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ABSTRACT

An unusual strain of s_ag_c_nmm_y_g_e; gerevisiae thgit produces
two-spored asci under conditions in which typical strains produce three
and foué—spored- ascl was investigated. It was possible to resatore
"normal" three and fdur-spored ascus production in thfs strain by
manipulating the nutritional env.ironmént. The effecté. of nutritional
factors supplied during the presporulation and sporulation phases were
studied. The chénge'in the ﬁroportion of three and four-spored asci
was the major parameter e;nplgyed.,_‘go quantitat;eﬂ the effect of these
factors on ascosporogenesis. Using the Glemsa nueclear stain,
germinatiop tecﬁniques, and genetic analysis, the number of spores per

ascus was related to the ménner- of nuclear division in developing asci.
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INTRODUCTION

Life Cvcle of Saccharomyces cerevisiae

With genetical and cytological evidence, Winge (1935) and Winge
and Laustsen (1937, 1939) demonstrated the alternation of haploid and
'diploid generat:ioﬁs in the life cycle of Saccharomyces yeasts.- When
they isolated ar_:'d éultivated the four. spores from a single ascus, they
obtained evidence of gene segregation for macromorphological
characters. They concluded thét segregation by reductional nuclear
diviéion had preceded ascospore formation, and that the cells of the
cultures derived from the single spores must be haploid. Furthernore,
they showed that during or shortly aftér ascospore germinatio\n,
aiploidization could occur thr'o-ugh conjugation between haploid cells
followed by nuclear .fusion. Like the haploid cells, the diploid
zygotes so formed could multip‘fy asexually by budd.:i.ng. Saccharonvees
yeasts are dipleoid during most of Eheir life cycle. Lindegren and co-
workers (1949) confirmed the findings of Winge and Laustsen. But in
addition, they established the existence of a mating system in
Saccharomvees cerevigise. When four single spores from one ascus were
cultivated, four non-sporogenic haploid colonies developed, two of
which were of oné mating type (designated z), and the other two were of
the opposite mating type (designated &). Evidence for this particular
mating systexm- stemmed from the consistent 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
1
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favouring vegetative growth, but when transferred to a tﬁedium favouring
sporulation, they differentiated. into asel containing four haploid
ascospores, two of which were a and two of & mating type.

The life cycle of a typical four-spored Saccharomvees yeast As
shown in Figure 1.

Since the time when sporulation in Saccharomyces was first
r‘ecogriized 23 a sexual process, much attentipn has been given to tﬁe

mating behaviour of cells from germinated ascospores (Crandall and

Egel, 1977) and strains of Saccharomvces cerevisise have been

classified as heterothallic or homothallic with respect to mating
'

capacity.

In the heterothallic¢ strains, clones derived from single
ascosporeé consist of stable haploid cells displayving either 3 or
e mating type. Daughter cells derived from single haploid ascospores
can continue to divide equationally t;y budding in growth medium, but
they can never undergo meiotic division in sporulation medium
(Lindegren, 19%9). Diploidization océurs when haploid cells
originating from ascospores of opposite mating type are allowed  to
fuse. Sﬁmetimes rare fusions occur between ‘daughter cel.ls originati.ns
from a single héploid ascospore (Lindegren, 1949). In these instances,
diploid strains are formed which are homozygous for all loecil ino‘lz-.:ding
mating type. Thc:ese a/a or &/G diploid cells are capable of mito.tic
nuclear division in the growth medium, but are incapable of melotic
nuclear division in the sporulation medium (Roth and Lusnak, 1670), and

therefore produce no ascospores, although some rare exceptions have

been 70rted (Xozhina, 1678). Sporulation competent tetraploids can
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Life cvele of Saccharomvces showing alternation ®f Jhaploid

xith diploid senerations (after Grewal, 1972).

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

Four haploid nuclei resulting . from weiotic division of the -
diploid nucleus '

Four haploid spores in an ascus, two of which are a mating
type and two & mating type
Ascus ‘after a few hours in germination medium; spores swell
and the ascus wall degeneraites (- ~ - - - )

Plasmogamy and karyogamy between spores of opposite mating
type

itotic division of diploid nucleus and production of first
bud






be synthesised by pairing diploid strains of opposite mating type.

Reduction division then occurs during sporulation and tetranucleate

asci form, but the nuclel are diplc;id. -

Homothallic strains differ from heterothallic strains, in that
diploidization can occur through fusions between ha_ploid daughter cells.
of opposite mating type, bo;h descendants of the same haploid
ascospore. _In W, this phenomenon is controlled by a set of
dominant genes 'designatéd HO, .HMa, HMy; (Winge and Roberts, 1949;
Hawthorne, 1963; Takano and Oshima, 1969,.1970; Hicks aﬁd Herskowitz,
1976). The genes for homothallism exert their control by allowing or
directing a mutation of the mating type alleles in the direction 2
2% or 83, during or soon after the germination of a single haploid
‘ascospore of either 3 or @ mating type. Thus, fr-ogn 2 single haploid
ascospore, a.‘m.foed population of a and & haploid cells develop, which
can conjugate to yield sporulation competent a/x diploids, isogenic
for all loeci except mating type.. It is of interes;t that heterothallic
strains can become homothallic through mutation (Hopper and Hall,
1975).

Roman and Sands (1953) showed that heterozygosity for the
mating type allele, which is located on chromosome IIX, ¥s a necessary
prerequisite for the Uccurr;ance of meiosis and hence of sporulation.
That 1is, the gene- is not only concerned with mating, but also with the
sporulation process. Using an a/x haploid disomie strain of S,
cerevisiae, Roth and Fogel (1971) reported that cells require the

simultaneo&?:_ presence of both 3 and & alleles for premeiatic DNA

synthesis. BHaploid strains of either gz or ¢ mating type, and diploid

N



stralns homozygous (a/a or ©/a) for the mating type alleles cannot
underg&. premeiotic_ DNA synthesis, and consequently recombination,
nuclear division by meiosis and ascospore formation do not occur {Roth
and Lusnak, 1970). Diploid strains heterbzygous (afr ), for the mating
type alleles are competent to undergo premeiotic DNA synthesis, so that
recombination, meiotic nuclear division and ascosporé formation follow.
Nutritional Requirements of the Phases in the Life Cvele of
Saccharomvees

The alternation of haploid and diploid phases in the life cycle

of typical ‘four-spored Saccharonvges is dependent upon the nutri'tional
conditions to which the cells are exposed. De Seynes (1868), who was X
the first to observe endospore formation in yeést, noted that it
occurred when the growth medium became depleted of nutrients:
Sub‘sequently, others found that nutritional deprivation caused

e

Saccharomvees cells to cease growth and to differentiate into _aéci

,.r
-

containing refractile spores (Engel, 1872; Stantial_, 1935). . Ge'n'e-r.:ally
for maximal yields‘ of ascir, sporulation com;:;etent cells of
Saccharopyces should be nourished at 2?°C 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. After .tr'ansfer to the sporulation medium, the cells cease
growth, and undergo meiosis followed by ascospore formation (Miller and
Hoffmann-Ostenhof, 1964). However, some increase in cell numbers does

oceur in the sporulation medium because developing buds on cells of

sporulation conmpetent Saccharomvges complete nuclear division by
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mitosis, and separate from the parent celis before the latter sporulatg
(Esposito and Ebposiﬁo, 1974). If the ascl are returned to ngtriﬁﬁzjjl
ricﬁ'conditions, the ascus wall degenerates and each of the ascospores .
swells aﬁd gerﬁinates. During germination diploidization can ccur
through fusions between cells of opposite mating type. Normally spores
of opposite mating ltype fuse directly- within the ascus prior to

budding.

Factors Influencing the Number of Snores Per Ascus

-

As indicated above, under certain conditions vegetgtive cells
of sperulation competent §a§ghazgmxgg§ differentiate into tetranucleate
asci, the nueclei constituting the haploid products of meiosis, but not
each‘of the haploid nuclei necessarily becomes enclosed within a spore
wall. A maximum of four sSpores per ascus can be expected, but asci
containing one, two, or three spores are often found. The cytological
observations of Nagel (1926) and Pontefract and Miller (19062 gﬂé’!
unen¢losed nuclei in the eplplasm between the spores and ascus walls of
asci containing fewer than four spores.

. Nutritional conditions may have a marked influence on the
nunber of spores per ascus. Lindegren and Lindegren (1944) found that
a sporula;ion_Jnedium prepared from potato favoured two-spored ascus
formation, whereas on beet medium most asci were four-spored. Miller
(1957) found thaé the kind and concentration of carbon source in the
sporulation medium had 2 marked effect on the number of spores per
ascus. Thus, with acetate or pyruvate there were more sSpores per ascus

" than with glucose, fructose, mannose, galactose or dihydroxyacetone.

. There were nore spores per ascus at the higher concentrations of these



substrates, especially with acetate and py;uvéte. When yeast cells
sporulate in Aist¢lled water or buffer in the absence of a carbon
source, few asci develop and these are mostly two-spored (Milleb #nd
Halpern, 1956; Mi—ller,A 1957; Vezinhet, 1969). The addition of
" assimilable nitrogen compounds to acetate sporulation medium decreases
total sporulation (Miller, 1963).. Some nitrogen sources (casein
hydrolysaée, glutamic acid, ammohium sulfate) decreased the ave?;gé
number of Spores per ascus, whereas others (valine,. tyrosine,
isoleucine, reduced giutathione) incréased it. Kleyn (1954) added
various nitrogen compounds to a dilute complex sporulation medi:um and
noted that with aspartic acid 99% of the asci formed were two=-spored,
But when cells were sporulated in the same sporulation medium
supplemented with glycine, he obtained 92% three and four-spored asei.
Fowell f1967) showed that varying the cell density of S, cerevisize in
sporulation medium could influence the extent of four;spored ascus
formation. A narrow optimum cell density range for maximum four-spored
ascus formation was evident. | The pH of the sporulation medium
influenced four-spored ascus rpr'oduction: strains of S, cerevigige
displayed either a broad or a narrow pH optimum for maximum numbers of
four-spored asci. Some of Fowell's strains produced no four-spored
asci on sodium pyruvate agar spofulation medium, but the addition of
a potassium salt made four-spored ascus development possible. With
other strains, which could -produce some four-spored asecl on sodium
pyruvate slants, the potassium salt addition gave a marked increase in

four-spored ascus ylelds.



The gomﬁosition of the sporulation medium may z2ls0 induce some
strains of S, cerevisize to form more ;:han .four spores per ascus,
Santa Marfa (1959) obtained seven isolates that produced up to eight
sporeé per ascus in a sporulation medium devised by Kleyn (1954)
cbntainins glucose,\sodium acetate, sodium chloride al_nd tryptose, but
in sporhlation medium with acetate alone the maxi%ﬁm was four per
ascus. Patel and Miller (1972) observed a small proportion of asci

with more than ‘four' spores per ascus in acetate sporulation medium

contalining glycerol.

The composition of the medium in which the cells.are grown may
affect thelr ability to form three and four-spored asci after transfer
to sporulation medium. Tremaine and Miller (1954) reported an increase
in four-spored ascus development in an acetate sporulation zedium, when
an 1solate of bakers' yeast was grown in a defined presporulation
medium supplemented with the wvitamin inositol. Fowell and Moorse
(1960) showed that increasing the giucose concentration in Loddér-Rij's
presporulation medium increased the propor‘tic;n of four-spored asci
formed after transfer to acetate agar, and that aeration of
presporulation cultures gave a marked increase in ylelds of four-spored
asci as compared with cells grown anaerobically. Halbach-Keup and
Ehrenberg (1971) reported that Saccharomvees cells transferred to
sporulation mediu;n during the transitory phase between the fermentative
and respiratory stages of the growth curve gave the highest yilelds of
four-spored asci.

