water bath shaker operated at 100 oscillations per min. ’( f

Sporulation Phase

to give a cell densf

——

After 21 h incubation, the vegetative cells were harvested from
growth medium by centrifugation in a Beckman Model J-21 centrifuge at

3,020 g and 5° for 15 min. The cells were washed twice with sterilized

deionized glass-distilled water and resuspended in the sterile water.

An appropriate volume of cell suspension was then transferred te 50-ml

-

volumes of filter-ste

1lized potassium acetate spdrulation medium (SPM)
ty of 107 per ml., The potassium acetate

concentrations used\were 2 and 3.5% and, where indicated, 3.5% potassium
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and are indicated in the text. Sporulation cultures were incubated in
4 .

the same manner as presporulation flasks but for a longer time: 48 h.

The percentage of‘cel;s that sporulated and the percentage of cells

containing 1, f; 3, or 4 ascospores were determined by scoring 500 asci

&

from each culture flask. Each experiment was dome inr quintuplicate and iiiﬁgﬁh}

all experiments were repeated.

- =

P ‘
Cytological Staining Procedures

(i) Giemsa Nuclear Stain
To monitor the sequence of nuclear events during sporulation 1-

ml aliquots were removed from sporuléting cultures at ho;rly intﬁfvals

. : -t
from 0 - 16 h, harvested by centrifdgation, washed ;wice and Giemsa
nuclear stained using the simplified procedure of Miller (1968) but with
gentle heat fixation instead of chemical fixétion. A drop of cell ) V-J
suspension in distilled water was dried on‘the surface.of'a clean glass
slide. The preparation was fixed by passing through a 1éw bunsen flame
three .times, hydrolyzed 8-10 min at room temperature im SN HCl, rinsed
.tﬁoroughly in-ééla-wafe;, dipped in dOuble'stréngthVGurr pH 6.8 buffer
and placed in a staining solution prepared by 10-fold dilution of Gurr
R66 Giemsa stain gith the buffer. After 15 min in the staining
soiution, preparations were washed and air-dfiég} Percent yields of

first nuclear division asci, second nuclear division asci, spores in

>

binucleate asci, spores in tetranucleate asci were determined by scoring
200 asci five times 'in different experiments. Thus each point in Figure
4 iz based on scoring of 2,000 entities, 1,000 from each of two

experiments.
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(ii) Microcytochemical Detection of Zinc in Yeast -

During the géurse of this work; the writer developed a novel
staining procedure emﬁIOying the UV fluorochrome DAPI (4, 6-diamidino-2-
phenylindole.2HCl) and dithizone (diphenylthiocarbazone) for
miérccytochemical determination of sites of zinc localization in
vegetative and sporulating yeast (Bf}inski and Miller, 1983). Cells
from vegetative and sporulation cultures were harvgsted and washed by
centrifugation before staining with dithizone and DAPI. Dithizone for
use in staining procedures was prepared by diluting a freshly-prepared,
filtered, saturated stock solution of dithizone in 60% ethanol with an

équal volume of 0.02M sodium bdfate, pH.S.A. Cells (1x107) in Eppendorf
vials-were gently dgitated at room temperature‘with 1-ml volumes of
dithizone solution for 3 to 24 h in the dark. Yeast thus treated was
then harvested by centrlfugatlon, washed and stalued 16 to 18 h with 1

k\‘-fﬁ‘/f 0.5 ug/ml DAPI solutlon prepared in deionized glass-distilled
water. (Cells were harvested by centrifugation and resuspended in 50 ul
deionized glass-distilled water, In the prepagation of slides for
microscopic examination, equal volumes (15-pl1) of cell suspension and 5%

gelatin were combined on the surface of a clean glass slide. A

coverslip (no. 1, 18mm square) was then pressed firmly over the surface
of the preparation and excess moisture was removed with filter paper.
The edge of the coverslip was then sealed with lacquer to prevent

evaporation. All observations were made with a Leitz Orthoplan

microscope equipped with vertical UV illumination. DAPI fluorescence

was excited by light from an HBO 50W Super Pressure mércury lamp using a

Leitz H2 filter block. . o )
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(iii) Determination of Bud Scar Numbers bf Fluorescence Analysis -

Bud scars were stained with Calcofluor White ST Solution HRflSGZ
(American Cyanimid Co., Bound Brook, N.J.). Vegetative cells (1x107)
from fresh 21 h growth cultures were treated for 30 min with 1 al of a
2,000-fold diluted solution of the stain prepared in deiomized glass-—
distilled water. Asci (1x107) from.fresh 48 n sporulationm cultures were
treated for 90 min with 1 ml of a 3,000-fold dilute; solution of the
stain. Yanagita et al. (1970) recommended a higher concehtration of the
stain for vegetative than for sporulated yeast cells. Slides were
prepared and examined ‘nder the UV fluorescence microscope as described

above,

—

Labeling of Proteins during Sporulation

At hourly intervals from 1-10 h cells were removed from SPM and
resuspended at a.density of.107/ml in 5-ml volumes fresh SPM containing
100 uCi: [jsslfmethion%pe (1212 C:jmmole, New England Nuclear). After
1 hour incubation in labeling medium at 27°, cells were pelleted by
centrifugation at 3,020 g at 5° for 15 min, washed in deionied glass-
distilled water, transferred to Eppendorf tubes for two further Jashings

and then immediately frozen at -7Q°.

Protein Preparation

Whole cell protein was prepared as follows. Each pellet (5x107
cells) was suspended in 25 ul of Solution ‘A (0.0625 M tris
(hydroxymethyl) aminoethane, pH §.8, containing 0.3 mg/ml pepstatin A

and 1 mg/ml O-phenanthroline): To each was added 0.15 g glass beads
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(0.45-0.50 mm diameter, Braun Melsungen AG). The Eppendorf tubes were.
fhen placed into a pre-cooled adapter‘fitting into.-a Braun Model MSK
cell hdmogenizer (Bronwill 2876) aﬁd cells were ﬁisrupted for 5 min. \\\\
The tubes were then remOfed from the appafatus, placed on ice and to .
each was added 25 Ml of Solution B (Solution A with addition of 5% #-
mercaptfethgniol and 3% sodium dodecylsulfate). Tubes were then returned
to the homoZenizér for an additional 5 min disruption. Cell lysates
were eluted from the glass beads with‘two 50-ul washings with Solution

A. Immédiately after elution of cell lysates from glass beads, {f\

Eﬁuivolumes (50~ul) of cell lysate and 2x sam%le buffer (0.0625 M Tris,
pH 6.8; 2% SDS; 10% glyceroli 0.002% bromophenol hl%g?“a>1 M
dithiothreitol) were combined. Prepared sampies were heated in a water
bath 100° for 3 min and kept'frozen at -70° uatil electrophoretic

a l§sis. The remaining volumes of‘cell lysates were used in

measurement of protein synthesis (described below).

The preparation of cell lysates involving initial treatment with

Solution A followed by abrupt denaturation with Solution B and several

rinses with Solution A is in accordance with recommendations by Pringle

(1975) to avoid generation of proteolytic artifacts. During the course
of this study it was found that a two-step disruption procedure
. ‘

involving the addition of denaturing agents (B-mercaptoethanol, SDS)

midway in the procedure further reduced pfoteolysis..

Polyacrylamide Gel Electrophoresis

Sodium dodecylsulfate (SDS)-polyacrylamide gel electrophoresis

was performed according to the method of Laemmli (1970) with a 9 em, 13%

e
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acrylamide resolving gel, pH 8.8 and a 1.5 cﬁzzgrgcrylamide stacking-
gel, pH 6.8. Samples prepared for SDS-polyacrylamide gel
glectrophoresis were heated at 60° in a water bath for ! min before

iﬁading. In each case a 20 4l aliquot was loaded into a gel slot and

~.
_ subjected to electrophoresis. All samples were electrophoresed
simﬁltaFeously using a single gel box adapted té hold two gels at a
time, Gels were electroéhoresed at room temperature at 100V for
approximately/6 h. After electrophoresis gel§ were fixed with 7% acetic

‘a;id in 40% methanol for 12-16 h and dri;h_under vacuum before exposure

to Kodak RPR medical X-ray €ilm,

Measurement of Protein Synthesis

Cell lysates obtained by the two-step disruption procedure "!/2

) a ‘ .
described above were assayed for [ 3°s] methionine incorporated into

protein., Aliquots (5-ul) of sample were added to 5-ml volumes of cold

5% trichloroacetic acid (TCA) and left on ice for 30 min. TCA-treated
=

samples‘zere collected under suction oﬁto.O.hs Hm nitrocellulos

membrane filters and extensiveiy washed with 5% TCA. Th;ffiiéifs were

air dried, pl;;?d into glass scintilla;ion vials and dissolved in 1 Pl :
of ethyl acgt;te for 30 min at room tqmyerature. A 10 ml volume 6f

Aquasol 2 (Neﬁ England.Nuclear) was added to each vial and [358]—

methionine counts were assayed by liquid scintillation counting. All

determinatzions were carried out in duplicate.

s
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Chemicals

The following analytical grade Teagents were obtained from the
J.T. Baker Chemical Company:
dithizon¢
ethyl acetate

glucose (anhydrous dextrose)

potassium acetate .
zinc sulfate .
The following analytical reagents were obtaiped from the Sigma
Chemical Company:
bromophenol blye
cycloheximide
d—mercgptoethanol ) ~
pepstatin A .

sodium dodecylsulfate
¥
tris (hydroxymethyl) aminoethane

The following reagents were obtained from the Fisher Scientific
Company: |
gelatin
0-phenanthfoline | V ‘ -
sodium borate

The'following were obtained from BDH Chemicals:
dithiothreitol ‘ ;ﬁ
lglycerol

- . . .
trichlorcacetric acid

i
H
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DAPI (4, 6-diamidino-2-phenylindole.2HC1) wa% obtained from

Accurate Chemical and Scientific Corporation, Hicksvilleg N.Y. Gurr R66

Giemsa stain and Gurr pH 6.8 -.buffer tablets were obtained from Hopkins &
r ‘ )

Williamsg, Chadwell Heath, Essex,- England.
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. RESULTS

—

Comparative Response of Three Apomictic Strains of.S. cerevisiae to

-

%

Nutritional Variation

. H
As described in the Introduction, increases ifi carbon source and

zinc levels supplied in presporulation medium (PSM) and/or spbrulation
medium (SPM) conditioned the I9el strain of S. cerevisiae to produce
meiotic asci comtaining 3 gr 4 haploid spores rather thé‘xonly apomictic

asci containing 1 or 2.diploid spores. There has been no previous work

- on effects of glucose, .acetate and zinc on sporulation of the other two

known apomictic strains of S. cerevisiae (ATCC-4117, ATCC-4098). This

was investigated and the results were compared to those obtained with

strain 19el {(Table 1). .

Strain 4117 differed from 1%l in that an increase in the
glucose concentration supplied in YNB PSM from 1l to 6% did not increase
yieids of 3— and 4—-spored asci obtaimed in SPM but with zine ad&ition to
6Z glucose YNB Psﬁ_yields iﬁcréased significant%y. Zinc supplementation
of 0.52 acetate SPM after cultivation in 6% glucose YNB PSM dbnta;ﬁing
25 ug/ml Zn504.7H20 did not increase tﬁe frequeqqy of asci undergoing
meiosis. However zinc supélementation of 2% acetate SPM had a markedly .
stimulating effect and yiéldé of 3- and A-SpB;ed asci were further o
inereased, from 11.9*1.5% to 19;6i2.42.

With ATCC-4098 significant yields of meiotic asci in SPM

occurred only after cultivation in PSM containing elevated glucose and

¢

36 h N &
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zinc levels. Modifications to SPM evidently did not prom8te meiosis in

ATCC-4098.
Hence meiotic sporulation in strains ATCC-4117 and ATCC-4098

depended more closely on addition of zine to the nutritional enviromment

-

than in strain 19el. An increase in carbon source levels alone did not
induce meiosis in strains 4117 and 4Q98. .. In fact neither strain

sporulated in 3.5% acetate with or without zinc supplementation, unlike

strain 1%l which: ga¥e maximum yields (43.5%2,4%) of meiotic asei in

3.5% acetate contajhing 25 ug/ml ZﬁSOA,7HZO. These yields of meiotic .

asci were the highest obtained in-this ‘'study. Of the three kmown °

-

apomictic strains, 19el i3 therefore most suitable for investigation of
metabolic events that occur during sporulation and which may be causally

related to sporula%ibn, e.g. pretein s}nthesis.

Effects of Nutrition on Timing of Nuclear Events during Sporulation
Although the effects of giudose, acetate and zine on aéco—

sporogenesis in §. cerevisiae stﬁﬁiﬁ 19e1 ﬁave been‘demonSCrat%f N
(Bilinski, 1979; Bilinski and Miller, 1980), the effeets of th;se
enviroumental modifications on the sequence of nuclear events during
sporulationlhave not been investigatea hitherto. Using a Giemsa nuclear
;taining proceduée, a series of experiments was undertaken to monitor
the seqﬁeqce ofllandmark events IEK€§;osporogeuesis under tﬁe féllowing
3 nug:itional condiéions:. (a) cultivation at low carbou‘SOurce.levela
(12 glucose in PSM; ZZﬂacetate spM} (b) cgltiv;tion at high carbon
" source levels (6% glucose in PSM; 3.5% aéetaté'SPH) (¢) cultivation at

- B . . | ] .. )
high carbon source levels but with inclusion of zinc in SPM (6% glucose

.