It is possible to determine the number of buds a yeast cell has

produced, and hence its age, by fluorescence staining of bud scars with



calcofluor., Sam_id and Saito (1970) found that older cells which had
budded severa;i times ‘_‘p_rqdr.’zced three and four-spored asci, whereas
freshly formed ;:ells which .had not yet produced daughter cells
invariably differentiated into two-spored asci.

It is well known that the extent of four-spored ascus,
prOfluction in any sporulation medium varles from strain to strain of
mm {Kirsop, 1956_).'_ Furthermore, within a strain, single
cell isolates may show dif:‘.‘erenclés in the yields of four-spored asci in
sporulation medium (Fowell and Moorse, 1960). /“)

As mentioned above, Nagel (1946) and Pontefract and Miller
(1962) demonstrated that incomplete asci, i.e. those with less than
four spores, have non-enclosed nuclei visible in the epiplasm. This
cytological evidence suggests that since four nuclei were formed, the
nticlei if all the ascospores were haploid. Magni (1958), Takahashi
(1962) =and Takahashi and Akamatsu (1963) have confirmed this
genetically by isolation of single spores followed by mating,
spor'ulation‘ of t:he resulting diploids, and testing for segregation of
markers. It ddes not follow, however, that reduction division ocecurs
in the asci of all strains of S, gerevisige that produce less than four
- spores per ascus.

v w —

Grewal and Miller (1972) examined eytologically 17 strains of
S, cerevisiae which formed few or 2o asci with more than twfo spores.
Fourteen of the strains underwent apparently nornzl neiosis during
sporulation, since the ascl always contained four nuclei. Three of the

strains were unusual, in that the ascl never had more than two aucled.
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From a detailed study, they reported that these strainsl(19e1,

ATCC-4117, ATCC-4098) were unlike typical S, cerevisize yeasts in the

rgglowing respects:

{1) Asci containing only two spores ﬁere consisbéﬁtly
produced in acetate sﬁorulation medium.

1(11)' Sporulating cells never gontained more than two.nuclei;

(1ii) The nucleus.within each ascospore was apparently diploid.

(iv) Rscospores were never observed to conjugate during

germination, which the haploid spores in four-spored asci

L3

normally do.

(v) Clones derived from germinated single spores wére
competeﬁt to sporulate.

(vi) Unlike meiosis I, the single equational nuclear division
that preceded ascospore formation was not glucose
repressed (Miller, 1G64).

(;ii)-The two spores in each ascus were joined by a conspicuous
"intgrsporal body®.

The life cycle of these unusual two-spored strains of

Saccharomvees is shown in Figure zZ.

Grewal and Miller at first assuﬁgaxfﬁgt the nuclear division in
thé asci was mitosis. But when an unpublished cytological examicmation
by Dr. C.F. Robinow using tﬁe Giemsa stain indicated that the nuclear
division had some of the morphological characteristies of meiosis-I,
they decided to refer to it as equational.

Seventy-five years ago Guilliermond (1903, 1905) nmade

cytological observations on nuclear division during sporulation of a

L
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cerevisiae which do not undersgo reduction divigion during

s t QT2 .

Vegetative nuclear division by budding during the growth
phase

A single eguational nuclear division ylelds two diploid
nuclei preceding ascospore formation. Consequently,
two-spored asci are produced in the sporulation medium

Geramination of the ascospores without conjugation
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two—spored' strain of Saccharomveces pastorianus. Sporulating cells
never contained more than two nuclei, and thus a single nuclear l
division preceded ascospore formation. Furthermore, he observed no
conjugations during ascospore germination.

In an ultrastructure study of strains 19el and 4117, Moens
(1974) found that the single nuclear division which preceded ascospore
formation'resembled the nuclear behaviour of four-spored yeast strains
during sporulation. As in typical fsur—spored Saccharomvees, a round,
granular body was observed in association with the nucleoli of
sporulating c¢ells after Y4 hours in the sporulatidn medium. In
sporulating four-spored Saccharompvees, this structure 1s knowﬁ to
contain synaptinemal complex-like elements {(Moens and Rapport, 1971),
and the time at which this structure is evident corresponds to the
onset of premeiotic DNA synthesis (Croes, 1966). After 8 hours had
elapsed in the sporulation medium, which corresponds to the end of
premeiotic DNA synthesis in typical four-spored Saccharomvees, he noted
gﬁgt nuclear division in both strains began with a spindle which could
have been either a mipotic or a first meiotic spindle, but suddenly the
spindle, the spindle pole bhodies and nucleus took on features
characteristic of meigfis II in four-spored Saccharopvees. In
addition, he noted that at the completion of the single nuclear
division and aécospore formation, the parental nucleolus was discarded
in the eﬁiplasm surrounding the two ascospores, which never occurred in
asgoclation with nuclear division by mitosis. The abandonment of the

nucleolus on completion of sporulation is characteristic of yeast

strains that undergo two "normal" meiotic divisions (Moqu, 1971).
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Nevertheless-, Hoehs did not conclude that the. single nuclear division
was melotic.

In a more recent study, Moens-gj, al. (1977) comblned genetical
and cytological approaches. to study the manner of nuclear division
during sporulation of the %117 strain. In this rega::d, the nucleolus-
assoclated granular body was observed in sporulating cells after 4
hours in the sporulation medium, but synaptinemal complexes were rare,
Using a force-mating technique devised by Morrison et al. (1975), they
mated %117 with a haploid adenine-requiring strain and sporulated the
resulting triploids from the mated cells. Ascospores dissected from
the resulting asci yielded diploid colonies which produced two-spored

asci like the original 4117 strain. However, these synthesised diploid
clones showed abundant synaptinemal comi)lexes and meiotic levels of
recoabination during sporulation. In their opinion, this was evidence
that: (1) a normal meiotic prophase waﬁrretained in the original %117
strain, (2) following synapsis and recombination, desynapsis 6ccur.r'ed,
(3) duplicated t;omologues failed to segregate at anaphase of meiosis I
and (4) melosis II occurred with division of the centromeres and
'chromosomes. They also proposed that strain 4117 was apomictic because
its sexual cycle bypassed gamete formation as in apomictic plants.
Apomixis

Plants and animals were classified by Winkler in 1908 into~——
three groups accor;iing to their mode of reproduction. Those organisms
in which he believed se;xual differentiation and fertilization had not

yet arisen were called amictic (Gk. a-without, mixis-mingling).

Sexually differentiated or%anisms were designated mictic. In the
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mictlie category, organisms occasionally arose in which reproduction was
not associated with fertilization, and in which the latter process was -
in fact absent. These organisms were called apomictic (Gk. apo-froa or
away). Thus apomixis was a derived state in which the fertilizing
mechanism had been lost.

In the plant kingdom seed formation without fertilization was
first observed by Smith in 1841 in female plants of Algngnnga
ilicifolia. Braun (1857) confirmed Smith's observations, and also
reported an alga (Chara crinita) in which the egg cell developed
without prior fertilization. Subsequently, egg cell development in thg
absence of fertilization was found in many higher plants, and this
subject has been extensively reviewed by Gustafsson {1956, 1947 a,b),
who discussed instances of apomixis in all major plant groups.
Gustafsson's treatise on apomixis is the basic botanical work on the
subject. )

< >

Recently, Palmer (1971) described a form of apomictic
parthenogeneslis in an amelotic mutant of Zea mavs, in which presumptive
meiotic cells underwent what he considered to be a mitotic division
instead of the normal melotic divisions. The single egquational nuclear
division occurring within the meiocytes of sterile anthers shared
features common to the first meiotic nuclear division in cells from
fertile anthers, sut there was no evidence of chromogome pairing in the
sterile anthers.

Mittwoch (1978) briefly reviewed parthenogenesis or virgin

birth in the animal kingdom. Apparently, a few parthenogenéti;a}ly-

derived chickens and turkeys have been hatched and were able to survive
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.-to adﬁlthood. Thf New Mexico .whiptail lizard, Cnemidophorus
:_nmgxiganna is a species hybric; consisting .exclusively of f.ema_les
'qhiéh re_produqe partk_:_enogeneticall-y.. The presumptive sexual .c;.lls
undergo two rounds of DNA replication instead t;f .one, and normal
reductional nuclear division occurs, but the egg ¢ell is diploid with
the same; chromosome complement as the mother. No cases of virgin birth
have been authenticatéd in mammals. This subject is of inferest in
m iciné. Accor‘ding to Mittwoch, there is strong evidence that ovarian
tumqurs known as dermoid cysts originate ‘from diploid cells which
undergo meiosis I but not meiosis II. o

Apomictic partﬁenogenesis in insects has been fev'iewed by
Suoz_nalainen et al. 8976)} lAppar'ently, chromosome pairing is lacking‘
in some of these insects although transient pziring has been obsér'ved
in others. Only one "Ymaturation" division occurs in the eggs of
apomictic parthenogenetic insects and this division is equational.

I:'x the fungi, Gaumann (1928) used the term ‘apomixis' to
qescribe the development of sexual cells in the absence of copulation..
He referred to the ;apomic_‘i':ic development of haploid cells as
parthenogenesis, and the apomictic development of diploid cells as
apogamy.  Burnett (1956) modified G3umann's definitions using the
general term amixis to de;;:ribe parthenogenesis.in haploid organisms,
and apomixis to deseribe parthenogenesis in diploid organisms where the
events of sexual reproduction are lacking. In the preseﬁt study,
Burnett's definition of apomixis will be adopted.

Meiosis in the fungl always occurs in a differentiated cell

e.g. ascus in Ascomycetes, basldium 4dn Basi.diomycetes, zygospore in



16

Phycomycetes. Yet certain members belonging to these taxonomic groups
produce  fruiting structures but bypass gamete formation withinﬁ them.
Instead, the nucleus divides equationally so that each of the resultant
huclei i€ identical to thé original parental nucleus. Such is the case
in muitispored strains of the yeast Lipomvces lipofer (Henninger _e_t;
al., 1974; Henninger and Emels, 1974). 1In apomictic strains of this
.species, the nucleus does not undergo reduction division duriné'
sporulation, and instead, a sez;ies of - equational nucle'ar divisions
prec_edes ascospore formatian within the ascus. In Saggobolus
versicolor and Peziza guelepidotia (0'Donnell et al., 1976a,b),
sexuality is apparently absent since they never observed antheridia but
only ascogonia. EPEyronema _dgmgsii_gmfundersoes the apomictic Ertoduction
of ascogenous hyphae with formation of sterile apot?heci:;"‘following
treatment with the herbicide, 2,4-D (Moore-Landecker, “1972).

- Thus, the production of dipleoid progeny in sexual str:}:‘ctures

without fertilization is a well known phenomenbn in plants, animals and

fungi.
Qbjectives |

From the foregoipg it is evident that the 19el1 strain of S.
cerevigsiae is apomictic since it remains diploid thr‘oug-hout its life

* cycle, yet produces th'e' normal sexual structure, the ascus. A single
equational nucle.ar ;Iivison cccurs in the ascus instead of norpal
reductional nuclear division. Thus, asci conteining two um_inucleate
diploid spores are produced. However, Ashraf and Miller (197;7, 1978a)
were able to induce nultispored asci containing more than two and

sometimes as many as eight spores when the 19e1l strain was grown in
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undefined presporulation media containing C0.1M of the herbi;ide
anitrole. Clones derived from single spores isolated from the
multispored ascl were compétent to sporulate, and ﬁhey suggested that
multiple equational nuclear divisions preceded ascospore formation in
thgae asei. That is, under some circumstances, the 19e1 strain can
produce aseci conta;ning more than the uswal two spores, buf not
necessarily as a result of meiosis. ' -

Except in the amitrole experiment, -sporulation pr9cedures with
19e1 using liquid culture teé;;iques have always yielded exclusively
two-spored asci (Grewal and Miller, 1972; Ho and Miller, 1978).
However,LMr. K.H. Ho (personal communication, 1977) sometimes observed
a few three and fbur-spored ascl in %gar slant sporulation cultures.,
In 1977, the writer sporulated 19e1l in 2% potassium acetate solution
following growth in a defined 1liquid medium (Yeast Nitrogen Base)
supplemented with 2% instead of the usual 1% glucose, and a few three
and four-spored asci ( ~ 5%) were obtained. The previous workers
éGrewal and Miller, 1972; Eo and Miller, 1978) using 1% glucose, had
not observed such asci and the writer confirmed this.

‘it is apparent that alterations in nutritional or other
cultural conditions can enable the 19el strain to produce asci with
three or four spores. A 'study was therefore undertaken to ipvestigate
the effect of vafious environmentzl conditions in both presporulation
and sﬁorufation cultufes on three and four-spored ascus formation. A
further objective was to determine whether the nuclear divisions in

such asci were melotic or equational.



MATERIALS AND METHODS
Stock Cultures

One of the two-spored strains of Saccharompvees gerevisiae
(19é1) described by Grewal and Miller (1972) ‘was employed in this .
study. Stock cultures were maintained on slants of Wickerham's (1951)
Yeast Nitrogen Base (YNB) containing 2% glucose. The slants were
prepared in the. following way: Three grams Difco Bacto agar were
dissolved in 100-ml glass-distilled water égd g-ml volumes of the agar
solution were transferred to 15mm test tubes. One ml of a ‘IOX solution
of Difco feaat 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°C and 15 psi pressure. After inoculation, the élants
were incubated for 2 days at 27°C and were then stored.at 4°C. Fresh
stocl‘c cultures were made every 3 to 11 'u-weeks. T
Presporulation Phase

Two types of medium were used to grow cella for inoculatic;n of
sporulation cultures: . -

(i) Yeast Nitrogen Base Medium (YNB):

The composition of this defined presporuiation medium is given
in Appendix I. This medium, which lacks a carbon source, contains
vitamins, trace elements, three amino acids in trace amounts, ammonium
sulfate and other salts In known quantities. The medium was prepared
either directly in final strength by dissolving 0.67 ‘gm Difeco 'Ieast

Nitrogen Base in 100ml deionized glass-distilled water, supplemented

with the desired final concentration of glucose as the carbon source, -
18
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“or as a 10X strengf.h .stock solution supplemented uit-:h 10X the required
glucose concentration, The YNBG solutions were sterilized by
filtration through Amicon membrane filters (47mm, pore diameter 0.45
um), and stored at 4°C in autoclaved 1,000-ml er-lenmeyén. flasks. For
experimental use, 50-ml volumés of YNBG medium were dispensed
asept.ically into autoclaved 250-ml e‘rlenmeyer flasks. In cases where
the 10X strength stock medium was used, a 1:9 dilution with sterilized
deionized glass-distilled water was hece_sary to obtain the final
medium.  Modifications to the YNB medium were made according to
experimental re‘guirements.
(ii) Malt extract-yeast extract-peptone-glucose medium (MYPG):

This is an undefined medium having the‘fol];_owing

ingredients per liter of distilled water:

3 g Bacto malt extract

3 gm Bacto yeast extract

5 gm Bacto peptone

1 gn KHzPOR

20 gm -glucose
The MYPG growth medium was devised by Wickerham (1951) and modified by
Patel and Miller (1972) who increased the glucose concentration to 2%
and added KH,P0, to lower the PH to 5.440.2. Fifty-ml volumes of this
‘medium were pour-ed into 250-ml erlenmeyer flasl-'cs.' The flasks were
sealed with aluminum foil and avtoclaved 15 min., After cooling to room
temperature, each flask was plugged aseptically with sterile sponge
foam plugs (Dispo) and stored in the dark.

Prior to each experiment, a cell inoculum was transferred from
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the YNBG stock culture to a fresh YNBG agar slant, and incubated 24 hpr
at 27°c. The 50-n:1 volumes of growth medium in sterile 250-ml flasks
were Iinoculated with cells from the '2.14 hr slant culture .at an initial
cell dénpity of 105/ml of the medium. Cell counts were made with
Spencer "Bright-Line" haemocytometer coun'ting chambers. The growth
flasks were incubated at 27°C for 21 hr in a Warner-Chilcott
‘Laboratories model 2156 water-bath shaker c;perated at 100 osecillatlons
per minute.
Sporulation Phase

After 21 hours incubation, the vegetative cells were harvested
from the growth medium by centrifugation in a Beckman Model J-21 .
- centrifuge at‘3,0205 and 5°C for 15 minutes. Tﬁe cells were washed
twice‘with stérilized deionlzed glass-distilled water and resuspended
in it. An appropriate volume of cell suspension was then transferred
to 50-ml volumes of autoclaved potassium acetate- qolution of known
conce_ntration, to give a cell density of 107/ml. Sporulation cultures
were incubated in the same manner as the presporulation flasks but for
a longe; ti?e: 48 hours. The percentage of cells that sporulated and
the percentage of célls co:;x_\taining 2, 3, and &4 ascospores were
determined by scoring 500 entities from each culture flask. Each
experiment was done in quintuplicate and all experiments were repeated
unless otherwise indicated. |
Giemsa Stain Technigue

e
The Giemsa procedure employed was that described by Ramirez and

Miller (1962). A drop of yeast suspension was placed on a cover glass

(22zm round, No. 1) bearing a thin layer of Mayer's albumen (Gurr,
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1962),.and allowed to dry for a few minutes. The cover glasé bearing
the preparétion was placed.in freshly prepared Helly's fixative (Gurr,
1962) for 20 min, and was then rinsed with 70% ethanol, and placed in a
Columbia staining jar containing 1N HCL for 10 -min at 60°C. The
hydrolysis was immediately halted by dipping the cover glass in cold
water. The rinsed cover glass was submerged for 15 min in a‘freshly
prepared staining solution consisting of 1 drop Gurr's R66 Giemsa staln
per ml of Gurr's 0.5M, pH 6.8 phosphate buffer. The stained
preparation was finsed rapidly with cold tap water, and pressed onto a
slide to flatten the cells. The edge between the coverslip and the
slide was sealed with Permoupt (Fisher Scientific Co.) to prevent
dfying. |
Spore Germination

The germination medium used ?as devised by Brock (1961), and
has the following composition per liter glass-distilled water:

Sgm glucose

1gm M5804.7H20

1.4gn  KH POy
This pedium was modifed by 'the addition of 30gm Difco Woble agar,
sterilized by autoclaving, and then poured aseptically into autoclaved
15{100mm glass petri dishes to a depth of approximately 2mm per dish.
Once the ﬁedium éolidified, moisture condensation was evaporated from
the plates by stacking them in a 27°C incubator overnight. They were
then stored in sealed plastic bags at 4°C until needed.

The culture technique used by Miller (1970) %o observe the

germination of yeast ascospores was employed except that Brock's mating
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medium with 3% Difco Noble agar was used for plate preparation instead
qf MYPG with 5% Fisher Agar SP. Asci from 48 hr sporulation éﬁltures
were harvested by centrifugation and washed twice with sterilized
glass-distilled water. The population density of the ascus suspension
was determined with haemocytometer counting chambers, and an
appropriate dil;:tion was carried out to- give a final density of
10-20}{106 ascel per ml in sterile glass-distilled water. A loépful of
suspension was then placed on the agar surface and immediately covered
with a sterilized cover glass (22mm round, No. 1), which was pressed
down to spread the suspension evenly over the area beneath it.' Six
samples were seeded on each petri dish in this way. The plates were
Incubated at 27°C and observations were made with the light microscope
between 6 and 12 hours. Miller (1970) found that this procedure
facilitated the observation of conjugation, since the germination of
all spores in an ascus takes place in one plane between the cover glass
and agar. |
Micromanipulation of Asci

For genetic analysis of yeast ascospores, the micro-
manipulative technique designed by Ashraf and Miller (1978b) was used
with some modifications. A dilute Glusulase-treated ascus suspension
was seeded on the surface of a hanging drop of water agar (2% Difco
Noble agar) instéad of MYPG agar, to.avoid premature gerginatioﬁ of
ascospores, JSingle ascl were then trénsferred to the surface of
hanging drops of the following medium:

0.67gm Difco Yeast Nitrogen Base

2gm glucose



23

0.1gm = Difco yeast extract
2gm Difco Noble agar -
100ml deionized glasa-distilled water

The asci were dissected on the surface of these drops, and the
separated spores were allowed to grow for 2-4 days before transfef to
MYPG agaé slants. Anotﬁer modification was the substitution of copper
rings (15mm wide, 10mx long, 1mm thick) for the non-autoclavable
acrylic plastic.rings used to support the coverslips bearing hanging
drops in the petri dishes. In this way, the rings could be autoclaved
with the mnoistened filter paper in the petri ’dish prior to the
preparation of hanging drops, without the need to sterilize thexm
separately with T0% ethanol.

Chemicals

The foliowing analytical grade reagents were obtained from the

J.T. Baker Chemical Company:

amzonium sulfate

glucose (anhydrous dextrose)
potassium acetate

zinc acetate

zine sulfate

The following analytical grade chemlicals were obtalned from the ‘
Fisher Sclentific Conmpany: \\

acid beric

nagnesium sulfate . \
manganese (ous) sulfate
L-tyrosine

potassium iodide

potassium phosphate (monobasic)
sodium chloride

sodium nolybdate

The following vitamins were used in this study:

+-biotin
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+=calcium pantothenate
folic acid ’
inositol )
para-aminobenzoic acid
pyridoxine hydrochloride
riboflavin

thiamine hydrochloride

All the vitamins were supplied by the Calbiochem-Behring Corporation
except 1inositol and para-aminobenzoic acid wi’:ich were obtained from

' Ny,
Difco Laboratories.

"Vitamin-free"® casein hydrolysate was supplied by Nutritional
Biochemicals Corporation (Cleveland, Ohio).
Glusulase was supplied by Endo Laboratories Inc. {(Garden City,

N.Y.). *

Error bars in all figures iIndicate standard deviation about the

mean. -



RESULTS

Effect of Varying the Concentration of Carbon Source in Growth and

Sporulation Medium on Sporulation

As mentioned dn thé‘Introduction. a few 3 and ﬂ—sporgd asei
weré produced by the 19e1 strain, when the glucose concentration in
presporulation medium (PSM) was changed from 1 to 2% An experimental
series was therefore undertaken in which the glucqse concentration in
the PSM was varied from 1 to 8%. Also, the concentration of potassium
acetate_in the sporulation medium (SM) was varied, from 0 to 5%.