\



in PSH' 3.5% acetate SPM contalnlng 25 ug/ml ZnSO, .7H 0) In a,b and ¢

4 -~

respectlvely final yields of meiotic asci determined at 48 h in SPM were

.0.8%0.3%, 19.6+1.3Z ‘and 2\7.0t2.3z (Table 1). .

ier
L 7

-»

\._._.q.' ',‘

* Figure 4 summarizes effects of the foregoing conditions on the

: ‘ -
timé;ggéaﬁpearance of the following cytological landmark stages of

sporulation: first nuclear division, second nuclear division, spores in-

binucleate asci, spores in tetranucleate asci, In (a) a fe7 first or

_ s
single nuclear division asci were evident .at the tlme of transfer of ©

cells from PSM to SPM and the next three stéées were ev1dent at 5, 6 and

9h respectlvely in SPM (Fig. 4A). 1In (b) the four stages were detected.

-

at 1, 8, 9 and 12 h (Fig. 4B) and in (c) at 3, 8, 11 and 14 hj(Fig. 4¢C)

respectively. Hence cultivation at the hlgher carbon source levels

. . . -

delayed appearance of all four stages. Zinc supplementatlon of SPM
delayed these stages further except -for time of appearance of second
nuclear division asci, which were evident at 8 h with or without the

zinc addition, 4In this experimental series;'the'final yields of meiotic

ascl determined at 48 h in SPM wgre 1.5%0.2%, 19%2% and 30#3% for -a, b
) &

and c respectively, In each cLse the later the time of appearance of

asci engaged in nuclear division, the hlgher the final yields of meiotic

asci, ’ - : /’,,‘,//

‘Under a fourth set of cond1t10ns (not shown in Fig. 4) that

b

defered from (c) above in that the amount of ZnSO4 .71 0 ‘added to PsM

was 1nﬁreased from Q. 4 ug (control) to 25 pg/ml, flnal ylelds of meiotic.

asci were even, greater (44%2%) and flrst nuclear d1v131ons were likewise

not observed until.3 h in SPM." | '-l _ -

. ‘ " . . 3 ) "

Vs T :




*‘Figﬁré L

. O

Sequence “af cytolqgipai é;;;EE during sporulatiom.

Aliquets (1 - ml) were removed from sporulation cultures at
hourly intervals from 0-16 h, harvested by centrifugation,

washed twice and Giemsa nuclear stained (see Materials/and

Methods). The graphs show the sequence of events in:

2% acetate SPM after cultivation in 1% glucose YNB PSM.-

- Final yields of 3~ and 4-spored asci (determined at 48 h)

were less than 2Z. . . i .

: - 3.5% acetate SPM after cultivation in 6% glucose YNE PSM.

Final yields of 3- and 4-spored asci were 19 * 2%,

:  3.5% acetate SPM supplemented with 25 ug/ml ZnSO,.7H.0 after
-cultivation in 6% glucose YNB PSM. Final®yields of 3- and 4-

spored asci were 30 * 3%. Error bars indicate standard
deviation. : ' ’

M
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Protein Synthesis during Spérulation

.frotein synthesis was compéred during the first 11 h of
sporulation under conditions that gave lowest (1% gluco;g in PSM;lZZ
acetate SPM) and highest (6% glucose in PSM with 25 ug/ml Zu$04.7H20;
3.5% acetate SPM supplgmented with 25 wg/ml Zn504.7320) final yields of
meiotic asci._rsince final yields of such asci (at 48 h) in the former
were iné&gnificant (less than 2%), such conditfons henceforth will be
referred to as apcﬁixis—péomofing (A;P) because nearly all the

sporulating cells underge a single nuclear division and differentiate
into binucleate asci containing 1 or 2 uninucleate dipz:if/ﬁPOres (Fig.
4A). The latter set of conditions, which gave highest \final yields

(4422%) of meiotic asci, i.e., highest yields of tetranucleate asci

"countaining 3 ‘or 4 uninucleate haploid spores, will be referred to as

| & _
weiosis-promoting (M~P). Cells in SPM were pulse~-labeled with [33g]-

methionine for 1 hour periods commencing every hour from 0-10 h. The
results are shown in Figure 5.
It is apparent that cells in A-P conditions synthesized more

protein than those cultivated under M-P conditioms for the first 6 h in

'SPM and that after 7 h the reverse was ;;ng.. Under A~P conditions

proéein synthesis'éﬁtained a maximgm at 3 h but under M-P conditioms it
was barely detectable during the first 3 k. The differences in
iﬁcorporation of [3°s]-methionine into ;cﬂﬁﬁprecipitable material canmnot
belattributed to an effect of pl on precursor uptake (Hiiis,‘L972),
since the pH of A-P SPM and. M~P SPM changed little'Quriqg thé‘first 6 h.

Under A-P conditions the pH increased from 7.5 to 8.1 and under M-P

conditions from 7.6 to 7.9 during this 6 h period. During the first 4 h

o~
]

——\_,///



Figure 5:

N\

Protein synthesis during sporulatiom.

At hourly intesgals cells harvested from SPM were pulse-
labeled with [°’S]-methionine for 1 hour (see Materials and
Methods). Protein synthesized in SPM under A-P (0~0) and M-P

. (®-9) conditions. Each point represents total protein )
determined as acid-precipitable {33S] counts per min (cpm) §

synthesized during the indicated hour in SPM. A~P conditions

" refer to sporulation in 2% acetate after cultivation in 1%

glucose YNB PSM (final yield of meiotic asci at 48 h less
than 22). In this experiment the M-P condition used was )
sporulation in 3.5% acetate after cultivation in 6% glucosge
INB PSM, both media containing 25 ug/ml Zn504.7H20 (final

yield. of meiotic asci 44 * 2%),

jt



10*. CPM

170~
160
150-]
140-
130-
120~
110-

42

FIGURE 5

O

\ S

B | B
1 ; :
o 0.5 ‘ _ . Y
] - i i ! | T )

2 4 6 8 10
TIME N 4SPM, h



43
there was no pH change under M-P conditioms and under A-P conditions ﬁH
changed slight—ly from 7.5 to 7.8.

A correlation is evident between protein synthesis during the
early hours of spo;ulation and the Jéquence of nuclear events. Under M-
P conditions pfotein synthesis waé evidently limited during the first 3
h in SPM and nuclear divisions were not observed during this period.
Conversely, undér A-P conditions, protein synthesis waé extensive‘during

the first 3 h (Fig. 5) and guclear divisious were observed (Fig. 4A).

&

Gel Electrophoresis of Proteins Synthesized during Sporulation

The availability of M~P and A-P conditions presented an
oppor%ﬁnity to investigate qualita?&ve changes in‘protein syuthesis’
during the course of meiotic versus'apomictic'sporuiation (Bilinski et
al., 1983).- An experimental series was.therefbre‘undertaken to momitor
the sequence of qualitative protein changes during sporulagibn under M;P
and A-P conditious.. Sporulation cultures were‘pulsejlabeled with [?SS]‘
methionine for an hour at hOurIQ'ikiervals from 0-10 h in SPM and
proteins were extracted for analysis by one-dimensional SDS- o /j

polyacrylamide gel electrophoresis. Autoradiograms showing the sequence
) - - .
of protein changes during the first 1l h of sporulation under M-P and A- -

v

P conditions are given in Figure 6.
Similar proteins were synthesized by cells under M~P and A-P

conditions. However, some qualitative and quantitative differences were
- . . . ~

noted., Two -band differences were evident between cells in apomictic and

meiotic sporulation. A gingle band present under A-P conditions from 5
h (arrow, lane as) onward was not detected under M~P conditions. A band

=

)
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Figure 6: SDS - polvacrylamide gel electrophoresis of
proteins synthesized during sporulation under A-P conditions
{lanes a;-a),;) and M-P conditions (lanes m,~m,,).

The A-P and M-P conditions used were the same as given in
Figure 5. Subscripts indicate thé*hour during which proteins
were synthesized. For example, lanes a; and m; indicate
proteins synthesized during the first hour in SPM under A-P
and M-P conditions resp%ctively. Cells were pulse-labeled at
hourly intervals with [®°S]-methionine and proteins extracted
for analysis by gel electrophoresis (see Materials and
Methods). [°’S]l-hethionine-labeled proteins extracted from
human KB cells infectéd with adenovirus type 2 were used as

tandard molecular weight markers (lane V). Autoradiograms
[iere obtained by exposure of X-ray film to gels for 2 days at
<70°. A band present in A-P conditions from 5 h onward

arrows, lanes ag and g%) was not detected in M-P conditions,
A Dand detected in M-P conditioms at 6 h onward (arrow, lan5(,/7
mg) was not detected in A-P conditioms.
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present under M-P conditions from 6 h (arrow, lane m6) onward was absent

v

under A-P conditions. These observed differences were still apparent on

other autoradiograms (not shown) prepared by increasing film exposure

time to 1 month. The low levels of incorporation of [3SS]—methiqnine ‘\\

into acid-precipitable material detected during early hours of N
sporulation in éells cultured under M-P conditions (Fig. 5) were also
evident in Figure 6,

Thus a protein ‘band detected during sporulation under M-P
conditions was not evident under A-P conditions. Cpnversé;y, a band
detected uanr A-P conditions was not observed under M-P couéitions.
The significance of theqe differences is at present unclear.
Nonetheless it is of particular interest that a band was present under
‘M-P conditions that was not detected under A~P conditioms. Strain 1%l

harbours a single homozygous recessive mutation (spol2-1) inddting

—__apomictic developﬁent (Klapholz and Esposito, 1980a). Perhaps the band

evident under M-P but not under A-P 6;ndition9 and vice versa reflects
differences in gene expression between the two developmental sequences.
It must be emphasized that other qualitative diffegeuces between

apomictic'and meiotic spbrulatioq may exist because the procedure u;éd

in the present study resolved proteins ac rdling to only one criterion,

molecular weight and not according to molepflar weight and iscelectric

point, A two-dimensional gel electroPHBretic study would be useful,

Q

Effect of Cycloheximide on Nuclear Division and Spore Formation
The detection of low levels of [3SS]-methionine_incorporation

into acid~precipitable material during early hours of sporulation under

8
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M-P conditioms (Figs. 5 and 6) suggested that inhibition of p@otein

synthesis during sporulation under A-P conditions might be a conditional
requirement for meiotic development. To test this possibility, cells
cultured under A-P conditions were treated with cycloheximi?? for 1,

2,+... 10 h periods in Sﬁﬁk at a concentration (100 Hg/ml) known to

~ inhibit yeast protein synthesis markedly'(Esposito.gg_gi., 1969; Magee

and Hopper, 1974). After each period of cycloheximide treatment the e

drug was washed out and cells were returned to cycloheximide—free SPM.

"

In the present study this concentration was found to reduce p£;:ein

synthesis to 0.1% of cycloheximide-uatreated controls. The results are

1
given in Figure 7,

Inhibition of protein synthesis by cycloheximide greatly

increased yields of tetranucleate asci and maximum yields resylted when

-

Q
the drug treatment was given for the first 3 Tv(Fig. 7A). A similar

B T — -

result was obtained for final yields of 3- and 4-spored asci, as
determined at 48 h (Fig. 7B, lower curve). There was no marked

. ‘ —-\_
inhibition of total ascus formation by these periods of cycloheximide
treatment (Fig. 7B, upper curve).

As seen by comparison of Figs. 7A and 7B, the frequency of

tetranucleate ascli was somewhat greater than that of 3- and 4-gpored

asci. This can be attributed in part to cycloheximide i
events required for spore formation in tetranucleate asci subsequent to
complgtion of thé‘two'méiotic nuclear divisions. Giemsa nuclear o
staining of 24 h 3porulationtcultur;s demonstrated that tetranucleate

asci induced by cycloheximidé treatment contained.0-4 uninucleate

spores. Figure 7B (lower curve) does not include those tetranucleate



Figure 7:

"Effect of cylcoheximide omn ‘nuclear division and sporulation.

Cells harvested from 1% glucose YNB PSM were transferred
after washing to 300-ml 2% acetate SPM containing 100 ug
cycloheximide (Sigma) per ml at a cell demsity of 107/ml.
Volumes (25-ml) were then dispensed in sterile 125-mi

Erlemmeyer flasks and incubated in the usual manner. At

“hourly intervals for the first 10 h, a culture flagk was

removed from incubation, cells pelleted by i fugation and

after thorough washing resuspended in 25-ml cycloheximide-
free 27 acetate SPM. -

yields of tetranucleate asci (those engaged in or having
completed 2% nuclear divigion) expressed as percent total

‘cells determined by. Giemsa nuclear staining 24 h after

transfer from PSM to .SPM.

Percent yields of sporulated cells (9-e®) aﬁd percentage of ~
the asci that contained 3-4 spores (©-9) determined 484
after transfer from'PSM to SPM.