The results are shown in Figure 3. The highest ylelds of 3 and
L-spored asci were obtained with 6% glucose in PSM and 3 to 3.5%
acetate in SM. With 2% glucose in PSM, the highest yield resulted at
§.5% acetaﬁe in SM.. With 8% glucose (not shown in _graph), the results
were similar to 6%. The increased yield obtained by increasins‘the
glucose content of the PSM from 1 to 6% is quite striking. It is
interesting that with 6% glucose in the PSM, the highest acetate
concentration suppressed 3 and lY-spored ascus production, but not with
1% glucose.

The experiment was repeated in part substituting the undefined
medium MYPG for YNBG as PSM. One, two, and six percent glucose were
included in MYPG %nd the cells were transferred to 2, 3, 3.5 and 5%
potassiun acetatelfor spcrulation. Asci with more than 2 spores were
never observed. OCbviously, factors other than carbon sources must be
involved in determining 3 and L-spored ascus production.

Effect of Changing the Cell Density In Potassium Acetate SM

25



Eigure 3: Effeqgt of varving the concentration of carbon sources inp
growth and speorulation media on 2 and R-swored ascus
rreduction.

\

Fifty-zl volumes of YNB presporulation media consisting of 0.67% Difco
Yeast Nitrogen Base supplemented with increasing glucose concentrations
were inoculatgd with cells from 24 hpr slant cultures at an initial cell
density of 10°/ml, and aerated at 27 C for 21 hr in a water-bath shaker
operated at 100 oscillations per min. The vegetative cells were
harvested from the YINBG presporulation medium and washed twice with
st;rile glass-distilled water and resuspended at a cell density of
10" /ml in 50-ml volumes of potassiun acetate sporulation medium of
known ceoncentration (horizontal axis). Sporulation cultures were
maintained in the same way as the growth flasks exceplt for a duration
of 48 hr. The mean percentages of 3 and Y-spored asci were determined
by scoring 500 entitites from each of 5 replicate flasks. The
experiment was done twice.

e e« <« 1% glucose

-+ === 2% glucose

# glucose

% glucose
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FIGURE 3

POTASSIUM ACETATE IN SPORULATION MEDIUM, -
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Fowell (1967) showed that some yeast strains gave greater
yields of J.spored asci when the cell population- density in the SM was
low, whereas others gave greater ylelds when the cell p_opulation
density in SM was higher. To determine whether a2 trend would be
observed with fhe 19e1 strain in regard to 3 and Y-spored ascus
production, cells were grown in YNB PSM supplemented with 6% glucose,
and sporulated at different cell densities in 2% potassium acebate SM.
These results are shown in Figure 4. More 3 and 4-spored asci were

formed when the cell density in SM was 1 million/ml than at the higher

cell densities,
ibi eios] 2

Miller (1964) showed that £he addition of glucose to SM
inhibits meigsis in "normal™ four-spored Saccharopvees but Grewal and
Miller (19725 found that glucose treatment gave little inhibitlon of
sporulatioﬂ with 1Gel.

The effect of glucose on sporulation was determined under
conditions that gave high yields of 3 and U4-spored asci (6% glucose in
INBG P and 2% potassium acetatg in éM).‘ To  the SM were added, O,
0.12%, 0.25, 0.5, and 1% ‘glucose. The effect on total yields of asci
and on 3 and J-spored ascus production .;LS shown In Figure 5. Even the ‘
lowest concentration of glucose used strongly suppressed 3 andrn-spored

‘ascus production Sut had slight effect on total sporulation.
Giepsa Staining of Svornlatiag Cells

Since ascl in the 19e1 sfrain normally contain only 2 nuclel

(Grewal and Miller, 1972}, it was of interest to determine whether

treatments that induced 3 and d.spored ascus formation would also. yield



Rt
Y.

Flegure 8; Effect of varving the cell densitv in 2% potagssium acetate
sperulation medium on the Drodu'ctj_on of 3 and 4-spored asci.

Fifty-ml volumes of growth medium consissting of 0.67% YNB supplemented
with 6% glucose and inoculated with 10° cells/ml were incubated 21 hr

at' 27°C in a water-bath shaker operated at 100 oscillations per nin.
The vegetative cells were harvested from the growth medium and
appropriate volumes of cell suspension were transferred to 50-ml 22
potassium acetate sporulation medium %to give cell densities of 1, 5,
10, 15 and 20 million/ml. The sporulation cultures were ‘incubated in
the same way as the growth fldasks except for a duration of 48 hr. The
mean percentages of 3 and U-spored asci were determined by scoring 500
entities from each of 5 replicate flasks. The experiment was done

twice.
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Flgure 5: Effect of addition of glucose to potassium acetate
. 8porulation medium on total sporulation and on vield of 3

and 4-spored asci.

Cells were inoculated into S50-ml volumes of YNB supplemented with 6%
glucose at an initial cell density gf 10°/ml and the growth culture
flasks were incubated for 21 hr at 27 € in a water-bath shaker operated
at 100 oscillations per min. Cells were harvested froz the growth
medium by centrifugation and washed twice in sterile glass-distilled
water. Appropriate volumes of cell suspensions were transferred to

50-21 2% potassium acetate sporulation media containg g 0, 0.125, 0.25,
0.5 and 1% glucose to give a cell density of 107/m1. Sporulation

cultures were maintained in the same way as the growth flasks, except
that they were incubated 48 hr. The mean percentages of 3 and 4-spored

ascl were determined by scoring 500 entities from each of 5 replicate
" flasks. The experiment was done twice.
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2-§pored ascl which -contain more than 2 nuclel. Cells grdwn in the YNB
growth medium supplemen{:ed with 6% glucoée were transferred to 3.5%
potassium acetate SM and after 18 hr, cell samples r;ere washed in
sterile deionized glass-distilled water and then Giemsa stained. The
reason that cells were taken from 18 instead of 48 hr ‘sporulation
cultures is that unenclosed nuclei tend to degenerate with time. . The
- experiment was done twice and 5 slides were made each time.

Two—sporéd ascli with unenclosed ‘nucle'i were not observed.
One-spored asci always contained 2 nuclei, one of which was unenclosed
(Figure 6A). Three-spored asci contained 3 nuelei in spores, and 1
ur;enclosed nucleus (Figure 6B). Thus two classes of asci existed in
respect to the number of nuclei per ascus: binucleeltte and
" tetranucleate asci. Asci containing more than four nuclei were not

found. Hence, 1 and 2-spored asci were in the binucleate class, and 3
and B-spored asci in the tetranucleate 91333.
Qbservations on Germinating Ascospores

To observe the germination of ascospores microscopically, drops
of a ;lilute suspension of asci obtained: from 48 hr 3.5% potassium_
acetate sporulation cultures were ‘transfer-red to 'th?;'surface of Brock's
(1961) mating medium modified by the addition of 3% agar, and the
seeded areas covered with sterile aoverslips.

Conjugati-ons between cells from germinated ascospores we.;'e
never observed in strain 19el by Grewal and Miller (1972), 2nd in t.he
present study, this was true of 2-spored asci. Bowever, cells from

‘germinated ascospores derived from 3 and L-spored asci were observed to

conjugate, although infrequently. -Conjugations occurred within the



Eigure 6: Glemsa-stained sporulatine cells.

Fifty-ml volumes of growth medium consisting of 0.67% YNB supplemented
with g% glucose were inoculated with cells at an initial cell density
of 107/ml. At the end of a 21 hr incubation period at 27°C in a water-
bath shaker operated at 100 oscillations per min, the cells were
harvested from the growth medium by centrifugation and washed twice in
sterile glass-distilled water. An appropriate volume of cell
suspension was fransferred to 3.5%-Potassium acetate sporulation medium
to give a final cell density of 10 /ml. The sporulation cultures were
maintained in the same way as the growth cultures, but after 18 hr

incubation cell samples were removed and prepared for Giemsa staining
by centrifugation and washing twice.

6A: Giemsa-stained binucleate ascus sﬂowing one nucleus within

one ascospore and one unenclosed nucleus (arrow) in the
epiplasm. 4,030x%

6B: Giemsa-stained tetranucleate ascus showing one nucleus in

each of three ascospores and one unenclosed nucleus
(arrow) in the epiplasm. 3,185x
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,' ascus during geramination, or f_ollowing germination (Figures 7A, 7B,
70). |
Genetic Analvsis of Asci

Though 2-spored ascus production in 19e1l1 is not preceded by the
nor-mal'two meiotic divisions, the gluéose inhibition of 3 and B-spored
ascus production and the observation of conjugations when spores in
such ase¢l germinate indicate that normal meiosis occurs in these asci.
If so, one would expect that single-spore cultures derived'from these
asel would not be competent to sporulate.

Fifteen asci were dissect.ed (five 2-spored, five 3-3pdred and
five 4-spored) énd all the single-spore cultures when grown 6n MYPG
slants sporulated with production of 2.spored asci. The cultures were
inocula‘ted on plates of MYPG agar and Difco Yeast Morphology agar (g
medium of the same 'composition as YNBG except that it contains
asparagine). Portions of the inoculated areas on the aéar surface were
covered with sterile coverslif:s and the dishes were ipcubated for 1
~week. This is a standard techniqug in veast taxonomy for observation
of yeast growth characteristics.

A1l four single-spore cultures obtained from each 4-spored
ascus were tested in this way. There was a 2:2 segregation of
" pseudomycelial: normal budding growth. Ratios of 2:1 and 1:2 for the
same growkth char‘acteristics were obtained when the 3 single—ép’ore
cultures from each 3-spored ascus were tested. None of the
single-spore cultures originating froz 2-speored ase¢cl showed

pseudomycelial growth. The same results were obtained on both media.
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Germinating ascospores

Three-spored ascus after 6 hr in germination mediunm.

Two of the spores are swollen and one ascospore (arrow) is
not germinating. 13,750x

Conjugation between two germinating ascospores (single
arrow) ater 8 hr in germination medium. The zygote cell is

‘producing a daughter cell (doudble arrow). 13,750x

Conjugation between sister cellgkffom a culture derived from

a single ascospore after 10-12 hr in germination medium.
11,250x
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This 1s evidence that segregation has occurréd in the 3'and
R-spored asci. The ability of the single-spore colonies derived from
ﬁhese asci to sporulate indicates ﬁhat self-diploidization occurred.
Effect of addine MYPG Compopents and "Vitamin-Free" Casein Hydrolvsate
to YNBG Presporulation Medium

When the 19e1l1 strain was cultivated in the undefined PSM MYPG

consisting of 0.3% Difco malt extract, 0.3% Difco yeast extract, 0.5%
Difeco peptone, 0.1% kHzPOu and 6% glucose per 100 ml distilled water,
the cells were unable to differentiate into asci containing 3'or 4
ascospores, and differentiated inte predominantly 2-spored asci after
incubation in 3.5% potassium acetate SM. Since asci containing 3 or &
ascospores In addition to 2-spored asci were obtained in the same SM
.when cells were cultivated 'in the sane way in the deféned PSM YNB
supplemented with 6% glucose, it was of interest to investigate which
components of the MYPG medium inhibited the producticn of 3 and
L-spored asci.

The cells of straiﬁ 19e1 were cultivated for 21 hr in filter-
steriliczed media consisting of the fNBG medium with components of the
MYPG pedium added singly at the concentrations indicated above. Since
Difco yeast extract and Difco peptone contain large quantitites of free
amino acids, it was also of interest to cultivate the 1Qe1 straiﬁ in
the IYNBG mediuﬁ supplemented with 0.1% Uyitamin-free™ casein
hydrolysate. )

The results are showﬁ in Table 1. When yeast extract, peptone

and "vitamin-free"™ casein hydrolysate were added to the chezically-~

cefined YNBG growth cedium, there was a reduction in 3 and L-spored
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ascus formation in SM. The addiﬁion of malt extract and KHZPOu had no

effect.

Yeast extract and peptone contain amine acids and other
nitrogenocus compounds in unknown quantities (Difco .manual, 1967) .
‘Typical analyses of these components indicate a high percentage of
L-tyrosine (personal communication, Difco Laboratories). The addition
of 0.025% L-tyrosine to YNBG caused a 77% reduction in the percentage
of 3 and Y4-spored asci yielded in 2% potassium acetate SM, relative to
the untreated control. Other components of the complex medium may alse

have an effect, but this approach was not pursued further.

Effect of Compenents of the Defined Medium Yeast Nitrocen Rase (YNB) on

4. ™~ sons P

From the foregoing, it is obvioug that MYPG grown cells did not
yleld 3 and lY-spored asci in potassium acetate SM. However, with cells
grown in YNBG PSH, this was not the case. Since varying the
concentration of glucose added to YNB had such a pronounced stinulating
effect on 3 and H-spored ascus production in SM (Figure 3), it was of
in;erest to investigate the effect of varying the YNB content (i.e. 2all"

other constituents except gluccse) in the PsM, The composition of

- i
/

The percentage of sporulation and the fercentage of 3 é%d

Difeo Yeast Nitrogen Base (fNB) is given in Appendix I.

Lospored ascl rofmed in potassium acetate SM increased to a2 distinet
optimum with increasing concentraticn of YNB in growth medium (Figure
8). Since total sporulation was high at the highest ¢oncentration of
YNB, physioclegical conditions for sporulation were evidently

palntained. The percentage of 3 and 4-spored asci decreased at the



Fleure 8: Effect of varving the VYNB csonfent of growth medium
. containing 6% glucose on the % total sporulation and % 2 and

L-spored asci in varying gsoncentrations of notassium

- ;.as:_eht.a.tg-

Cells were inoculated in%o 50-ml volumes of solutions containini 0.1
O.E, 1, 1.5 and 2% Y¥NB in 6% glucose at an initial cell density of

10 {ml. The growth culture flasks were incubated for 21 hr at 27 C in
a water-bath shaker operated at 100 oscillations per min. Cells from
each growth medium were harvested by centrifugation, washed twice and
an appropriate volume of cell suspension in each case was transferred
£0_50-ml potassium aceiate sporulation medium to give a cell density of
10" /m1. Sporulation cultures were maintained in %Lhe same manner as
growth cultures but the inecubation time was 48 hr. Total sporulation
{open circles) and yield of 3 and LB-spored asci (closed circles) were
determined by scoring 500 entities from each of5 replicate .flasks. The
experiment was done twice. ‘ . »

s+ eves 1% potassium acetate
—-=—=-=~=< 2% potassium acetate
+==-=+= 3% potassium acetate

3.5% potrassium acetate
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highest concentrations. The increase and decrease in the"percentage of

3 and lt-e)aored asci may reflect the presence of stimulating and
inhibitorKractors in the YNB.

In ‘@ preliminary attempt to determine the st:.mulatmg and
inhibitory components in YNB, solutions of the vit_amiﬁs, salts, trace
elements (see Appendix I), and ammonium sulfate were approximately.
tripled from their control values in 0.67% YNB. As shown in Table 2,
this revealed. both stimulating and inhibitory effects.u -When solutions
of the trace elements and vitamins were added in this wa.}'r, sporulation
in 3.5% po;cassium acetate was depressed and the percentage of 3 and
b_spored aseci increased. In comparison, the addition of ammonium
s‘ulfa{:e decreased b:ath percentages. VWhen -the salts concentration in
INB was tripled, there was inhibition of 3 and Y-spored ascus formation
and an increase in 'total s_borulation.

These results were investigated further by tripling the
cdnce;xtrations of individual t;ace elements and salts (Teble 3). TWhen
added individually to YNBG PSM, none of the salts affected sporulation
except calecium chloride and KH2POu which increase;l'total sporulation
but diminished 3 and 4-spored ascus ylelds. These two component_:e of
the salts solution can account for the effects describeg/in Table 2.
The =zine sulfate component of t';he trace elements solution, which
.diminished total Isporulation but increased 3 aﬁd 4_spored ascue yvields,
can account for the effect shown in Table 2 when all the trace elements
were tripled simultaneously in ‘l';he PaM. The effect of individuai

viﬁlamins remains to be studied.
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Table 2

Effect of Tripling the Concentration of Groups of Constituents in Yeast
Nltrogen Base (YNB) Growth Medium on Sporulation and 3 and 4-Spored Ascus
Formatilon

Presporulation Medium Total Sporulation,¥** ° 3 and 4-Spored
. Asci,g"

-

6% glucose 67 1623
0.67% INB*® (control) -

6% glucose 52 - 2542
0.67% YNB

} ppm inositel

0.8 ppm calecium pantothenate

0.8 ppz niacin

0.8 ppm pyridexine hydrochloride

0.8.ppm thiamine hydrochloride =
0.003 ppm biotin .

0.4 ppm para-aminobenzoic acid-

0.004 ppm folic acid

0.4 ppm ribeflavin

6% glucose . ' 62 : b1
0.67% YNB .
10,000 ppm amnonium sulfate_

6% glucose . 88 5+2
0.67% INB

500 ppm MgSO

150 ppm CaCl2 2H20

2,000 ppm KH POu

200 ppm NaCl

6% glucose 52 3135
0.67% YNB- : )
1 ppa Acid Borie Ay
0.2 ppm KI |

0.4 ppm FeCl

0.8 ppm ZnS0},.TH,O0
0.4 ppm Na,MoD,.28.0
0.8 ppm Mngo kT2
0.05 ppm Cusa

% The formulation of 0.67% YNB is given in Appendix I. The
concentrations indicated in parts per million (ppm) were added to make
the final concentrations equivalent to that of 2% YNB.

2% Cells were grown 21 hr and after 48 hr in 3.5% potassium acetate
- sporulation medium, percentages of total sporulation and of 3 and
4_spored asci were deterpined by scoring 500 entities from each ¢of 5
replicate flasks. The experiment was done twice.
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Tablg 3

Effect of Tripling the Concentrations of Individual Salts™and Trace
Elements in YNBG Presporulation Medium on Sporulation and 3 and 4-Spored
Ascus Formation

Presporulation Medium Total Sporulation,%®* 3 and 4-Spored Asci,g®¥

6% glucose . _ CTT 1623
0.67% INB* (control) L

- Individual Salts Added:

6% glucose ' 80 ' 1543
0.67% INB -

500 ppm HgSOu

6% glucose’ 88 83ﬁ
0.67% YNB . '

150 ppm CaCl..2H.O

2-<f2

6% glucose v 90 © 622
0.67% YNB )
2,000 ppm KHgPOu el
62 glucose . T8 16+3
0.67% YNB
200 ppm NaCl

(continued on next page)
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Table 3 (cont'd.)

M

)

Presporulation Medium Total Sporulation,i** 3 and 4-Spored Asci, §®®

y -
Individual Trace Elements Added:

6% glucose . | 78
0.67% INB
0.05 ppx CuSOn

6% glucose T4
_0.67% YNB
0.4 ppm Na Mo, .2H,0

6% glucose 78
0.67% INB
0.8 ppm MnSOII
6% glucose ' 78
0.67% YNB

1 ppa Acid Borie

6% glucose 78
0.67% YNB ~—
0.2 ppm KI

6% glucose 17
0.67% YNB

0.4 ppm FeCl3 _ '

6% glucose : 63
0.67% YNB

0.8 ppm ZnSOu.Tﬂzo

1642

2043

1642

152

172

13+2

3125

* % The formulation of 0.67% YNB is given in Appendix I.

The

concentrations indicated in parts per million (ppm) were added to make

the final concentrations equivalent to that of 2% YNB.

%  Cells were grown 21 hr and after 48 hﬁ in 3.5% botassium acetate
sporulation medlum, percentages of total sporulation and of 3 and
J-spored ascl were determined by scoring 500 entities from each of 5

replicate flasks. The experiment was done twice.
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Effect of Varvins the Zine Sulfate Concentratioﬁ During Growth and the

Effect of Addition of Zinc Salts to Sperulation Medium

The results described above indicate that ‘zit_:c is an important
factor determining the manner of nuclear division during sporulation.
Therefore, the effects of varying t!he concentration of =zinc in tpe YNBG
PSM were investigated, in an attempt to optimi;-e‘the yield of 3 and
4-spored asci in potassium acetate SM.

Varying the concelntrat.ion of z‘mi‘: in YNBG PSM had a profound
effect on the percentage of 3 and H4-spored asci formed in -3.5%
'potassium acetate SM (Figure 9). There was a. broad optimum
conceﬁtration range for 3 and L-spored ascus ‘production from 5 to 300
ppau zinc sulfate. The _percentase of total sporulation was high at all
concenﬁrations of =zinc sulfate supplied, but diminished appreciably
above 125 ppn.

In order to test whether zinec could stimulate 3 q.nd }—spored
ascus formation when added to SM instead of PSM, zinc acetate and zinc
sulfate were added separately to 3.5% poﬁas.s,ium acetate. -The results
are shown in the upper portion of Table 4. The addition of either Zinc
salt to the SM had no effect on total sperulation bu lgave a marked
increase in the yield of 3 and Y4-spored asci. This shows that cells
‘can be. copditioned to differentiate into 3 and 4-spored asci by adding
zing to SM. l

In the lower portion of Table 4, the same zinc additions were
made to SM but cells grown in PSM containing 25 ‘_i:pm zine sulfate were
used. In comparing these results with those obtained ﬁsing cells grown

in PSM without added zinc sulfate, it 1s seen that the highest yields



Elgure 9: Effect of addition of zinc sulfate to YNB presnorulation
medium supplemented with 6% glucose on sparulation and 2 apnd
L-spored ascus formation in 2.5% potassium acetate

sporulation medium.

Appropriate aliquots from a stock solution consisting of 10,000 ppm
zinc sulfate in deionized glass-distilled water were &Lransferred to
© 300-ml volumes of 0.67% YNB supplemented with 6% glucose in deionized
glass-distilled water, to give final concentrations of 0.5, 1, 5, 25,
125, 300 and 600 ppm =zinc sulfate in this presporulation medium.
Growth and sporulation media were inoculated and maintained as
indicated in the preceding figures except that 3.5% potassium acetate
was prepared in deionized glass-distilled water. The tokal sporulation
(open circles) and yield of 3 and K-spored asci (closed circles) were
determined as previously described. The experiment was done twice.
The graph is plotted on 4-cycle semi-logarithmic graph paper.
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of 3 and 4-spored asci were obtained when zinc was supplied in both
media. U48+2% of the asci contained 3 or 4 ascaspores when 25 ppm zinc
sulfate was supplied in both the P& and SM. This was the highest
yield of such asci obtained at any t:ime during this study.