In Figure 7A yields were determined by scoring 200 Giemsa-
stained asci five times in duplicate experimeats, 24 h after
the transfer from PSM to SPM. us each point-in‘Figure 7A
is based on a total of 2,000 asci. In Figure B yields were
determined with hemocytometer ‘counting chambers by scoring
500 asci five timés in duplicate experiments, 48 h after the
transfer. Thus each point in Figure .B is based on a total
of 5,000 ascic In both 4A and 4B, yields indicated at 0 h
were for cycloheximide-untreated controls., Error bars .
indicatenﬁtandard viation. -

- o | -
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-

asci containing fewer than 3 spores since the data were obtained by o

- -
examination of unstained asci. f
N .

Cyclohexim%de, when edﬁinistered for the early hours of
sporulation uander A-P eonditiods, restored meiotic deveiopment (Fig. 7)
in cells which would beve otherwise en&ergone apoﬁictic development rp
the absence of treatment with the protein synthesis inhibitor. Thus tﬂe

¥ - .o -

" . limitation oflprbtein synthesis evidentfag;éug thg#first 3eh of
sporulation under M-P conditioee (Fiés} 5 and 6} appears to play a role
in the induction of meiosis .in apomictic'yeest, Hoeever it does not
follow'that'apomirie'requires ac£i¥s;z;iteiesynthesis during the first

« 3h of‘sporulatiOn because even under McP ¢ ﬁditions.approximately half

(" St the cells that sporulated did so ap ietically.

-

Temperature Regulatlon of Nuclear D1V131 n i ApomlCtlc Yeast

. ,
Perhaps opher enV1ronmenta1 modlflcatlons known to affect

proteinysynthesis would also 1nduc§:i:;i:ct1c yeast to undergq two

succesgive meiotic nuclear divisions™ifir SPM. Since it is well known
s SN . : . M -
that temperature shock treatments can alter protein.synthesis in many

o - ~ ,
organismy (Ashburner and Bonner, 1979) including yeast (Miller et al.,

- LI

. . . “~ .
1979; McAlister et al., 1%}9?\&i:equist, 1981), an experimental series
- was. undertaken to determine the effects of mild temperature stress

‘treatments On nuclear division and spore formation in strain 19%el,

Cellsh“tltured under A-P condltr?us were heat treated by exposure to a

>

tempall _J'Tof 36 for 1, 2, «+. 5 h periods upou transfer from PSM to

. SPM. 73R8 -.,u-arxson, expgrlgths were performed in parallel in which

. | - “}j7.

—

H
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sporulation ‘cultures were exposed to 4 lower temperature (18°) for the

TS e ‘
& :

S ame time)agriods, The results are given in Figures 8 and 9.

k"TQ/AT — Giemsa nuclearségiiing'revealed that both temperature
treatments ‘stimulated formgtfbn of tetfanucleate aseci. Howéver, some
trinucleate asci were ;lso_ev'dehﬁ. Such %fci were not observed under
any other meiosis-prométing condiéioﬁs inclﬁdiné eycloheximide

‘%ﬁ‘treatmeut. _Maxiﬁum yields of tfinucleaté—_aud etranucleate-;scf

resulted when sporulatioﬁ cultures were incﬁbated at 36° for the first-.l \ﬁl

or 2 h in SPM "and then shifted down to 27° (Fig. 88). Yields declined

when the heat treatment was given for the first 3 h. With low

temperature treatments maximum yields were obtained when cells were

incubated at 18° for the first'3 h in SPM and then shifted up to 27°

(Fig. 9B). }& o

As seen By comparison of Fig. 8A with 8B and Fig. 9A with 9B,

e
.

~ -
. the increase in yields of trinuc1ed{;>§fnd tetranucleate-agci was not

atcompénied by a significant increase in yields of 3- and "4~

pored asdi.

!I*, Giemsa nuclear staining demonstrated that both treatments idduced .
f{m

rmation of 3 classes of asci: binucleate, trinucleate and’ ST
-

tetranucleate. Trihucleates contained one larger and two smaller nuclei

*  and never more than one spore. Spore ﬁal{iﬁQgQé?ure when it occurred-
was iﬁvariably around. the larger nucleus (Figs., 10A'and 10B).

Tetranucleate asci contained 1-4 unlnucleate spores and blnucleate dsci :
<

1 or 2 uninucleate spores. Thys l*spored ascl weye common to all .3 -

4 . -l. . - « & -‘ -
classes of asci. . Two-spored asci were detected in both binucleate and

tetranucleate classes and 3- and 4-spored -asci were- of course conflned o

v
'

to the tetranucleate class. The observation of*the foregolng classes &f



-

. Figure 8:

‘L/r/‘ - l. B \ . _

88:

-

- Effect of heat shock on nuclear division and sporulation.

Cells were lnoculated into SO—ml volumes 12 glucose YNB PSM

at an initial cell density of 10° /mI and the prowth cultyre
flasks were incubated 21 h at 27° at€r bath shaker
operated at 100 oscillations per min. Gglls harvested from

2] b presporulation culturgs were ,washed twice with sterile
delonlzed glass~distilled water transferred to 50-ml volumes
2% acetate SPM at a cell density of 10’/ml and incubated

36° in a water bath shake® operated at 100 oscillations per
min. SPM was prewarmed to 36" in the water bath shaker
immediately prior to inoculation with cells. At hourly
intervals commencing at 1 h for the first 5 h in SPM, culture
flasks were removed from the 36° shaker and placed into a 27°
shaker operated at 100 oscillations per min. 3

Mean percentage of sporulated cells (D-U) and of total _asci -
that were 3- and 4-spored (W- l) . ‘
S

s

Mean. percentages of trinucleate and tetranucleate asci (e-e),

'th hemocytometer

Figure 8B yields were determined by scoring 200
stained asci five times-in dupllcate experlmen , 24 h after
the transfe:. Thus each poxnt in Figure 8B ig' based omn a

total of 2000 asci. 1In both 84 and 8B, yields indicated at 0
h are for heat—-untreatéed controls incubated 3t 27° and yields
indicated at 48 h are for cultures maintained\at 36°. Error
bars indicate standard deviation. :
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Figure 9:

|
i
.

Effect of cold shock on nuclear division and sporulation.

_ Mean percentages of sporulated cells (U-U) and of total ascx

The culture procedure used to investigate the effect of
sporulation culture at a low temperature (18°) were the same

4as those described in the precedlng figure for. Sporulatlon-

culture at a high temperature (36°) except SPM was precooled .
to 18° immediately prior to inoculation with cells..: -
Sporiilation cultures were incubated at 18* and -at hourly »
intefvals commencing at 1 h for the first 5 h in SPM culture‘i
flasks were shifted up from 18 to 27° by dlrect transfer from
an 18° to a 27° water bath shaker. ‘ - -1ﬁ‘;J'-

that were 3- and 4-spored (m-m), . S
Mean percentages'OE'trinuéleate¢ and_tetranculeateéésci (.-05///

In Figure 9A yields were determined by scoring 500 asci five
times in duplicate experlments, 48 h after the transfer

PSM to SPM. Thus each point in Figure 9A is based om a—total
of 5000 asci. 1In Figure 9B yields were determined by scoring
200 Giemsa-stained asci five times in dupllcate experlmgnts,
24 h after the transfer. Thus each point in Figure 9B is
based on 'a total of 2000 asci. In both 9A and 9B, yields
indicated at 0 h were for cold-untreated controls incubated
at 27° and yields indicated at 48 h for cultures maintained
at 18° Error bars 1nd1cate standard dev1at10n.

A

P
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ascl can account for the lack of corresponddnce between yields of

trinucleate- + tetranucleate-asci and yields of 3- + 4-spored asci. The
&

latter yields were determined by examination of unstained asci which
’ » . . . e »
does not pérmit enumerationm of nuclei in asci.

As noted in the Introductiom, nuclear divisions.are normally

completed before the ofset of spore formation in yeast (Nagel, 1946;
Pontefract and Miller,dﬁ?62).- In the preseat study this was true of
spore formation in binucl&ate and tetranucleate asci. However in the .

case of heat- and cold-induced trinucleate asci, nuclear divisions were .

not always completed before the nset/gf'3pore formation. Figure 10A
shows two examples of a single uninucleate spore in an ascus in which a
second unenclosed nucleus was engaged in nuclear division. The

iy, .
consequence was formation of a trinucleate ascus containing a single
nucleus enclosed within spore walls and two unenclosed nuclei (Fig.

10B). One possibility is that ﬂbth,high and low temperature treatments

interfered with events that would normally prevent spore formation until

nuclear divisions are completed. It is noteworthy that the two

unenclosed nuclei in any given trinucleate ascus were consistently-

-

smaller than the enclosed nucleus, This is of particular interest since

the manner of chromosome segregation in such asci is at present unclear
) ’ ‘ . ‘ . 4 . ‘
and the consistent difference in size between enclosed and unenclosed
b ‘ ' .

nuclei might reflect differences in ploidy, the former being diploid and

the latter haploid in DNA content. This pogsibiiity 1s_supported by the

k—_—/./gbservation that in apomictic asci containing 1 spore, enclosed and

unenclosed (diploid) nuclei were similar in size to the single enclosed

nucleus in trihucleate asci (Figs. 10B and 10C).
»



Figure 10:

Heat and cold induced trinucleate ascus formation.

Heat induced trinucleate ascus (upper photo) and cold .
induced trinucleate ascus (lower photo) as revealed by
Giemsa nuclear staining showing a spore nucleus (long -
arrow), and-a second nucleus (short arrow) engaged in .
nuclear division in the epiplasm.

Mature trinucleate ascus showing one larger nucleus enclosed
within a spore (large arrow) and two swaller unenclosed
epiplasmic nuclei (small arrows).

A one-spored apomictic ascus with one enclosed and Gue
unenclosed anucleus.

All photographs were the same magnification. Scale bar:
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FIGURE 10
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The limitation of protein synthesis evident during the first 3 h
of sporulation under M-P conditions (Figs. 5 and 6) was correlated with

lnduction of meiosis in experiments in which cells cultured under A-P

¢
condltloas were admlulstered cyclohexlmlde for‘pﬁ;HEEYIy hours of
sporulation (Fig. 7). Inhibition of protein synthesis by cycloheximide
durlng the f1rst few hours of gporulatlon was f0110wed by a dramatic

increase in yields of tetranucleate asci. Thus it is not surprising
3
that treatments expected to reduce rates of macromolecular synthesisg,

such gs incubation at low temperature or to alter synthesis of a number

6f|polypeptide species, such as incubation at high temperaturé
(HcAlister.eg_EL., 1979; Lindquist, '1981), induce meiosis in apomictic
yeast when administeted for the early hours df.sporulation_under A-P

tonditions.

Effect of Presporulation Culture at High Temperature on Nuclear Division

and Spore Formation in SPM

L]

The effect of PSM mod1f1cat1ons on meiotic ascus productlon in

4
SPM (Table 1) suggested that events'associated with vegetatlve

7 ..
reproductign might condition cells of the 1%l strain for meiosis in

a

shy, This possibility was investigated further by determining the
effects of presporulatlon culture at elevated temperature (36°) on
nuclear division and ascospore formatlon in SPM. Presporulatlon growth
cultures in 6% glucose YNB PSM with and without zinc addition were

1n?pbated at eitber_27° (control) or 36° for 21 h and transferred to

3.5 acetate SPM with and without zine supplementation *for 48 h at 27°
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The resultant yields of sporulated cells and of 3- and 4-spored asci are

given in Table 2.

Yields of 3- and 4-spored asci in 3.5% acetate SPM increased

1%,

from control values (19 651.27) to 26. 2%3.0% when 6% glucose YNB
presporulatlon cultures were incubated at 36° rather than 27° (Table 2,
~‘upper half) and these lncreased yields were s1m11ar to those (27.6%3 OZ) J

obtalned in 3.5% acetate SPM supplemented wlth zinc sulfate after

. 1A .
presporulation culture at 27°, However, there was no further 1ncrease;f"""--_f

id yields with zinc addition to SPM after presporylation culture at 36°. \\\—
e

Zinc additions to PSM.folloued by incubation of the growth culture at
o

6° had a more striking effect on subsequent ylelds of meiotic asci

el .

-ained in $PM (Taple 2, Lower half). Yields iucreaseg f;qm 29.2%2.0%
(cojtrols) to 45.113.32. The yields of such asci induced were similar._f
to those (42.3i3l3;) obtained with inclusion of zine in SPM after . |
presporulation CU1tuEE~EF 27°. Again, inclusion of zinc in SPM did not
\ increase yields further:follqwing‘pr porulation culture at 36°. It‘is
) thus evident from the markeé;incre : in yields of 3~ and 4-spored aeci
obtalned in SPM that presporulatlon culture at 36° rather than at 27°

lncreased the ablllty of cells to undergo two meiotic nuclear divisions

.in SPM,

Cell Age Dependency of Apomictic and Meiotic Sporulation \f“

Saccharomyces cerevisiae multiplies by budding leaving on the
surface of mother cells bud scars which stain consuicuously with ehe uv
fluorochrome caleofluor (M. Hayashibe, cited in Yanagita et al., 1970).