Incidentally this experiment shows that zine and not sulfate is
the component of zine sulfate which promo.tes 3 and UY-spored ascus
development, since the ~same stimulat‘ion was obtained with both =zine
acetate and zinc sulfate.

i 5 s i oW

In preceding experiments, a number of additions to YNBG PSM
have been shown to diminish 3 and lt-;pored ascus production: ammonium
sulfate, the combined salts of YNB, "vitamin-free" casein hydroiysate,
peptone and yeast extract (sg;eﬁ, Table'sl‘} and 2). It was of interest to
relate their effects on 5row‘th to 3 and 4-spored ascus ?roduction. The
growth data from the experiments are summarised in Table 5.  The
amendments all favoured growth,. especiall_y peptone. But in no case was
growth as extensive as in MYPG medium. It is evident that their
suppressing effect on 3 and 4-spored ascus ;Jroduction was not a result
of restricting vegetative cell development in the growth medium.

As shown in Figure 10, increasing the glucose content in INBG
PSM decreased the cell population density achieved during 21 hr growth.
As a:lr-eady indic‘:ated in Figure 3, cells grown 'a{: higher glucose
concentrations were more competent to differentiate into 3 and L-spored
asci in SM. -

The foregoing observations suggest that zamendments which

favoured growth inhibited 3 and L4-spored ascus formation Iin SM, and
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Table 5

-

Effect of Factors Inhibiting,3 and §-Spored Ascus Formation on Growth

Presporulatiocn Medium Cell Density at end of 21 hr
growth*® (millions/ml)

Basal medium® ' ' 475

Basal medium 633
10,000 ppz ammonium sulfate

Basal medium 7626
500 ppm MgSO

150 ppm CaC12.2H20

2,000 ppm KH POu

200 ppm NaCl

Basal medium 1745
0.1% casein hydrolysate ("vitamin-free"™)

Basal medium ’ ' 12015
0.5% peptone

Basal medium ' ' 97+T
.0.3% veast extract

MYPG consisting of 24547
0.3% malt extract

0.3% yeast extract

0.5% peptone

0.1% KH.PO,

6% glucdse

o

* Basal medium consisted of 0.67% YNB and 6% glucose.

%% Samples were prepared for scoring with counting chambers by diluting a
1-ml sample of growth culture 100 times.
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Figure 10: Effect of varvins the glucose congentration in YNRG

—~ag -3

] q 1 ]‘_. .

ity jeve

I B

Growth cultures with initial cell densities of 105/ml in 50-ml 0.67%
YNB sspplemented with 1, 2, %, and 6% glucose were incubated for 21 hr
at 27 C in a water-bath shaker operated at 100 oscillations per min. A
1-ml aliquot was withdrawn from each growth culture and diluted to
1/100. The cell densities were, determined by counting the number of

cells in each of ten 0.1 mm” volumes using Spencer A0 counting
chanbers,
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‘that ‘a condition which inhibited growth (high glucose concentration)
bad the ¢pposite effect on such ascus productioﬁ.

However, inéreasing the zinc sulfate content of YNB (Table §)
"did not influence growth even at a concentration of 600 ppm. Frey et
al. (1967) found that the concentration of zinc could be increased to
500 ppm with little inhibition of growth'in brewing yeasts. Therefore,
there appears to be no correlation betweenuthe effects of zinc on 3 and
%_spored ascus development and on grbwth.
Effect of Addition of Zinc to MYPG PSM on the aAbilitv of Cells to
Produce 3 and 4-Spored Asel in SM

Since zinc in ?NBG PSM has a stimulating effect on 3 and
. 4-spored ascus production‘ in SM; it was interesting to determine
- whether =zinc¢'™ additions to MYPG. could restore 3 fand L_spored léscus
production by cells grown op this medium. A concentration of 25 ppm
zine sulfate when added to this undefined medium was ineffective in
pr ting 3 and Y4-spored ascus development in SM. However, 25 ﬁpm zince
ulfate-addgd to 3.5% potassium acetate SM had a slight stigulating
effect on 3 and Y-spored ascus producti&n by cells grown in MYPG: ihe
"percentase of such aseil was increased from 0 (control valﬁe) te 1.5% bf
- the addition of zine sulfate to SM. When zinc was also present in the
MYPG PSM, the percentage increase was from 0 to 1.'1:7..
£ of . _ PG Mediym
In the foregeing experiment, the concentration of zinec sulfate
(25 ppm) Supplied in MYPG could have been insufficient teo promote 3 and

Lespored ascus- fermation during sporulation. ' To test thils,

concentrations above 25 ppm were added to the MYPG growth mediuz, When
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Table 6

Effect on Growth of Varying the, Concentratjon of Zinc Sulfate

Final Zinc Sulfate Concentration Cell density at end of 21 hour;
in YNBG basal medium®* (ppm) growth®** (millions/ml)
0.4 (control) ' . 5245
1 - | : ¢ 56212
5 . " 51a10
25 ' | - HQ__-Q-_"T p
125 ] 47412
300 o #7:12

600 - . 51+8

\
* Basal medium consisted of 0.67% YNB and 6% glucose.

®® cSamples were prepared for scoring with counting chambers by diluting a
1-m1 sample of growth culture 100 times.



concentrations of 125, 300, 600 and 1,000‘ppm -zinc sulfate were added
to MYPG growth medium, precipitates formed. Perhaps these insoluble
complexes resulted from an interaction bety;een zinc' and components of
the MYPG medium. Similﬁa; precipitates formed ﬁhen the.zse‘ concentrations
of zine sulfate were added to O. 3% yeast extraet 0. 54 peptone and 0.1%
"vitamin—ﬁ_@e“ casein hydrolysate. As shown in Table 1, the latte)[V
th.ree substances diminished 3 and l-spored ascus production when added
to YNBG PSM at these concentration;z.. This suggested that the mechanism
of this inhidition was the .complexing of zinc with amino acids and

possibly other compounds.

The zinc-treffted MYPG media éontaining the precipitates were
filter-sterilized and inoculatéd. Slighfgrowth was observed with 125
ppm_‘zinc sulfate and none at the higher .concentrations of this
substance. However, when 0.5% E;mmonium sulfate was alsc added to these-
media, abundant growth was observed after 21 hr incubation.

The restoration of growth in these media by the addition of

amnonium, indicates that nitrogenous components of MYPG can bind to

zine, and therefore restrict the avz Fo

of this micronutrilite.

- Consequently, the cells are less able to produée 3 and U-spored asci in
Angidental Qbservations
Iy .
(i) Regardless of the PSM (MYPG or INBG) employed for cell
growth, the 3 ge1 strain showed extensive flocculation when sporulated
in 3.5% potassium acetate supplemented with 125, 300, and 600 ppm zinc

acetate or zine sulfate. Perhaps the zinc at these concentrations of

zine acetate or zine sulfate in SI*:I altered the surface charge’
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: " properties of the spor'ulating' cells, causing them to adhere to each
/ ' other. ¢

{(ii) Esposito and Esposito (197%) nﬁ_ted that buds detach from
their parent cells before the latter spor'ula%e in SM._ W!;xz: the 19e1
) strain was grown in INB supplémehted wi?b;. 5% glucose; and sporulated in
3.5% potassium acetatd supplemented with 125 ppm zinc acetate or zinc
sulf.‘ate,‘ the detachment of | buds from parent cells was inhibitéd.
However, the inhibition of bud detachment was not ‘obser'ved when
concentrations of 5 or 25 ‘p;;m were added to SM.
(iii) As méntioned previously, when the 19e1 strain was grown
in YNB lmedium supplemented with 6% giucose', and sporulated in 3.5%
potass;ium acet.ate supplemented with 25 ppm zinc éce;c.ate, appr‘oximately'..
.# 50% of the sporulated cells diffeir‘enti'ated into 3 and li-spo:‘ed_‘as‘ci.
When asci harvested from th:!:s SM were resuspended in :.sterilized glas::;—. |
distilled wate;Qnd‘left at room temperatui"é in .i:he dark for 2 -4
days, single ascospores, ascﬁs wal__}ymaterial and 2-spored ascl were
observed under the light miéroscope. No 3 and H-spofed asci could be
seen in the slides examined indicating ?:hat the free ascospores

originated from such asci. Grewal and .Miller (1972) noted that_the

asecospores ix_’x 2~spored ‘asci in the ‘l9e1. strain were connected by a
consplicuous "intérgporal .ﬁody“ ;ebich made ascospore separation
difficult. The ;'intersporal .bodies" were apparently gbsent in- the 3._
and Y-spored asci —pr'oduced in the ;resent study. Perhaps an enzyme

_system which hydrolyzes the carbohydrzte polymers in the ascus walls

was activated freeing the ascospores during the storage period: This
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did not happen with the 2-spored asci because of the "intersporal body"

connecting the two spores which prevents separation. . -

This observation might be useful for the genetic énalysis of
random spores provided tha.t. the 2-spored asci and non-sporulated cells

could be separated from the ascospores derived from 3 and j-spored

asei.’

»



DISCUSSION '
Ef . . : .
Sporulation Media on 3 and H-Emnﬁd Ascus Devel opment |

As mentioned in the Introduction, there has been some study of
the effect of the nature and concentration of carbon source supplied in
PSM and SM on the number of spores per ascus. It is difficult to
relate the wor# ~to that described here because the others studied
7 normal four-spored strains. Here the yeast is normally 2-spored and
its ascospore formation is preceded by a single nuclear division.
Nevertheless there is some similarity in the results, in that with
'increasins congentration of carbon sources in PSM and SM the proportion
of 3 and Y4-spored asel increased. It sfould be stressed however that
here not only the gumber of spores but also the number of nuclel per
ascus were increased by raising the concentration.

The present gtudy-is moreover the first in which carbon sourge
.éoncentration has been varied .in both PSM and SM. THe highest ylelds
of 3 and Y4-spored asci were obtained with 6% glucose in PSM and 3 to
3.5¢ potassium acetate in SM (Figure 3). With 4% glucose, and 2%
gludose in PSM, the highest yields resulted at 3.5 and 4.5% potassium
acetate respectively. When 1% glucose was added to YNB, the highest
y%?lds resuited at 4 to 4.5% potassium acetate. Thus, theré was a
tenden;y to shift from higher to lower optimum potassium. acetate
concez:xtration:s for 3 and Y-spored ascus preduction, as the glucose

concentration added to YNB was increased.

53
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A number of suggestions can be made to account for the

stimulating effect of increased carbon source concentration in PSM and

SM:
-

(1) According to Aldous et al. (1950), increasing the. glucose
concentration supplied in th'e growth medium increases cell fermentation
activity and 002 preducticon. Subsequently, Stoppani et al. (1958)
reported that 002 fixation in yeast is an essential metabolic reaction,
since 002 assiinila_tion occurs :i-ur-ing the oxidation of acetate.
. Bettleheim and Gay.(‘1963) found that C.OZ assimilation is required for
aporu}ation. In strain 1%el1, it is pbssible that a biosynthetic
pathway concerned with lascospor-e formation was stimulated by the

intracellular level of C02.

(11) Croes (1967 a,b) noted an increase in 1lipid and

-

carbohydrate content in sporulatiné Saccharomvees. -Dur'ing sporulation,
glycogen_ is synthesised ((E‘;oth-,- 1970), turned over (.Hopper et al.,
1974), and degraded during the period of ascospore formation (Colonna
and Magee, 1978). Also, trehalose accumula'tes during yeast sporulation

and it becomes localised in the ascospores (Roth, 1970). It is

. K

possible that the formation of 3 and U4-spored asei in strain 19el, is
related to the level of dntracellular carbohydrate synthesised from tt;e
carbon sources supplied in PS;& and SM. ‘

(iii) Miller (1957) suggested that the oxygen consuming system
plays an Iimportant role ip determining the number of spores in an-
ascus. As the acet:ate concentration in SM is increased, one would
expect more acetate to be assimilated by the cells via the TCA cycle.

Such a mechanism might be inveolved in- promoting nueclear division in
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strain 19el1, and hence causing an increase in 3 and lY-spored ascus
development. | .

The data allow no decision as to which of the foregoing
explanations is meost plaus;b.}e to account for the formatior; of 3 and

J.spored asci in strain 19e1 and othezj explanations may also be
pessible. -

When strain 19el was cultured in the undefined PSM wmalt
extract-yeast extract-peptone-glucose (MYPG), the cells produced no 3
and Y-spored asci in potassium acetate SM, but w.hen grown in the.
difined PSM (YI:IB + glucese), such asci were observed in SM. When the
yeast extract and peptone components of MYPG were added to the defined
érowth medium, predominantly 2-spored asci resulted in SM. Casein
hydrolysate had the. same. effect, indicatiﬁg that free amino acgids
supplied during growth can diminish the ability to form 3 and 4-spored
asei in SM. A single aminc acid, tyrosine, alsc had this effect, but
.cystine had no effect. e —

The composition of Difco Yeast Nitrogen Base (YNB) is given in
Appendix I. When the content of YNB was varied, without varying
giucose (Figure 8), total sporulation increased to a fairly cénstant
level, a'ndl the yi'elds of 3 and Y4-spored ascl increased to an optimum at
0.5% INB, above which yields declined. But some fao;tor' or facters when
at higher concentration must have decreased the ability to form such

asci. The further experiments in which groups of constituents, and
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then individual‘constituents were.varied in amount allow one to‘accéuﬁt
for the;e trends.
CaCl, and KE PO, increased total ascus yields. A stimulating
effect of qalcium on ascus ylelds was reported by Kondratieva (1340),.
and McClary et al. (1959) found stimulation by potassium. The
component of YNB that increased the yields of 3 and L-spored asci was
“\qyidently ZnSOn. The components which, when increased further, caused
Fq“::\XEéuctigi in &ields of such asci were ammonium sulfate, C_aCl2 and
'KHZPOH' Ammonium hhen added to SM is well known to inhibit ascospore
formation in normal L-spored Sassha;gmggg;, but the PSM must contain an
adequate nitrogen supply to produce sporulation coqpetent cells (Miller
and Hoffmann-Ostenhof, 1964). Possidly excess ammonia favoured amine
acid 'Synthesis leading to high internal levels of aminoe aclds. As
noted above, amino acids added to YNBG PSM diminished 3 and Y-spored
lascus production in SM.
The Effect of Zi S 1ati
Zinc appears to have a ﬁrominéﬁt role in the formation -of 3
and 4-spored aseci in SM, since the proportion of such asci was greatly
inereased when the zinc sulfate conte;t in PSM was raised from 0.4 ppa
to 1.2 ppm (Table 3). The highest concentration employed (660 ppm)
i—js inhibited the devglopment of 3‘and 4_spored asci (Figure 9), bug had no
effect on gro;th in PSM (Table 6). When zinc acetate or zine sulfate'
was added to 3M, éhere was a dramatic increase in £he yield of 3 and
Y_spored asci with no change in total ascus ylelds (Table 4). Thus,
zine and not sulfate, is responsible for promoting the formation of 3

and Y-spored asci in SM.



" Could the addition of zinc to the undefined growth medium '
| (MYPG) enable cells grown on this medium to form 3 and 4-spored asei in
SM? Only when zinc was added to SM, were 3 and 4-spored asci obtained
from cells grown in MYPG. As Indicated in the Resultyg, the assimilable
nitrogen source precipitates out on the addition of zinc sulfate -to
}iY’PG. Depeé‘xdent on the concentration of zine s;llfate added to MYPG,
filtrates from zinc-trea?ed MYPG :ﬁedia supported little or no growth
uniess supplemeﬁtéd with ammonium sulfate as the niﬁrogen ‘source.
Tht:‘ls, the complexing of zinc with the assimilable nitrogen source in’
MYPG can account 'for both the absence of 3 and Y-spored asci in SM vn:he'n
ce}ls were cultivated in zinc-tre;ted MYPG media, and the marked
decline in such ascus yields cbserved when cells were cultivated 4n the
YNBG PSM aménded with yeast extract':, peptone, L-tyresine or
“vitami;x-fr'@e" casein hydrolysate. Trace amounts of avallable =zinc
must be present in MYPG since this ‘trace element is known to be
essential for yeast growth (Olson and Johnson, 1948), but it is
ﬁossible that =zinc bound to cer-tain‘amino. acids in MYPG cannot be
assimilated. It is of interest thhat some amino acids have been found
to induce symptoms of zinc deficiency in mammals (Sadler,. 1978).

According to Cochrane .(1958), zine has many diverse roles in
fungal metabolism, and Reif _e_;_' al. (1960) discuss its functions in
yeast. Of .interest in the present study is zinc's essentlality as a
nutritional factor for vegetative gro;:th and its involvemeni in the
synthesis and activity of certaih enzyme proteins. Hewever, no

attention has been given hitherte to the effect of this essential'

micronutrilite on yeast sporogenesis. The mode of action of zime in
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restoring normal ascus production in strain 19et is not known. Zinc-

- dependent enzymes .are Common in yeast and include: alcohol

dehydrogenase (Vallee, 1955), fructose diphdsphate aldolase (Rutter and

Ling, 1958), lactic dehydrogenase (Gregolin and Singer, 1963) -and

D-glyceraldehyde-3-phosphate dehydrogenase (Keletti, 1964). of
A

particular interest'is the aéscciation of zinc with proteolytic enzymes

‘(Vallee, 1955; McComn et al., 196%; Tsuru et al., 1965). Sporulation

specific proteinéses are known in Saccharomvees (;hen_and Miller, 1968{
Klar and Halvorsen, 1975). Possibly an enzyme -essential for nornal
ascué production in strain 13el requires unusually high 1ntrac911uiér
levels of zinc te function iﬁ a process necessary for the quclear
divisions that precede the formation of 3 and L.spored asci. It is
noteworthy that Foster (1956) found that an excess of certain elements,
e.g. potéésimm-énd'manganese, supplied during growth are necessary to
condition bacterial cells to subsequent sporulation. dnocther
possibility is that the site of zinc action does not differ from normal
4_spored yeasts, but that strain 19el is unabie to maintain ;he
required intracellular zinc levels unless it is supplied in the medium.

in a study of seed production in peas and beans, Reed (1942)
showed that definite threshold values of zinc appeared to exist, below
whicﬁ vegetative growth was good but Seeds ﬁere_not produced. In the
presence of smail quantities of zinec, growth was normal and pods
developed, but they did. not contain seeds. 1Increases in zine supply
gave striking increases in seed production with no effect on growtﬁ.

Similarly in strain 19e1, increasing the zine supply in YNBG PSM had no

——
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effect on growth (Table 6), but gavé striking increases in sexual spore

. production (Figure 9).

The cytological observations of nuclear divisions in developing
asci indicate that nuclear divisjion by meiosis precedes the formation
of 3 and h—qured asei in §é§>f%\19e1, and that a single equational
nuciear div;sion precedes thé formation of 1 and 2-spored asci (Figure
8). 1In fUrther~support, conjugations were observed between célls from
germinated ascospores derived fregi3‘and 4_spored asci (Figure T7), but
not between those from 1 and 2-spored asci. But Ashraf and Miller
(19%853 did not observe conjugaticn between cells from germinated
ascospores originating from amitrole-induced multispored asci
containing more than the usual 2 ascospo&es and this appears to
-confliét with the f?regoing. However their aseci frequently contained
more than 4 spores and.-thus seemed abnormal, .possibly owing to
treatment with the herbicide.

Additionai evidence indicates that nuclear division by meiosis
precedes the formation of tetranucleate and hence 3 and 4-spored ascl
in strain 19el: ~

(1) Glucose added to SM is known to block meiosis I in
Saccharomvees (Miller, 1964) and this treatment gave 2 dramatic
decrease in the yield of 3 and 4-spored asci in strain 19e1l (Figure 5).

(i1) 'ﬁhen the 4 §inéle-spére clones originating from each
}-spored ascus were cultivated on nutrient agar plates, a 2:2
segregation of pseudomycelial growth: neormal growth was observed, and

2:1 and 1:2 segregations for these norphelogical characters were
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observed when single-spore c¢lones from 3=-spored ascl were cultivated in
the same way.

With 2-spored ascl, on the other hand, a single equaticnal
nuclear division precedes ascospore formation in_ SM for the following

reasons:

(i) No conjugations were observed when spores in 2—spox4ed ascl

-~ -

.gereinated.

(ii) Single-Spore clones derived from 2-spored asci ‘we.z\-e
competent to sporulate.

(iii) Glucose added to SM ldid not inhibit 2-spored ascus
production. ‘ |

| (iv) No sésregation for the morphological marker v;;as observed

sinc'e spore clones derived from these asci showed growth
indistinguishable from parental type -growth, i.e. non-pseudemycelial
growth was cbserved. |

A1) .single-spore cultures derived from 3 and I%--s;pc:u"ec} asci,
however, were compétent te sporulate and this may appear inconsistent‘
with the fqregoing conclusilen. It seems that strain 19e1 is
lhomothallic. In homothallie strains of S, gerevisiae, dipleoidization
can occur through fusions bhetween hapleid cells of oppos;te matins'
type, boih descendants of the same haploid ascospore. . The phenomenon of
self—diploidizati.on is controlled by a set of dominant genes for
hemothallism designated HO, HMa, BM (Winge‘and-Roberts, 1949;
Hawthorne, 1963; Takano and Oshima, 1959, 1970; Hicks and Herskowitz,

1976). The combination of the nonspecific HO gene with the specific

HMa gene directs the wutation of 2 to & during or soon after



germination c_:f a 's'ingle haploid ascospore of 3 mating type. The

combination of HO and HM, directs a m_utation_ of lg,_ to a during or soon
after the serminafio_r_x_, of a single haploild ascospore of g mating tyﬁe.
Harashima ﬁ al. (1§74) reported "that HO may direct a mutation of
either mating ﬁype to copposite mating type whe}'x HMa and HMa are either
bot.h prasent or Vbc':;th absent. In view of this, it is possible that
strain 19€1 is 3 HO EM HM_ /o HO HM, HM_ or a HO ho ‘hmalgﬁo hm  ho_.
Within the first few mitotic divisions after the gernination of =dingle
haploid ascospores from 3 and U-spored asci derived from either
:arental' genotype, selfv-math'xg’tie‘cween sister cells would be possible,
and this may explain the observation of conjugation and tfze abili';y of

s

single~spore clones to sporulate.
I

"~ As discussed earlier, the assimilation of zine, ,slt';cose, je.nd
'acetate appear *to be‘ involved in the restoration of normal 3 and
J-spored ascus pr‘oductién in. strain 19e1.- Zine is evidently an
“important detéi—-minant of "reductional nuclear division during
sporulation for the following two reasons:

‘(1) When cells were grown in YNB supplemented with 6% glucosé

3and then sportilated in 3.5% potassium acetate, two classes of ascl were
observed: bié;clé;‘:e and tetr‘anucleat'}e asc::. (Figure 6). One and
two-spored asci belonged to the formen clasé, and 3 and 4-spored asci
to the latter cl.ass:a. Under the same nutritional conditions employed
for these observations, the addition of zine in SM gave =z marked
increase in the yield of 3 and UY-spored asci without altering total

ascus yields (Table 1). This indicates that the assimilation of zinc

supplied in SM directs into reduction division cells which would have

L]
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under:g,oné a single equational nuclear division in the absence of added
zinc in SM. h

(ii) No 3 and 4-spored asci ueré' observed in SM when cells were
gr’-:wn in MYPG unless zinc was added to the SM. ‘

Grewal and Miller (1972) were the first to report that the
formation of two-spored asei in strain 19et 1s preceded by a single
equatidnal nuclear division. .Such a yeast stré.ih can be regarded as
apomictic because it produces a sexual structure, the ascus, _within
which occurs an equational nuclear division that superficially
resembles mito'sz'\.rs. Furthermore, no pricr matierg is required in order
that cells nmay under'gc;' the sporogenic procé:ss. Apparently, this is

<

also the case in nultispored strains of Lipemvees lipeofer in which

successive equational nuclear divisions precede ascospore formation

(Benninger et =2l., 1974; Henninger and Emels, 1974). Since tlhe

nutritional treatments employed with strain 19e71 appear to have

restored meiotic nueclear division, it may be possible to take similar”

nutritional approaches with other apomictic organisms.