Newborn daughter or infant cells however do not bear a stainable bud

Pl .
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scar, Hence_;_grnumber of bud scars on the surface of ‘any given éi;l

correspouds to its "cell ivision age". 1In this context-age is

understood in the physi bgical, rather than chronological sense.

Yanagita et al, (1970) € und that most ‘mewborn cells fail to sporulate

when trausferred from PSM to SPM but that cells bear1ng 1 or more bud

L

scars. (age 1 or more) exhibit a much greater sporulation capacity. The
* .
availability of M-P nutritional conditions presentéﬁ an opportunity to-

compare the cell divisiou age dependeucy of apomictic and meiotic:

sporulation using an ideal cell pofulation con51st1ng of a mlxture of

apomlctlc and meiotic phenotypes derived from cells of the same genetlc .

background The cell division age distribution patterns obtained under
M~-P coﬁditgtts can be related directly to the manner .of nuclear division
kduring sporulation, since, only two classes of asci are produced:
b1nuc1eate (apomictic) asci which always contain 1 or 2 uninucleate
spores and tetranucleate (meiotic) asci which always contain 3 or 4
uninucleate spores (Blllnskl and Mlller, 1980). Asci from 48 'h |
sporulation cultures were stained with calcofluor and the age
dlstributlon frquencigs for meiotic asci, apomictic asci and non- .
sporogeuic cells were determined. The'reSulté afe éiven in Figure 11‘
The age dlstrlbutlon frequenc1es of apomtctlc asci and non;sporogenlc
cells formed under A-P nutr1t1oni3\i?nd1t10ns are 1nc1uded for.
comparison (Fig, 12).“

. Under M-P conditions newly—formed daughter cells (age 0) faxled
to undergo meiotic sporulat1on (gzg. 11A) but such cells were able to

sporulate apom1ct1cally (Fig. llB} of apomlctlc asci formed undeg M-P

, cond1txon§;\3pprox1mately 20% resulted from d1fferentlat10u of age 0

FRY



Figure 11l:

Relationship between cell ape and manner of nuclear division

during sporulation under M-P conditions.

Cells were inoculated into 50-ml volumes of 62 glucose YNB
B&EM containing 25 Wg/ml ZnS0, .7TH,0 at an inmitial cell -
density of 107/ml and growth culture flasks were incubated
21 h at 27° in a water bath shaker operated at 100
oscillations per min. Cells harvested from growth medium
were transferred after washings to 3.5% acetate SPM
containing 25 ug/ml Zn&OA.Yﬂzﬂ at a cell density of 107/ml.
Sporulation cultures were malntained in the same manner as
presporulation growth cultures, except they were incubated
48 h. Aliquots (1-ml) were removed from sporulationm
cultures at 48 h, harvested, washed and stainmed with
calcofluor (see Materials and Mh;hods). By means of

fluorescence: microscopy the proportion of cells with 0, 1, 2

and 3 or more bud scars was determined by scoring 400
randomly-selected entities in each of the following classes
of asci: (A) Meiotic)asci; (B) Apomictic asci; (C)
Nousporogenic asci,’

Division age (horizontal axis) refers to the number of bud
scars on a given cell,
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. cells (Fig. l1B). Hence it is apparent that passage of cells through at

. . least 1 complete mitotic cell division cycle is a prerequisite for

melotic but mot for apomictic sporulation. _But this is not sufficient

fur occurrence of. me1031s, since some cells bearing 1 or more bud scars
sporulated apomlctlcally (Fig. 11B) while others with 1 and even 2 bud

scars were non-sporogenlc (Flg. 11¢). anetheless clder cells underwent

me10313 more frequently -than apomlxls since the proportion of asci
bearlng 2 and 3 or more bud scars was wmuch higher in the meiotic class

(F1g. 114) than in the apomictic: class (Fig. 11B). That the cell age

distribution pattern of meiotig. asci differed slgnlflcantly from
apomicti¢ asci was confxrm:;H;j\:;apgrlng cumulative cell d1v1310n aé£
distributions (data not shown) u31ng the Kalmorgorov-Smxrnov two sample

- statistical test (Sokal and Rohlf, 1981). The probabzllty that such

differences arose by chance was d termlned to be of the order of 10"16
The-celtig1v151ou age disttibution patterns for apomictic asgi

and non-sporogenic cells produced under A~P nutritional couditiong\éfe

given in Eégure'lz. Approximately 202 of apomictic asci resulted from
. e ) S . ) . AW

differénciatién of cells'lackiﬁg bud scars-and approximately 50%
e B resulted frOm d1fferentlat10n of cells bearing a single bud scar (Flg&_)'&

E2BJ. Thi® was also observe® under M-P cdnditions. (Flg. 118).

. However

—_—
-]

.the. pr0port10n ‘of apomictic asci obtained from dlfferentlatlon of age 2
-

cells was hlgher under M~P than under A- ond1t1ons and the opposite

s

u, 'vwas true of age 3ﬂﬁ>lls. Incxdentally, of non-spG&oif’;} cells observed

unde A-P condztlons the frequenc1es of age 0. and age ﬂ\cells were

n.-.

ol



Relationship.between cell age and manner of nuclear division

Figure.12:

£

during sporulation under A-P conditions.

Cells were inoculated into 50-ml volumes of 1% glucose
PSM at an initial cell demsity of 10°/ml and growth culfure
flasks were incubated 21 h at 27° in a water bath shaker .
operated at 100 oscillations per min. Cells harvested from ¢
growth medium were transferred afte; washings to 2.0%

acetate SPM at’'a cell demsity of 10'/ml. Aliquots (1-wml)

were removed from sporulation cultures at 48 h, harvested,
washed and stained with calcofluor (see Materials and
Methods). By means of fluorescence microscopy the
proportion of cells with 0, I, 2 2nd 3 or more bud sty
determined by scoring 400 randomly~selected entities ib
of the following classes of asci: (B) Apomictic asci;
Nonsporogenic asci.. : '

Division age (horizontal axis) refers to the number of b3
scars on a given cell.
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Yauagita_gé_gk.'§1970) repnrten that most newborn (age 0) cells

of S. cerevisiae lack the ability to sporulate when transferred from PSM
to SPM, nut,tha: older eells bearing 1 or tore bud scars exhibit a
higher percentage of sporulatfﬁg and dana in the?present study confiﬁn
their obsenvation. 0f cells which faiieqdyéf;porulate under -P and A-P
conditions, none had 3 on more bud scars and mo were newborn (aée 0)
cells (Figs. 1llC and 120); That age 0 cells were less sporogenic than

older cells bearing-1 or more bud scars is also indicated in Figs. 11A,

s -

T

11B and 12B. .

f

- Thus by fluorescence analysis of bud scar mumbeks it was found

possible to define fundamental differences in cell division age
deperdency of meiotic versus apomictic sporulation. Older cells (ages 2
and ui‘ underwent me1051s more often than apomixis and young cells (age *

1) underwent apomixis more often than mglOQ%ﬁ (Flgs. 114 and 11B8). Age
.

P. % 0 cells, on the other hand, were capabie of apomictic but not of meiotic
' sporulation. - . 7 -
< " Relationship Between Cell Division Age and Cell Size R

As notedfin the Intfoduétion the sporogen1c capac1ty ofTa_glven
£

- : . 7{,;¢L1 of. S. ereV131a§f{§ known to show scme de ;gﬁ%nce on cell age o
: (

Yaulgxta.et aI., 1970 Sando, 1977) and the data from the present study

confirmed this (Flgs.'ll and 12)._‘5&; eell'sizqwnay also be iipor;ant LN

SiEj;ki;/h‘S been PEpo Xed jthat swmall cells exhibit poorer sporulationm
th argerﬂAOth cells (Haber and'HaIvorson, 1972). Perhaps the basis

r the relatlo ship- between cell age and ‘manner of nuclear d1v1s1on ,

s I8 during sporulation Le ;hat,there }s 4 correlation between cell age aud-‘ f ii
" » N “ ‘- 1 ) ¢ ~ i ) . . & -‘:
s 5
1\ - {hq\ ; s .:“g.
’ : - * / S l ’4\‘ *
j . * - £ .,:‘:-'-!
¢ a { , o
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cell size. In an effort to determine whether such a correlation exists
the major and minor axes of calcofluor-stained vegetative cells were .
: A .
measured and used to calculate the average volumes of cells bearing ;L
1, 2, and 3 or more bud scars.respectively. - M-P nutritional conditions e

1

- were used and voliumes were determ1ned on cells from 21 h pre§porulat10n

. ]
o cultures. The results are given in Table 3 \

- ~ I

/jﬁ\ The average volume of agg 0 cells differed significantly from

the average volume of older_cells'bearing 1, 2 and 3 or more bud scars

-

(t-test, 98 degrees of freedom p < 0.001). Therefore it is possible .

that cell size is correlated with the manner of nuclear division during

\. N /‘.—/:__—
4 sporulation, :
.
™~
-4 ' ) R R
)’ v 4 S ' .- - .
Sites qf 1né\1 cumulatlon During Aggggat1ve Growth and Sporulat1on

-~

ect zinc, 1

—

1976). .Since 4 é

zine washfound to play an lmportant ‘ c role in restoratien

[

normal‘meloSLs in apdhlctlc yeast (Bli;fjﬁl and Mrller, 1980) the

' ava11ab11lty of dithizone as a heavy netal stain pffered the possibility
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— Table 3 S )
Relationship between Cell Division Age and Cell Volume® :
k ' . i |
- Cell Divisiom Ageb - Mean Cell Volume,© a3 .
0 - 92 = 28
. | - Y
1 125 = 48 :
A N .
b 2 o ) 127 = 34
3 or more 149 * 64
. . ‘ *
oo ' 8Cells of the 19el strdin inoculated into 50-ml volumes 6% glucose YNB- .-

PSM containing 25 ug per ml ZnSOA.fﬁio at an initial dens{ty of 107 /ml
were incubated 21 h_ar 27° in a waterbath shaker operated at 100
oscillations per min. Volumes (10-ml) of vegetative cell sugpension

were harvested by centrifugation, washed twice with distilled water and
stained with calcofluor (see Materials and Methods).’

bcelI*division age refers to the ﬁuqbé} of calcofluor-stained bud scars
on g given tell surfaFe. ) /r~> ‘ -

CIn order to calculate cell volumes the major (L) and minor (1) axes of
50 randomly-selected entities in each age group were measured in
duplicate experiments. Cell volumes were. then calculated using the

formula for the volume of a sphetre, V = —ﬂr3, where r = L:l. Each

‘figure represents mean and standard devigtion.

o
£
"‘\.
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of localizy

yeast. \

’ I . . )
Initially the specificity of the stain for zinec was assessed.

OL zinc-accumulation in vegetative and sporulating

Cells were culcered 21 h in 1% glucose YNB PSM with and without
Zas0, .7H,0 addition and in 6% glucose YNB PSM with and without
ZnSOA.THZO‘addition. Cells from each of the respective media were-

harvested and washed~thoroughly with deionized glass-distilled ﬁéter?
. , - - . £

The cells were then treated with dithizone staining solution (see
Materials and Methods) and then collected onto membrame filters. As

shown in Figure 13 only -cells cultured in PSH‘supplemented'wit zine

»

\displayed the characteristic red color of a positive dithizone test for

=
¥a

The specificity of dithizone for zinc was investigated by a

\F

.

further EE vivo test. Cells were cultured 21 h in 6% glucose YNB

»

presporulation media in which levels of each of the fgzlowjng'c

.constituents present in trace quantifies (Wickerham, 1951) were tripled

~

individually in amount: 33303; Cus0, , KI, FeCl_, MnSO, , NaMoO,, ZnSO

4! 3’ 42 . 4
When *cells hérvested frqm each of thf.média

4!
KH,_PO NaCl and CacCl

274 2%

were treated with dithizone, only cells from 6% glucose YNB--supplemented

”~ . $
sulfate gave the positive.red colour reaction. The

thizone for this micronutrilite was confirmed in vitro
- . . —

specificity
in experiments in which dithizone was.added to saturated solutions of

the foregoing constitlents. Again only zinc sulfate gave the typical

red colour reactidn with Zithizone. ' il
. Microscopic|examination revealed dithizone to stain small
. - ~—

spherical entitids in vacuoles f vegetatiye cells and, in asgi, -

~

a

-

o



Figuge 13:

Specificity of dithizome for zime in Saccharomyces -

cerevisiae,

- :
- -

Cells®were 1nOCu1ated into 50-ml volumes of PSM (indicated
in Figure 13) at an initial density of 10°/l and growth
culture flasks,yere incubated 21 h at;27° in a water bath
shaker operated at 100 oscillations per min, Cells.
harvested from growth medium were transferred after thorough
washing to l-ml volumes of dithizome staining solution (see
Materials and Methods) for 3 h. GCells thus treated were
collected by filtration onto membrane filters (Type HA
Millipore, pore diameter 0.45 um) and washed with deionized
glass-dlstllled water,

i ot .-:}-.-.-.4.-‘.-;- P



FIGURE 13
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material between spores and spherical entities in spores (possibly in

nuclei). To identify sites of zinc localization in the spores, a

combined‘staining procedure involving use of both dithizone aund the'DHA*
binding UV fluorochrome DAPI was developed (see Materials and Methods

and Bilinski and Hiller"1983) DAPI also stains vacuolar po&yphosphate

" or volutln bodles (Allan aud Miller, 1980), which could be sites of zinc

i

;with dlthlzone and the vacuolar fluid pluk

'1947) but nucleoli did

-

accumulation ig_vegetative ;ells.

| Thg—vegetatiye ;ell in Fig. 14 was stained.with ditﬁi%one ;nd
DAPI. ‘Examinasiéz under UV light (fig. l4a)“showed DAPI-induced
fluorescence of the nucleus (Williamson and Femnell, 1975), and "of the :
vacuolar polyphosphaté body (Allan and ﬂiller 1980). ‘Standard optics

(Fig. lhb) showed the polyphosphate body tjdizf;n deep redd1sh—gﬁrple

is indicated that zinc,

like S-adenosylmethionine (Allan and Miller, '1980), may occur in

&

polyphosphate bodies as a counterion component. The mature ascus

containing four haploi& ascospo}es shoéed ﬁAPI-induced fluorescencé_df
materié\;Egtweén spores and of nuclei (?ig. ﬁfc),_ With dithizone the‘
material betweea spores stained-pu;ple and within spores nucleoli
sté&ned deep red (Fig. l4d)}. fﬁe location of thelnucleolus'in the
spores was éonf}rméd by acridine-d;ange %;ainiﬁg which.induces
differential fluoreécence of ﬁucleolus and nuciééplasm (Royan‘énd . ya
Shbramaniam‘ 1960). On examination of asci stained with toluldxne blue

.,r‘-

(2 mM toluidine blue followed by destaining with 0. 1 N HCl) the material

between spores stained lndlc ting presence of polyphosphate (Wiame,

t stain. That the mater1a1 between spores

N
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* ”Figgfe 14: Palredfggzz;mlcrographs of yeast stained with dlthlzone and

the oy fluorochrome DAPI.