How did the nutritional manipulations with the zinc and glucose

supply in PSM, ‘and the zinc and acetate supply “in—SM—restore-mormal- -

reducticonal nuclear division in strain 19e1?‘ Moens et al. (1_977)
observed rare synaptinemal ceomplexes in sporulating cells of the
apomictiz yeast .strain 4117, whose life cycle 1is similar to strain
19e1. However, when they force-mated 4117 with an adenine-requiring
strain, and sporulated .the progeny from the mated cells, ascospores
from the resulting asci yielded diploid clones which gave the same two-

spored character as the original 4117 strain 1n M. Single~-spore
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clones derived f‘rdm sucia asci.retained the ability to sporulate withodt
prior mating. However, unlike the origieal 4117 strain, these
ynthesised strains slmued abundant synaptinema.l complexes and meiotic
le}rels of recombination duz:ing sporulation. . On this basis, they
Asug:gested that the original strain 14'117 retains a normal prophase and
that following syna‘psis, recombination., and desynapsis, progressive

y.-
development through meiosis I does not occur to completion, but}»instead

meiosis II sets in with division of centromeres and chromosomes. Thus,
. . _

N .
binucleate asci_result and the nuclel are diplold and of .2/c mating

_type. It is possible that str-ain 19e1 behaves in th.l'? way during

‘o

éporulation, and that tbe nutr'itional treatments employed  in the

pr-esent study res.,ored the first r'eduction, i the ' segregation of
- -

duplicated homologues at anaphase off meiosis I. With meiosis II and

L]

the segregatioh of sister chromatids, four haploid nuclei would result.

Houev'er,. the .original 4117 strain showed rare synaptinemal complexes .

ezad in the author's opinion thi; may \be due to transient peiriqg ﬁhich
.is of‘ben observed in épomictic parthenogenetic insects, that produce
- diploid eggs from pr'esumptive sexual cells which undergo a sinsle
eguational nuclear division {Suomalainen et al., 19'{6). Hence, it is

also possibie that .the apomictic yeast strains, 19el and li‘l‘l':f‘, are

unusual asynaptic; omutants, which undergo a single equational ﬁuclear-

division during sporulation as a result of the aba%c‘:e of. pairing in

the formation of synaptinemal complexes during prophase I. Since

evidence in strain !19e1 indicates i'.hat reductional nuclear divisjon.

- e
precedes the formation of 3 and I4-3poz‘ed asei, it would follow that

-

nomal syﬁaptinemal complex fomation accurs during prophase I. In the

o’



absence of synaptinemal complex formation, it is conceivable that a

single equational nuclear division occurs during sporulation, Since

zinc appears to be a very important factor in the restoration of

"normal®™ ascus production in strain 19e1, a z:!.nc7reiated_ function might

- . N\, ‘
be invelved in the required synaptinemal complex formation necessary .

for a normal meiosis. _‘ It would pe interesting to know if meiotically
competent Hand incompetent cells differ by the presence and ansence of a
fibrillar protein iavolved in the peir-ing of duplicated homologues, and
;.'hether a zinc—_dependent proteese modifies precursor protelins '.into
ac't;.'ve ‘forms involved in‘ such pairing.‘ Perhaps zine or a zine protein
is involved in the dev-e,'l.opment of .Lhe-synaptinemal complex.

Recently, Esposite’s group found 2 genes for apomixis in strain
4437 (personal. c:mmunicatj:en,. M Mowat). Perhaps similar genes for
apomixis exist in strain 19e1, and az'e e,‘cpz;'essed in cells which, undergo
a single, equationel.nuclear division during spor'ulation‘.. One would
expect the laek of expr‘ession of euch ge}mes in cells competent-to
undergo red‘uction‘division during eporulation, -and perhaps =zine¢ or La
zine-related function is involved in the regulation of the expression
of these genes. In the past, there has been presented much evidence
indicating the involvement of zine in the regulation of protein
synthesis in the fungi (Cochrane, 1958), and hence it is pc:smib].?e‘i that
zine. pla-ye_ a _similax? role in str:ain~ 1_9e1. As there 1is 1lack of
evidenc_e,' the foregoing is speculative. It is hevtever testable and
suggeets .feasible experiments. . 7
V.I.n closing, there is a certain qQualism in the life cycle of

strain 19e1, since, scme cells appear to undergo .reductional nuclear

s . - : ) f
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division during sporulation Iinstead of the usuai equational 'nuclear'-

division in response to ‘nutritioriai' treatments provided In the

- 0 -
e P

presporulation'and sporulation_phgseé; :The'alterndfive'foutes cells
can follow durlng sporulation. a}e shown in Figure 11. By maniﬁulating
the nutritional environment, some control of the‘ manner of nu;lear
division has been achieved and this provides an excellent épportunity
to investigate some biochemical and genetic controls of sexual

reproduction.
Recommendations for Future Research on This Subiect

Listed below are lines of investigation whic_h follo‘w.leégically
from the work described above, and could be undertaken to_expand the
kﬁoﬁiédge and control of yeast apomixis:

(i) Do the Ather' two known apomictic‘strains of S. cerevisiaze
(ATCC-4117, ATCC—Hl09.$:)- respond similarly to the nutritional
manipulations which promote the formation of 3 and l-spored asci -in
strain 19e1?l _

(i1) Celonies derived fr:dm 3 and Y-spored asci of strain 1§e1
showed segregation for' q~;macromorpholpgicai ‘marker, :;at presumgply
_self—dipioidization occurred and single-spore' clones be;:rame competent
to sporulate. - éould sﬁbsequent generations be uniform for -the
morphological marker used?

. (111) Hhe;t effect would other elemen_ﬁs related to zinc have on
sporogenesis? ¢

(iv) There was some evidence that vitamins stimulated 3 and
4-spored ascus development .and this could be inve‘stigated'in more

detail.

r;\-

i
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. e
(v) What are the effects of other carbon sources, temperature,
.aeyation, and pH on 3 and_#—spo:ed ascus development?

(vi) Amitrole induces multispored ascuS~formation in strain
19ei1. HWould the effects of amitrole, high carbon source concen?ration,
and zinc be additive? |

(vil) Tyrosine .added to the def.ined PSM inhibited subsequent 3
and Y-spored ascus deveiobﬁegt in SM but cf%tine. did not at the
concentrations eﬁployed. What would be the effé;t of other nitrogenous

-

combounds on 3 and u-spgred ascus development?

(viii) Can typical Saccharomvees be made .apomiétic, by'

environmental manipulatidn?
(ix) Would varying the tiﬁe spent in the presporulation phase
influence 3 and 4-spored ascus development in Sﬁ?
(x) Are there macromoiecular differences between meiotically
) v

competent and incompetent cells of strain 19e1?

~

(xi) Can changes in fine structure, e.g. synaptinemal complex

-

fofmation, be deﬁepted when 3 and"u-spoéﬁq\ascus production is

restored?

R e W



Proposed alterpative life cveles in Saccharomvces

cerevigize strain 19e1.
Mitotic nuclear division of diploid nucleus during buddirg.

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 division
yvielding four haploid nuclei in the ascus, two of which are
2 mating type and two & mating type (left). Diploid nueclei

of other c¢ells divide equatiocnally yielding two dipleoid
nuclei of a/c mating type (right).

A spore wall forms arcound each nucleus.

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 mutation 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 1t germinates since its nucleus is
already a/c (right). -

Plasmogamy followed by karyogamy betﬁeen haploid sister
cells of opposite mating type (left).

r\'
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FIGURE 11
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SUMMARY
1. A ndtritional study was made of an apomictic strain of
§3§£hangmxgg§,g§ngxigiag whicﬁlproduced‘only LWO ascospores per ascus.
By -various treatments it was possible to enable this strain to form
aseci with thrgg or four ascospores like typiéal s£rains of

Saccharomyees cerevisiae. The following treatments favoured three and

four-spored ascus development:
(a) cultivation in 2 medium lacking undefined components such
as yeast extract, peptone and casein hydrolysate,

{b) increasing the gluccse content of the defined medium from

1 to 6-8%,

(¢) increasing the acetate concentration of the sporulation

redium from 0.5 to 3-3.5%
(d) inereasing té: zine content of the defined presporulation
mediuvm and supplementing the sporulation medium with zinec, and

(e} adjusting the cell density in sporulation medium to 1-5

million/ml.

2. Total ascus yields were stimulated but three and four-spored ascus
vields were diminishea when the CaCl2 and 112321’0,4 cohcentrations in the
defined preéporulation medium were increased. When the amnonium
sulfate conceﬁtration in the presporulation mediuﬁ was increased, both

the total éporulation and the yield of three and fouf—gpored aébi were

diminished.
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3. It was concluded that the induction of three and four-spered ascus

formation was the result of é change from a single eq.uational nuclear

division to reductional nuclear division in the developing ascus for

-

the feollowing reasons:

A(a) glucose added to sporulation medium inhibited such ascus
formation, |

(b) Giemsa 4taining demonstrated tl"xat two nuclear divisions
preceded thxfee and four-spored ascus formation,

(¢) conjugations were observed during or éhor-tly after
ascospore germination, and |

(d) segregation for a macromorphological marker was detected by

nicrodissection followed by cultivation of ascospores from three and

four-spered asci.
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APPENDIX I
Composition of -Yeast Nitrogen Base+

Concentration in a 0.67% solution
YNB (ppm)

Nitrogen source
Amgponium sulfate - 5,000

Aminc Acids - .
1-Histidine Monochydrochloride 10
di-Methionine 20
d1-Tryptophane : : 20

Vitamins

Inositol
* Caleium Pantothenate

Niacin -
Pyridoxine Hydrochloride
Thiamine Hydrochloride
Biotin
Para-Amincbenzoic Acid
Ribeflavin
Folic Acid

[
OCNMNO &N

(@]
N

o
3V ]

el eNeolalelNoloNa
*

Salts

' ¥gS0,, | . 250
CaCl. 28,0 75
KH_PG), 1,000
Nafl | 100

4

Compounds supplying trace elements
Acid Borie 0.5

XI ' ' 0.1

Fe013 0.2
ZnSOu.TH 0 ] 0.4

' 0.2

0.4

0.0

»

Naggoon. H20
I
‘J>,~”§2sou

+ Wickerham (1951)
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