£
1

a,b: Vegetatlve cell from a 21 h presporulat1on growth culture.

- The OV photcmx;rograph

photomicrograph of the

shows fluorescence of nucleus and ,

vacuolar polyphosphate body. 1In the visible light . \\\<T

stained with dithizone.

same cell, the polypyosphate body is

c,d: A mature ascud containing a tetrad of spores. Each spore
" nucled® and the intersporal body fluoresce. - The aucleolus
and ndcleus of each spore and the intersporal body stain

with d1:h1zone. - A
§x5§ols: ‘N, nucleus, PP, polyphosphate body; V, vacuole; nu, .
: nucleolus‘ ib, Lntersporal body. ) !
All photographs are the game magn1f1cat10n as given by the )
scale bar in photograph a.
M ;
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a
this location (Fig. l4c). Thus use-of fluorochromes (DAPI, acridine
orafige) made possible positive idemtification of the emtitits in spores

whi¢h stained with dithizone as nuclegli. T ) P

Timing of Zinc Translocation from Vacuolar to Nuclear Compartments

Durlng_ﬁgprulatlon ‘- , ' C ; C

- . - -

.
* ' ) p

~— The for2301ug cytological observations were made on cells
\ -~

cultured in presporulation 9nq\époru1atiod media‘to.which zine sulfate  ° L
i : T . - . ' . :

was added. Cells cultured under the same cohditions excépt without zinc

. -

sulfate addltlon to SPM, exh1b1ted the same staining propertleé\glth

-

dithizone as thosge descrlbed “above for vegetative cells and mature asci

@

i.e., stalnlng'appearedaln vacuolar polyphosPhate bodles of vegetaglve

~— cells but then in nucleg’@”ﬁf spores, indicating translocation of zine
. . ) » - - " .

- from vacuolar tp nuclearycompartments during different from the

- AN

vegetative to sporulated sfate.‘ The -timing of this transle at;on event - //

- Ng ) s g .

was inveabigated‘uSing cells cultured under M-P conditidns. At hourly
. < /) ) -

fj iuter@als for the first 10- h in SPM alhquots of cells were. sii;nea thh

E]

B . A . . ' . .
-

= ' dithizone and the prpportlon of cellsrwith staiﬁgd nucleoli-gfs; )

' e ' s o v ' o B .
etermined.’ The results are giyen in Figure '15. - The proportion of N

/‘_ - N

" a > oy . . . .
cells with ditimbzone-stained nucleoli increased from 0% at_O h £o 20% .
L . e . . S e .
after 1 h in SPM. Yields temaxned constant until 3 h and theu-began to

e ‘ﬁeéline at 4 h, Hence it is apparent that translocétlon of .zine from )
' | i vaCuoles to nuc1e011 commenced shortly after transfer of ceils.to . .
sporulatlou condltxons. - ” -
It ig noteworthy that loss of ziﬁc-ﬁrom'nucléoliViﬁafzppafggtxh‘gﬁ
;7’ - translocation to vacuolar polyphoépbate bodi;s occd;red within 30 min th' N

-
'




Figure 15:

-

Timing of translocatiom of zinc to the nucleolus during

sporulation.

Cells harvested from 6I glucose YNB PSM céntaining 25 pg/ml
ZnSOa .TH,0 were transferred .After washing to 50-ml volumes
3.5% acetate SPM containing 25 ug/ml ZnS0,.TH,0 at-a cell
density of 10 “tml. At hourly intervals for the first 10 h
in SPM aliquots (l1-ml) were withdrawn from SPM, washed with
deionized glass-distilled water and treated with dithizone
staining solution (see Materials and Methods). The
percentage of cells with stained nucleoli was determined by
scoring of 200 entities five times in duplicate eXperlments.
Thus each point is based on scoring of 2000 entities, 1000

from each of two experlments. Error bars indicate standard
deviation.
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spore germination in PSM. Thus the tramslocation of‘ziﬁé from nucleoli
to vacuolar polyphosphate bodies occurred much more quickly during

4 T,
%ermination than translocation of the micronutrilite in the reverse
direction observed during the first few hours of sporulation under M;P
counditions.

Dithizone as a Cytological Stain

As noted above, an accumulation of zinc inm nucleoli during
differentiation of cells from the vegetative to the sporulated state was
indicated by dithizone staining and in fact nucleoli became dithizone--
reactive within the first few hour; of incubation of cells uynder
sporulation-inducing conditions (Fig; 15). Figure l6a shows a cell from

al3nh ;porulatiou culture in which the nucleolus amd nuclear enveiope
stained, VaCuolgr.fragmentation, an event commonly associated with th;
onset of yeast sporulation (Mundkur, 1961), was evident in this cell and
was indicated by the presencg of small vaCuolés containing faintly
stained polyphosphate bodies. Dithizoﬁe staining of cells from 8 h
sporulation cultures (e.g. Fig. 16b) showed zinc accumulation in
polyphospﬁate bodies and nucleoli but also in centriolar plaques and
division spindles. The morphology of the spindle and associated plaques
resembles that de%onstratéd by Robinow and Marak (1966) and Robinow
(1980) with an acid fuchsin stain, which also demonstrates the
nucleolus.. In early stages of spore formation (Fig. 16c) the nucieoli_
and nuclear membranes stained with dithizé#®. In mature asci (Figs.
16d, 16e)_the nucleoli of spore nuclei stained intensely ﬁut spindle

-

pole bodies in nuclear envelopes were barely visible at this stage.



Figure l6:

Observations on dithizone-stained sporulating cells,

g

1)
v

Symbols:

Cell from a 3 h sporulation culture, The nuclear membrane
and nucleolus are stained and faintly stained polyphosphate
bodies in=small vacuoles are evident in the cytoplasm.

Cell from an 8 h sporulation culture in which centriolar
plaques, division spindle and nucleolus of the nucleus and
vacuolar polyphbsphate bodies stain.

‘An ascus in early stages of apomictic spore formation from a

16 h culture in which nucleoli and nuclear envelopes are
stalned

A mature apomictic ascus containing two diploid spores. The
nucleolus of each spore nucleus stains but spindle pole
bodies are barely evident at this stage.

A mature meiotic ascus containing four haploid spores. The
staining prope?Eies are the same as those described in 16d.

N, nucleus; pb, polyphosphate body; V, vacuole; nu,
nucleolus, sp, spindle; c¢p,. centrlolar plaque.
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FIGURE 16
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Grewal and Miller (1972) described the fofmatioq of a
conspicuous structure, the intefsporal body, comnecting the two spores
in apomictic asci. Dithizone staining made it possibli,to follow the.
stages of intersporal ggdy formation (Fig. 17); Haterial.accumulated
initially outside the spdrés (Fig. 17a) and as spore deelopment
proceeded (Fig. 17b) it tended to move to a central position between the
spores (;ig. 17c).  In addition to zin¢, this structure evidently
contains polyphosplhiate as indicated by DAPI staining (%ig. l4e).

Thus by dithizone staining it was found possible not only to
locate zinc microcytochemically in vegetati;e and sporulating yeast but

also to demonstrate some details of yeast nuclear cytology.

B



Figure 17:

Stages of intersporal body formatLBn a3 revealed by
dithizone staining.

a: Immature ascus from a 24 h sporulation culture in which
material outside the spores is stained.

b:" At a later stage (36 h) the stained material outside the’

spores appears to have migrated toward a central position
between the spores.

With ascus maturation (48 h} an intersporal body is well
defined.
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FIGURE 17
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B DYSCUSSION

Prerequisites for Meiosis in Apomictic Saccharomyces cerevisiae

3

J In iovestigations of factors cdmtrolling yeast meiosis an

"approach frequently used has been to compare Cytoloéical and metabolic

events during sporulation of meiosis-capable and meiosis—incapable

-

-strains cultured under ideatical nutritional conditions (Hopper et al.,

1974; Trew et al., 1979). However in the present study a strain of

Saccharomyces cerevisiae (19el) known to have two alternative modes of

nuclear division during sporulation (Bi}inski and Miller, 1980; Klapholz
and Esposito, 1980a) was ‘employed. Under commonly used culture ~
conditions ascospore formation in 1%l is preceded by a single
equational nuclear division and consequently only two spores form per
ascus, each of which is uninucleate and diploid (Grewal and Miller,
1972).‘ As mentioned in the Introduction, such a developmental process

is apomictic, since, by analogy to plant apomixis (Gustafséon, 1946;
1947) a sexual structure- (ascus) d;velops but gamete formatidﬁﬂaﬁe; not
occur; inétead, diploid progeny (spores) form which are each capable of
giving rise to a vegetative clome of;celis, compétent té sporulate
Qithout prior mating. But cultivation of cells in defined
presporulagion and sporulation media containing elevated carbom source
and zine levels induces about one half of the sporulating cell
population'to uddergo‘normal meiosis with production of tetranucleate

asci containing 3 or 4 uninucleate haploid sporés (Bilinski, 1979;°

Bilinski and Miller, 1980). The ability to condition apomictic yeast

75
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and to induce them, by supplying appropriate nutritiomal factors, to

undergo meiotic development formed the basis for the present study.
Thig deals with the sequence of certain cytological and biochemical
evazzs assocliated with restoration of meiosis in apomictic yeast

(Bilinskiﬂgg‘gl., 1983), i.e., associated with the reversal of a gemetic

LY

deficiency by nutritional supplements.

-

> The most striking difference evident between cells cultured

.. 0 . . . .
under meiosis—-promoting (M-P} versus apomixis-promoting (A-P) conditions

(as defined in Fig. 5) was that in the former protein synthesis ‘was

k!ﬁﬁ

barely detectkble during the first 3 h, whereas in the latter protein
syﬁEhesis was §ery high during this period, attaining a maximum ;t 3h
(Fig. 5). This does not mean that apomictic sporulation requires active
protein synthesis during this period because eien\unéer M~P conditions
approximately half of the cells which sporulated did so apomictically.

s
However, low levels of protein synthesis may be a prerequisite féy

meiotic differentiation in this yeakt system, partiCulafly since
cycloheximide, a kmown inhibitor of protein synthesis in eukaryotes,
induced meiosis in cells cultured under A-P conditions when administered
for the early hours of sporulation (Fig. 7).

It is known that the capacity;éf-a given cell to undergo meiosis
in SfM is dependent on the phdse of the cell cycle which it had Hrrained

at the time of transfer from PSM to SPM (Haber and Halvorsom, 1972).

The observation that in M-P conditions half of the cell populatiom which

-
-

sporulated did so apomictically may be attributed in part to asynchrony
im\ the vegetative cell population. 1In dddition data from the present

studyyconcerning the cell division age dependency of meiotic vérsus



apomictic sporulation can account for the persistent production of
apomictic asci even under M-P conditions. \preriments in which bud scar
numbers’ were ¢ounted on the surface of mature asci and related to the

’ ~
manner of nuclear division during sporulation revealed that newly—foramed
(age 0) daughter cells were capable of apomictic but not of meiotic °

sporulation (Figs. 11A and 11B). Unlike wild type strains of

Saccharomyces cerevisiae in which age 0 cells have bedk observed to

sporulﬁte infrequently (Yanagita et al., 1970; Haber and Halvorsonm,

1972), under both A-P and M-P conditions approximately 20Z of 19el cells

gave apomictic asci that resulted from differentiation of age 0 cells
(Figs. 11B and 12B). Thus the genetic deficiency in strain 19el ©

prevents meiosis but allows age 0 cells to sporulate, .Furthermore, the

observation that newly—formed daughter cells were capable of apom1ct1c

but not of meiotic sporulation suggests that passage of cells through at

least one complete'mitotié cell division cycle is required for meiotic
but not fot apomictic sporulation. Since freshly-formed (age 0)
daughter cells tend general}} to be smaller than their mother cells at

the time of cell division‘(Yanagita|g£_§£., 1970; Tsuboi and

‘ Yanagishima; 1974), the apparent requirement that a given cell pass

through at least one complete mitotic cell division to undergo meiosis

may reflect some minimum sige prerequisite for entry into a

complete meiotic programAthich does not apply for entry into wn

.apomictic program. In fact experlments to relate the maaner of

development to cell volume suggest that such a cell size prerequisite

may exist (Table 3). Haber and Halvorson (1972) noted that buds

{

)



similar in volume to their mother cells at the time of scission

sporulate much less frequently.

Thus at least two events are indicated as prerequisites for
meiotic tetrad development in strain 19%el: (i) low levels of protein
synthesis during early hours of sporulation (Fig. 5) and (ii) passage
through at least-ome complete mitotic cell division c}cle. However

>

these events are found not to be prerequisites for apomixis.

Qualitative Changes in Protein Synthesis during Sporulatiom

As described in the Introduction, investigators (Hopper et al.,
1974;- Petersen et al., 1979; Trew et al., 19795'have.a§proached
identification of meiosistspecifié yeast proteins by comparing
autoradiograms of labeled proteins synthesizeg Sy meiosis-capasae (MAT

3/MAT o) diploid strains to those synthesized during 5porﬁlation of

meiosis—incapable (MAT a MAT a/MAT @) diploid and haploid (MAT

3 or MAT &) strains, 'AltHBugh changes i
—

synthesized during sporulation of

the pattern of prﬁteins

e strains were de;eéted, Ehe game
changes occurred in both meiosis-capable and meiosis—iﬁcapable strains.
Wright et al, (1931), however, demounstrated recently 21 protein changes
specific to MAT a/MAT a cellé, Qome of which weré due to the appearance
of new polypeptides. 1In the present study the lower lévels of protein
synthesis apgarent during the first 3 h of sporulation under.M-P
conditions 5) were followed by a period of protein synthesis in «
which a band present\in.A*P conditions was absent (Fig. 6, lanes a_ and

5

m6). But in addition a new band appeared in M-P conditions at 6 h which

wag_absent in A-P conditions://Although the observation of*these and



. | : ™

-

L--possibly other protein band differences between cells in M~P and A-P
conditions suggests a change in gene expression,vthe precise basis for

any observed qualitative differences remains to be elucidated. In 4
addirion,. the possibility that differences between M-P and A-P culture
4 ' .
media coatributed to these.differences canmot be excluded,
. . » .

t

)i . ... . .
Temperature Regulation of Nuclear Division during Sporulation

Whén; evkaryotic cells are exposed to temperatures 5 - 15° above
-

their Opfimum'for growth, they respond by inducing synthesis of a small

) . . . ' -
group of proteins, the so-called heat shock proteins (for a review, see

Ashburner and Bonner, 1979), Saccharom§3es cells\respond to temperature
elevation*with a marked ;apid increase in.synthesis of heat shock '
proteins while synthesis of other cellular.proteins decreases gradually
or continues at normal.heat*untreated coﬂrrol levels,(Lianuist, 1981). -
This specific alteration in protein synthesis is accomplished through
rapid deéradation of pre-éxisting messenger ribonucleic acidgﬂ(mRNAs)
present prior to exposure of cells to elevated témperatures and through
changes in transcrip;iqn (Lin&quist, 1981; Li;aqqﬁst et al,, 1982). The
ggegree of indﬁction of heat shock proteiﬁgzﬁg yeast gés been shoyn to
depend on the carbon SOufce_to whiiP cells‘are.exposed. The heat shock -

4

response of cells in dextrose-containing medium is transient (Miller et

al, 1979; McAlister et al., 1979) whereas the heat shock response ;f
cellsAiﬁ“acetate—containing medium can be maintained indefinitely as
' lohg-as there:is continued inchbation'at elevated temperature and under
kfhi condition total protein synthesis declines (Lindﬁuist et al,,

1982) .
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In the present study incubation of the 19%el strain at an

elevated temperature (36") for the first'l or 2 h of sporulation in 2%
\
acetate SPM induced an increase in yields of meiotic asci (Fig. 8). as

noted in the Introduction, apomixis in strain 19el is the consequence of
ke -

a homozygous reces%ive mutation designated spoIZ—L‘(Klapholz and

S .
Esposito, 1980a). The absence of a functional SPO12 gene does not -

appear to interfere with entry of cells into weiosis I as high levels of

recombination approximating staddard meiotic levels (Klapholz and

Esposito, 1980b) are evident, indicating cells to be capable of
completing at least one landmark event.of prophase of meiosis I. o

However the cells subsequently fail to complete the first meiotic

nuclear division and instead a single equational nuclear division *
+
resembling a meiosis II division occurs to yield two diploid nuclei)

: A .
instead of the usual four haploid nuclei per ascus (Moens;”i%?&; Moens
et al., 1977; Marmiroli et al., 198la). Since transcription of Fenes

coding for heat shock proteins occur in Saccharomyces cells never

-~

exposed to elevated temperatureskj;s a part of the sporulation process

(personal communication, S. Lindquist) it is possible that the high
)

, temperature treatment administareﬁ to cells of the 19l strain N -
compénsated for\the deficiency in gene function(s) conferred by séoli—l
by activating tfanscriftion:of speéific genes required te ensure (\\; . .
completion of- meiosis I fc;ll_.owed by meiosis II. _ éﬂ ‘ [-‘
Davidow et al. (1980) wbserved that sporulation culture at 36°
followed by a shift down to 23° i;duces‘aLundanQ\formation of asci )
“

containing two uninucleate haploid spores in typical §. cerevisiae,

Although the asci were tetranucleéte, the spores of the dyads were

-
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furnished with nousister haploid nuclei that werelthe products of two
separate meiosis II divisions. On electron microscopic examination the
two nonsister nuclei which failed to undergo spore enclosure, each
harboured a.spindle pole body (SPB).that did not exhibit certain -
characteristic modifications associated with initiation of prospore

enclosure. But the other two nonsister nuclei did and spore wall

enclosure ensued. These observations suggested a role for SPBs in

initiation of enclosure of nuclei by spore walls after completion of the

two successive meiotic nuclear divisions and also indicated high
temperature treatment to interfere with aspects of their f:nction
required for initiation of prospore enclosure,

‘ ~ :
-Although sporulation culture at 36° for the first ! or 2 h under

" 'A-P conditions followed by a downshift-to-27° induced formation of

tetranucleate asci containing 1,2,3 and & uninucleate spares in strain
l9e{, one-spored asci that were trinucleate containing two smaller
unenclosed nuclei and one largef enclosed nucleus were also obéerved
(Fig. 10B). 1In the absence of genetic data the mangeé of chromosome
segregation which precedes formation of these trinucleate asci is at
present unclear. As mentioned in the Results,lit is conceivable tﬁat
the first meiotic nuclear division occurred in these asci but only one
of the two meiosis I division‘?roducts entered and completed meiosis II,
Unlike meiosis in typical §. cerevisiae (Moens and Rapport, 1971b;
.Zicklér and Olson, l97§), in apomixis the SPB undergoes only one
duplication and the second dﬁplication required for formation ?f the 3rd

th . . .
and 4 SPBs 1is elther 1ncoﬁﬁlete (Moens et al., 1977) or does not occur

at adl (Moens, 1974; Mérmiroli et al., 198la), Occasionally in the
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sequence of eveats leading to formation of trinucleate asci in strain

19el, after completion of one tuclear division, one of the two'resultant
) ; ”~

nuclel initiated spore wall enclosure while the remaining nucleus

divided again to yield two smaller nuclei (Fig. 10A) which consistently,

" failed to become enclosed (Fig. l0B). It is possible that after

coﬁpletion of the first meiotic nuclear division, one of the two SPBs
failed to duplicate completely and then underwent structural
modifieations assoéiated;with initiation of prospore enclosure, vhile
.tbe opher duplicated completely facilitating occurrence of a meiosis II
division to yield two haploid nuclei. Such a sequence is conceivable in
a génotype that produces apomixis for two reasons:

(i) the second ro?nd of duplication of the SPBs to yield the 3rd and
Ath SPBs which in meiosis of wild type S. cerevisiae is required
for the second meiotic nuclear division after completion of meiosis
I has been observed to be incomplete in some of the-developing asci
in apomictic §. céreQisiae (Moens et, al., 1977).

(ii) ; small proportion of dyads (approgimﬁtely 5%) in apomictic §.
cerévisiag resulg E;om enclosure of 'diploid' products of a single

complete reductional auclear division (Kiapholz and Esposito,

1980b),

Spore wall enclosure of the 'diploid’ products of a meiosis I division
has been reported in two temperature~sensitive cell division cycle (ecdc)
_mutants of §;7cerevisiae that are defective in mitotic nuclear division

in PSM and in meiosis in SPM at their restrictive temperature (Schild

-

and Byers, 1980). When diploid strains homozygous for either of these
o . . ] » : . : ) .
two temperature-sensitive mutations, cdc 5 and cdc 14, are cultured
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vegetatively at the permissive temperature and sporulated at a semi-
restrictive temperature, melosis I proceeds to completion and two
meilosis II spindles develop but they‘fail to elongate, Consequently
encapsulation of meiosis I division products oceurs to yield two
uninucleate 'diploid‘“spores Per ascus. In strain 19el, failure of
‘one of t;o meiosiész division spindles to undergo elongation could
.result in formation of trinﬁcleate asci.

Temperature shock treatment; administered to flagellates of
Naegleria stimulate duplication of "centriole-like" basal bodies,
structures which share some structural and functional homology with
centrioles of dividing nuclei (Dingle, 1970). Such an effect of
tempefaéure shock on sﬁbsequent SPB duplication during meiosis in strain
19el may have occurred at one of the melosis I division poles, thereby
satisfying : precondition for occurrence of a meiosis II division at one
pole. This would yield a trinucleate ascus.

Combined electron microscopic and genetic studies should prove
useful in analyzing the sequence of ultrastructural changes and the
sequence of meioticAevents that occur during the course of formation of
temperature shock-induced trinucleate asci in strain 19el. Although the
role of the SPB in control of chromosome segregation duriné yeast
meiosis is unknown, apomixis in strain l9el may be due to a defect in
some aspect of spindle pole body duplication, separation and function.
It is known from in vitro studies that ‘SPBs serve as nucleation sites
for the tubulin pelymerization (Byers et al., 1978; Hyams and Borisy,
1978) necessary for forgatlon of the spindle apparatus in vivo and as

.

noted in the Introduction, it has been proposed that apomixis say be due



to formation of a defective meiosis I spindle apparatus {Klapholz and

Esposito, 1980b).

Possible Roles for Zinc in Restoration of Meiosié.in_ggpmictic S.
cerevisiae

Although significant increases in yields of meiotic tetrads
occurred in SPM when strain 19el was cultivated at high carben souéce
levels, maximum yields occurred when both PSM ‘and SPM were supplemented
further by the additiqn of zine sulfate (Table .1 and also see Bilinski
and ﬁiller, 1980). However in the other two known apomictic strains of
S. cerevisiae (ATCC-4117 and ATCC-4098) increases in carbon source
levels alone did not stimulate meiosis in S?M but the combination of
increased carbon scurce and zinc levels did (Table 1). That meiotic

!

sporulation in these two strains depended closely on additi

)

the nutritional enviromment indicates that this micronutrilit

of zinc to
plays a
key morphogenic role in restoration of meiosis. The presence of higher
carbon source levels in PSM and SPM may be required to enhance zinc
uptake (Failla_gg_gl., 1976), ' The importan;e of this element in
restoration of meiosis ia apotiictic S. cerevisiae is also indicated by
the observation that addition of two salts known to inhibit zinc uptake

“

in yeast, Qggtz (Failla et al., 1976) and KH‘ZLO4 (Fuhrman and Rothgfgin,
1968) inhibited meiotic tetrad formation in strain 19el (Bilinski and
Miller, 1980). "Also, presporulationm culture at a higher temperature
(36°1}, a condition known to enhance zinc uptake in yeast (Failla et al.,

1976), increased the frequency of meiotic tetrads producad in SPM (Table

2). The precise role of the micronutrilite remains to be elucidated.

r



LN

-

Zinc is known to'intgract with membranes, participate in polymeric
organization of macromolecﬁles (Chvapil, 1973), affect chromatin
configuration (Kvist, 1980), promote tubulin polymerization’ {Crepeau and
:lFram, 1981}, affect ribosome structure (Subcommittee on Zinc, 1979) and
i accumulate in nucleoli (Fujii, 195;, 1955). 1In fact, the dithizone
staining'procédure developed in the present study indicated

s

translocation of zinc from vacuolar to nuclear compartments shortly

-

after transfer of cells from PSM to SPM (Bilinski and Miller, 1983),
Zinc accumulated in nucleoli in the first few hours of sporulation under
M-P conditious (Fig. 15) during the period of protein synﬂhesis
limitation (Fig. 5). Yet once protein synthesis commenced under M-P
conditions, the proportion of cells with dithizone-s%ained nucleoli
began to decline indicating release of zinc from nucleoli. There may be/
a relation between ;he acéumulation of zinc in nucleoli and lower levels™
of protein synthesis during the first few hours of sporulation under M-P
conditions since nucleoli gre\the ;ites of syﬁthesis of ribosomal RNA
(Sillevis Saitt et al., 1972; 1973), an integral co;pqnent of ribosomes
needed for protein. synthesis (for a review see Warner, 1981).

As mentioned previously, in apomixis only a single hucléar
division occurs and this division initiali& resembles meiosis I but then
‘takes on the appearance of meiosis I1, particularly in the structure of
the spindle plaque. It has been proposed that the single eq;ational
nuclear division which precedes spore formation may be due to a
defective meiosis I spindle apparatus‘(Klapholz and Esposito, 1980b)§,

Since zinc promoted occurrence of the two successive meiotic nuclear

divisions in apomictic S. cerevigiae (Table 1), the microcytochemical



——

86

detection of zinc in centriolar plaques and division spindles of
sporulating cells (Fig. 16B) is of particular interest. If is
conceivable that zinc confers stability on the meiosis I spindle
apparatus and thereby facilitates completion of the reductional

chromosome segregation of meiosis I followed by meiosis II.

’

Timing of the Decision Concerning the Manner of Development during G

Sporulation

The approach taken in the present study has led to the

-

identification of a number of treatments which restored to cells of the
19el strain the ability to undergo meiotic rather than apomictic

development under sporulation-inducing counditions. These are summarized

¥
in Figure 18. Under M-P conditionms low levels of protein synthesis

during the first 3 h of sporulation were correlated with restoration of

'S

meiosis (Fig. 18B). Cycloheximide was similar to increased zinc in its

effect on development since the drug limited protein synthesis and was

most effective in stimulating occurrence of meiosis when administered to

cells cultured under A-P conditions for the first 3 h of sporulation™

(Fig. 18A, ii). Heat shock, a treatment known to transiently decrease

.
rates of precusor ribosomal RNA production (Johnston and Singer, 1980),

inhibit synthesis of ribosomal proteins (Gorenstein and Warmer, 1976;°

Warner and Gorenmstein, 1977) and alter traqscription (Lindquist, 1981)
was effective when administered for the first 1 or 2 h in SPM (Fig. 184,
iii). Incubation of sporulation cultureé at a loé‘temperature (18%), a
treatment not used previously in §east sporulation studies, was

effective when given for the first 3 h in SPM (Fig. 184, iv). That all
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Summary of treatments that restored meiosig in S. cerevisiae

-Figure” 18:

Az

Symbols:

strain 19el,

Treatments administered under A-P nutritional conditions:
(1) Untreated control cultures
(ii) Cycloheximide treatment (based on Flg. R
(iii) Heat shock (based on Fig. 8) i
{iv) Cold shock (based on Fig. 9) N
. .
‘ii, time in SPM when protein synthesis commenced;
time in SPM when cells were administered treatment;
f, time in SPM when cells release® from treatment;
2, optimum duration of treatment for induction of meiotic
asei, : : ’

Cultivation under M-P nutritional conditions, =-----, period
during which protein synthesis is limited (based on Fig, 5)
and during which cells accumulated zinc in nucleoli (based
on Fig. 15).

In both A and B, the classes of asci resulting in SPM are

indicated on the right.
-

~

R
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traatments found to restore melotic development were effective when
admipistered for the early hours of s;orulation ;ndicate that the
decision concerning the manner of development, apomictic or meiotic, a
given cell will follog is made shortly after transfer of vegetative

cells from PSM to SPM.

1

.Hypotheses to Account for Restoration of Meiosis in Apomictic Yeast

As described in the Introduction, Klapholz and Esposito (1980a)
défermined fhat,strain 19el has a homozygous recéssivé nuclear
gepe‘mugation, designated spol2-1, which caésed apomixis, Electron
microscopic (Moens et al., L937; Marmiroli et al., 198la) ang genetic’ ..
(Klapholz and Esposito, 1980b) studies ipdicate that in apom:
development duplicated homologues synapse and recombine as in prophase
of meiosis I, Hﬁwever, meiosis I does not proceed to completion, that

r

is, homologous centromeres and of course chromosomes fail to segregate

from each other to opposite div%jfgz\Bﬁles. ‘Instead they desynapse

completely and divide equationally as in meiosis II to yield two diploid .

nucle; and ébnsequently two diploid spores per ascus. With restoration
of meiosis and tetrad formation in strai; l9ei, it follows that the
various treatments summarized in Fig. 18 conf%zjyﬁ on cells an ability
to overcome the deficiencﬁ in gene function(s) caused by spol2-1, such
that they become competent to complete meiosis I chromosome éégregationl
followed by meiosis II. From the data on whicthig. 18 is based it can
be suggested that key metabolic events occur sho;tly after transfer of
cells to sporulation-inducing conditions which restored thé ability to

.

undergo a complete meiotic programme. The nature of.the underlying
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molecular events involved in restoration of ueiosis in strain iéel is ar
: .

present unclear. However several testable hypotheses are offered and

these are described below. These hypotheses attempt to integrate

nutritional, cytological anu biochemical data 'of the present study Qith

the genetic and ultrastructural information on the apomictic strainms

detailed above and with information derived from studies of other .

" systems,

I. One early landmark biochemical event associated with the onset-

of yeast sporulation is respiratory adaptation (Klapholz and Esposito,

£

1981), a process required for the shift from fermeStative to respiratory
metabollsm that involves expression of both mitochondrial and nuclear

genes (Dujon, 1981), which for glucose-grown cells is completed within

the first 2-4 h in ‘acetate SPM (Marmiroli_gg_gl., 1981b). Zinc, a

. - €
micronutrilite shown to play a.key role in restoratzon of meiosis in

- apomictic §. cerevisiae (Table 1) is koown to stimulate cytochrome

synthesis and respiration in fungi including yeast (Grimm and Allan,
1954; Ward and Nickerson, 1958). This may be of considerable importance
N

in view of the ‘fact that apomictic sporulatlon occurs in the presence of

a known repressor of respiration, glucose (Eaton and Klein, 1954;

‘Polakis and Bartley, 1965; Witt et al., 1966), added to acetate SPM

(Grewal and Milleér, 1¥72; Bilinski and Miller, 1980). Incidentally, an -
apparent absence,of a dependency on respiratory adaptation to initiate

apomixis can account for the observation that a few cells cultured under

/ﬂ\\A—P condltlons had initiated apomlctlc nuclear division at the tlme of

transfer from PSM to SPM (Fig. hA). Inclu510n of glucose in acetate SPM
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A

prevents-oECurféAée of the two successive meiotic nuclear divizions by
arresting‘develo nt in meiosis I not only in typical (Miller, 1964)
but also in apomictic S. cerevisiae cultured under mejiosis-permissive
conditions (Bilinski and %iller, 1985). This suggests fpomictic unlike
melotic sporulation to be independenf_of mitochondrial functiont I;
fact it has been recently demonstrated that meiosis in apomictic S.
cerevisiae is dependent on‘mitochondrial protein synthesis whefeas
-qgcmixis is not (personal communicationm, N. Mﬁ%mirsli), Using the
nutritional regime which gave highesé yields of meiotic tétrads\in
strain ATC&-&IIT (Table 1), Marmiroli and his co-workers showed that in .
a derivative strain, 4117-H2, inclusion in SPM gf erythromycin, a
specific inhibitor of mitochondfial p&oteiﬁ synthesis (Lamb et al.,
1968), blocks meiotic but not ?pomictic development (maguscrapt'in
preparation). This has also been confirmed in our laboratory in strgin
}9el (unpublished data, M. Gross and S. Mokryﬁzki). That certain yeast
nuclear genes may mediate expression of mitochondrial genes and:iiéé
versa has been reported (Dujradin et al., 1980a,b; Algeri_gé_gl., 1981).
Perhaps strain 19%el %s defective in some nucleo-mitochondrial
interactioq required for the two successive meiotic nuclear division;.

As noted previously, low levels of protein synthesis during %he
early hours of sPorulatibﬁ un&er M-P conditions (Fig. 5) were correlated
with restoration of'meiosis in gtrain 19el in eiperiﬁents in which cells
- cultured under A-P conditionswﬁére administered the p;btein synthesgis

inhibiting drug, cycloheximide (Fig. 7). It hés‘been reported that

cycloheximide specifically inhibits cytoplasmic protein synthesis and

~

that residual protein synthesis resistant to cycloheximide constitutes
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the fraction of total protein synthesis carried out in mitochondria

(Clark-Walker and Limnane, 1966; Lamb et al., 1968). In fact,
c}gloheximide haibgégn used in experiments iifiﬁifh labeli;é of proteins
was being.s;udiedewithin the yeast mitochondrial compartmenﬁ (Douglas
and Butow, 1976;'Dduglas‘gs_gl., 1979}, Residual_protein syathesis

dufing cycloheximide treatment of cells cultured under A-P conditions

and{during the first 3 h of sporulation under M-P conditions may be

" attnibuted to mitochondrial protein synthesis. Thus it is couceivable

that during the early périod of protein synthesis limitation which was
correlated with induction of meiosis in strain 19ei that alterations in
mitochondrial acgivity qcéur which play a role in the determination of a
meiotic phenotype.-

The fqregoing hypothesis that mitochondrial functions may play a -
role in the reétoration_of meiosis could be experimentally teste& by
detbfmining whether mitochondrial translation produc?s are required for

. . ‘
initiation or completion of the two successive meioéic nucleariqivisiqns

g

in strain 1%el.

IT. AlthOugh_;histtudy does not deal with analysis of the cell
cycle dependency of apomictic versus meiotic sporulation, cell cycle
regulation may be involved in induction of meiosis in strain 19el, The

yeast mitotic cell cycle is conventionally divided into a Gl phase,

which precedes initiation of nuclear DNA synthesis; an S phase, auring

.

which chromosomal DNA is.teplicatéd; a‘iﬁggghuent Gi phase; and an M

. .
phase during which mitosis and nuclear division occur {for a review, see

Pringle and Hartwell, 1981), G is defined as the interval of time
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between completion of nuclegr division and initiation of DNA synthesis,
Most yeast cells arrest in G) before they emb;rk upon a meiotic
programme (Hirschberg and Simchen, 1977) and it is known that gene
functions required for entry of cells intp meiosis occur within the Gl
interval of the cell division cycle {Shilo et al., 1978)., But Marmiroli
et al., (198lc) doubt the existence of a true G, period in the mitotic

cell division cycle of apomictic 5. cerevisiae - in some cases both

- mother and daughter cells were able to produce buds prior to their

/

separaﬁion by cell membranes (cytokinesis) and cell dallg« Although
their suggestion of the absence of a typical Glﬂperiod is based on
ultrastructural observations and not on determlnatlons of the amount of
time glapsed between completion of nuclear division and lnlgldélon of
DNA synthesis, the various treatments which restored melOSls in straxn
19el given in F&ﬁ?}ls may have done so by affecting passage of cells
thrOugh the Gl phase of the cell division cycle after the transfer from
PSM to SPM. Uqger and Hartwell (1976) showed that conditions which
limit the proceés of protein synthesis can serve as 'signgls' for G

1

arrest and clearly lower levels of protein synthesis during early hours

" . \
of sporulation under M-P conditions (Fig. 18B) was correlated with

‘rinduction of meiosis. Cycloheximide, a drug known to inhibit protein

_synthesis and to arrest yeast cells in G, (Hartwell and Unger, 1977},

1

stimylated occurrence of meiosis when administered for the early hours

PR

of sporulation under A-P condiﬁiqns (Fig. 18a, ii). Johnston and Singer

(1980} demonstrated a transient arrest of yeast cells in G .by heat

1
shock, a treatment which when administered shortly after transfer of

cells to SPM increased the frequency of meiosis (Fig. 18A, iii). That
S ' .

i

N

’

4
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treatments known to arrest yeast cells in Gl restored meiotic tetrad

formation in strain 19el may be of import;nce for the following
N

reasons:
(i) all treatments were found most effective in restoration of normal

meiotic development when administered for the first™ew hours in

SPM during which cells are known to make the transition from

mitosis to meiosis (Esposito and Esposito, 1974; Hartwell, 1974;

Shilo et al., 1978) and . " .

w
<

(ii) the single equational nuclear division which precedes apomictic

dyad formation may be \due to defects in 'signals' éegulating the

i ] .

start of meiosis I (Rlapholz and Esposito, 1980b). It would not

be unreasonable that some controlling events for meiotic

differentiation in yeast occur within the Gl interval of the cell

division cycle as is indicated by the available genetic evidence
'/)‘~(Hargwell;'i974; Hirschberg and Simchen, 1977; Shilo et al.,
7 . . :

1978)

Aﬁianalys s of the cell,%1v1310n cycle dependency of apomictic versus.

4
melot ix s orulation would glve valuable information as to whether entry

into apomixis occurs at the same or different point(s) in the cell

division cycle as entry into a complete meiotic sequence. y

Initiation of the mitotic cell division cycla:SWhich commences
. . .. 3 .
at a point in the G1 phase, termed “start™ (Hartwell, 1974), requires
several gene functions iuciuding CDC28, TRA3, CDC25 and CDC35 (Hereford

and Hartweii,'1974; Wolfner et al., 1975; Johaston et al., 1977). shilo

et al. (1978) demonstrateé_ghat two of the loci, CDC28 and TRA3, are

- »
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tequired for both initiation of the mitotic cell division cycle and for

.

entry into meiosis.- In contrast, the other two loci, CDC25 and CDC35,
were required for initiation of the mitotic cell division cycle but not
for entry into meiosis.r Diploid strains homozygous for temperature-
sensitive mutations in either of these two genes were capable of meiosis
in acetate SPM at both permissive and restrictive témperatures. Since
these ‘two gene functions were found essential for initiation of the
mitotic cell division cycle but not for initiation of meiosis, the
authors suggest that CDC25 and CDC35 regulate the choice between meiosié
and-mitosis. .In the writer's opinion, CDC35 and CDC25 may be Qitotic

. cell division cycle gene functions which are normally turned off when

vegetative cells of S. cerevisiae are transferred from PSM to SPM,

-~
~

thereby allowing cells to enter a complete meiotic program. ThisMQDuld
account for the ability of these two mutants to undergo meiosis in SPM
at both permissive and.restrictive temperatures. An important question
which should be considered is the phenotypic consequence of failure to

turn off certain mitotic cell divﬁiiz: cycle gene functions such as

CDC35 and CDC25 on meiosis and spor

tion in 8. cerevisiae (see
[ ] .

hypothesis III below).

III. The occurrence of a single equational nuclear givision ip str;in
19el may be the consequence 6f zl
(i) a failure fo maintain‘synﬁgfis between recombined homologues
resulting in presence of uni;aiengs ratgz} thge~bivalents at the

3’

tRge of congression at metaphase of meiosis I which may in turh

y of the following: ~
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'signal' occurrence of wmeiosis IT with équational sister
centromere disjunction,

(ii)} A precocious "signal' for initiation of meiosis II during meiosis
I which interrupts and terminates meiosis I resulting in failure
to complete the first meiotic nuclear division, and

(iii)} formation of a defective meiosis I spindle apéaratus or ; defect
in centromere-spindle attachment sites on paired homologués.

The consequences of the above defects could be the formation of fﬁo‘

diploid nuclei per ascus. It should be stressed,. however, that only

ultrastructural evidence based on a sudden change in spindle and spiﬁdle
péle body morphology suggests occurrence of me?osis II in apomictic §.

cerevisiae and this may be incorrect. Moens (1974), Moens et al, (1977)

and Marmiroli‘gi_gl. (198la) observed that the two spindfé bodies from

which the spindle apparatus emanates initially are mitotic or meiosis I-

-

like but then suddenly they adopt a modified appearance characterlstlc

of meiosis II in typically four-spored Saccharomyces (Moens and Rapport,

1971b; Peterson, Gray and Ris, 1972). Although these ultréstfuétural
observations may indicate that some functions éssoci;ted with meiosis II
are expressed, th1s does notunecessarlly mean that a 51ng1e meiosis II
dlvlslon precedes apomictic dyad formation. In an ameiotic (am) mutant
of Zea mays ultrastructural studies (Palﬁer, 1971) have shown the

development of a spindle apparatus that'is-morphologiéglly meiotic but

A s -

meiosis does mot occur., Instead a mitotic nuclear division takes place
in the developing meiocytes. In an asynaptic mutant (asy) in Brassica
campestris (Stringham, 1970) univalents congress at metaphase and divide

equationally at anaphase of meiosis I. Meiosis II does not occur:
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diploid nuclei are produced. Although apomictic S. cerevisiae are
clearly not asynaptic, failure to maintain synapsis or some form of an
association between duplicated homologues afrer completion of
recombination may lead ;o occurrence of am equational division of
univalents at anaphase of meiosis I to yield two diploid nuclei per
ascus, The presence of univalents at metaphase of meiosis I rather than
bivalents may have signalled the spindle pole bodies to adopt
morphological characte;istics of meiosis II.. As to whether univalents
or bivalents congress to metaphase of meiosis I in apomictic development
is unknown since the available electron microscopic techniques have not
shown electron opaque chromosomes at this stage of meiosis in

Saccharogfces (Moeng and Rapport, 1971b; Zickler and Olsom, 1975).

r Strain 19el harbours a homozygous recessive nuclear gene

mitation, spoli-l, which confers an apomictic phenotype (Klapholz and
Esposito, 1980a). However under appropriate culture conditions in which
protein synthesis is inhibited by cycloheximide or reduced markedly for
the first fey hours of sporulation, a significant number of qglls
express a meiotic rather than an apomictic phenotype (Figg. 184, 1i gnd

18B). It is difficult to reconcile suppression of an apomictic

-

- phenotype by nutrition with it$-su2pression by other envirommental

. ) :
manipulations. Much of our understanding of the meiotic process in

yeast®has come from studies of conditional thermosensitive—mtants and

no report has been made hitherto of suppression of a conditional mutant

-of meiosis by not only one but by several different experimental

manipulations,
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It is well known that induction of gene expression by

transcriptional activation 1s an important aspect.of development and
differentiation. Various genes are si;ent until a particular stimulus
results in activation of tranécription of the gene(s).‘ Examples of such
positive transcriptional control include various genes subject to
hormonal control (Swaneck et al., 1979; LeMeur et al., 1981) énd‘the
Drosophila (Ashburner and Bonner, 1979) and vyeast (Lindquist, 1981;
Lindquist et al., 1982) heat shock genes. When vegatative cells of the
1%1 strain;are transferred from PSM to SPM, itris conceivable that the
preseace of certain cellular factor(s) exert pos%tive control over
transcription of certain mitotic or vegetative genes which must.-be
turned off in a spol2-1 mutant background to allow expression of certain
meiosis gene functions. This hypothesis predicts all treatments which
restored meiosis, regardless of whether they act via common or different
mechanismél lead to synthesis of gene products required for cells to
undergo a complete meiotic sequence. Expression of these genes may be
necessary for maintenance of synapsis aftér completion of recombinationm,
stabilization éf the kinetic apparatus or in preventing precocious
"signals' for equational sister centromere disjunction during meiosis I.

As noted above, a defect in any of these aspects of meiosis could cause

. occurrence of a single equational nuclear division and apomictic dyad

formation, . .

Proteolysis isl:/igpcess which commences on transfer of

vegetative Saccharomyceg’ cerevisiae from PSM to SPM (Hepper et al.,

1974; Klar and Havafégn, 1975; Betz and Weiser, 1976)., Inhibition of
|

. . . . \ e e . . s
protein synthesis by cycloheximide preévents initiation of premeiotic DNA

.
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synthesis but has no apparent effect on rates of protein breakdown
during sporulation of S. cerevisiae (Magee and Hopper, 1974). Such a
condition in which protein i{éthesis is inﬁibited by Cycloheximide‘would
permit endogenous proteolytic enziyme activities to degrade sufficiently
the cellular factor(s) thereby allowing transcriptional activation of

genes required to ensure comple;ion of meiosis I followed by meiosis II.
{ .
1 - . -

That some change in gene expression may be involved is suggested by the

‘observation that heat shock, a treatment known to alter transcription

and‘procein synthesis in Saccharomyces (McAiistér_gE_éi., 1979;
Lindquist, 1981) induced a significant number of’cells to express
subsequently a meiotic phenotype (Fig. 18A,  iii). As shown in Fig. 6,
the low levels of protein s&nthesis during thefearly hours of
sporulation under M-P conditions was followed by a period of protein
éynthesis in which a band appéared which was absent in A-P conditions.
Conversely a band present in A-P conditions was absent in M-P
conditions. Although the basis for these and possibly other qualitative
differences remains to be elucidated, they may reflec? a change in
transcription.

In the adenovirus system, a régionréesignated ElA, cﬁdes for
proteins required for the transcriptional activation of egrly viral .
genes (Berk_EEHEL., 1979; Jones ;nd Schenk, 1979; Neving,rl981),
Howeygr,'when mammalian cells are inf;cted yith EIA*muﬁ;ﬁt virus \\\\

harbouring a deletion in the ElA region under conditioms in which
protein synthesis has been inhibited by cycloheximide or other drugs,
transcription of the early viral genes occurs in the ElA-deletion mutant

background, Suggesting the wild type ElA protein to affect cellular

.
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coutrel functiom so as to allow transcription of the early viral genes
(Nevins, 1981). The Ela region of adenovirus and the SPO12 gene of

‘Saccharomyces may havk analogous functioms. In fact the similarity.

between this adenovirus system and the yeast system under study here is
quite remarkable. ElA deletion-mutants are conditionally mutant for
some unknown physiological factor at high multiplicity of infection

(Nevins, 1981). The two known apomixis genes (spol2-1,

spol3-1) 'in §. cerevisiae are also conditionally mutant for some unknown

physiological factor since workers have observed production of a few
percent tetrads by apomictic 5. cerevisiae under commonly—used culture
conditions (Moens et al., 1977; Bilinski and ﬁiller, 1980; Klapholz and
Esposito, 1980a). The ElA gene products are known to activate at least
one cellular gene spe;ifying a HeLa cell heat shock protein (Ngvins,
1981). Heat shock treatments administered to cells of the 19%el strain
stimul;ted meiotic differentiation (Fig. 18A, iii) and the available
evidence from heat shogk studies in §. cerevisiae suggests heat shock
proteins to play a role in meiosis and sporulation (Lindquist;gglgl.,
1982),
. _ .
The foregoing three hypotheses are not the only possible
explana;ions for restoration of meiosis in apomictic §. cerevisiae but
to the writer they seem the most reasonable, With the alternative
culture conditions.developed in the present study for restoration of a
meiotic phenotype in an apomictic strain of s. cerevisige it will now be
Rpssiﬁle to analyze further the moleCuiar basis for induction and

- regulation of certain key events in meiosis of S. cerevisiae.
cEIzvlsiae
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SUMMARY

l. The sequence of nuclear events and. of protein synthesis during the

course of sporulation under meiosis-promoting and apomixis-promoting

nutritional conditions was momitored. Comparison of the sequence of
L : -

events between the two nutritional conditions indicated the following to

be prerequisites for meiosis but not for apomixis in Saccharomyces

cerevisiae strain 1%el:

(a) limitation of protein synthééis during early hours of
sporulation, and
(b) passage of a given cell through at least one complete
mitotic cell division cycle.
2, Three environmental manipulations were identified which supptress
apomixis and promote meiosis in strain 19el:
(a) presporﬁlation culture at an elevated temperature (36°),
:
(b) cyéloheximide inhibition of egfly protein synthesis in
¥
sporulation cultures, and |
(c) temperature shock.

3. It was concluded that the decision concerning the manner of

.

development, apomictic or meiotic, a given cell will follow is made

shortly after the transfer of cells to sporulation-inducing conditions

for the following reasons:

.

(a) low levels of protein synthesis detected during early hours

of sporulation under meiosis-promoting conditions were

correlated with induction of meiosis in experiments in which

-

. cells cultured under apomixis-promoting conditions were

administered the protein synthesis inhibitor cycloheximide,

100 | :
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and
(b) treatments (cycloheximide, temperature shock) administered

to sporulation cultures were found most effective in

AN stimulating meiosis when given for the early hours of

sporulation.
4, A coméa?ative study of the response of the three known apomictic
strains of S. cerevisiae (19el, ATCC-4117, ATCC-4098) to ad justments in
cargon source and zinc levels indicated zine to be the key metaboliz
factor involved in restoration of meiosis in these yeasts. A novel
microcytochemical staining procedure was developed to determine sites of

zinc localization in vegetative and sporulating yeast. The procedure

was used to monitor the distribution of zinc during sporulation under

meiosis-promoting conditions. The micronutrilite translocated from

4
vacuolar to nuclear Compartments during the early critical period of

Sporulation, Possible roles of zine in the meiotic process were

.

considered,

N



APPENDIX I

Composition of Yeast Nitrogen Base+

Concentration i
0.67% solution

¥YNB(ng/ml)

Nitrogen source -,

Ammonium sulfate 5,000
Amino Acids
1-Histidine Monohydrochloride 10
dl-Methionine 20
dl-Tryptophane 20
T
' Vitamins
Inositol N 2
Calciup Pantothenate 0.4
Niacin 0.4
Pyridoxine Hydrochloride o7 0.4
Thiamine Hydrochloride 0.6
Biotin "~ 0.002
Para-Aminobenzoic acid 0.2
Riboflavin 0.2
Folic Acid 0.002,
Salts *
MgSO4 g 250
CaCl,.2H,0 75
KH, PO, 1,000
NaCl - 100
Compounds supplying trace elements >
Acid Borie " 0.5
KX 0.1
FeCl3 _ 0.2
ZnS0y, . 7H,0 . 0.4
Na2M004.2H20 0.2
MnSO,, 0.4
Cus0, 0.025

+Wickerman (1951)
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