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ABSTRACT 

M.Sc. Mario Lachapelle Plant Science 

Aspects \'iOf budding in the yeast, Saccharomyces cerevislae, as studied 

through the use of cell-divislOn-cycle and karyogamy-deficient mutants • 

Cell-d iVlslon-cycle and karyogamy-deflci ent mut ants were used as 

probes to study certain aspects of budding. Fluorescent staining with 

FITC-Con A, for mannan, or ,,-Tith calcofluor and DAPI, for chltin and nuclei, 1 
revealed interesting relationships. Mutant cdc- 24L.1 grown at 37°C and kar­

In most binucleate cellS,! crosses both produce bi-Ior multinucleate cells. 
1 

the two nuclei lIe close together and divide inJO the same bud and ln a 

few, the nuclei are far apart, and most often roduce one or two buds, 

proximal to a nucleus winch wIll divlde lnto it In cdc-24-1 qd l s, the 

former type gives a typical "haploid" budding pattern even in large cells. 

The proximity of daughter nuclei in most blocked cdc-24-1 cells suggests a 

role for the CDC-24 product ln splndle elongation. The relat ionship 

between the nuc1ei and the location and number of buds suggests a 

preponderant raIe for the nucleus ln budding. Al though buds develop" 

preferentially ln reglOns of low chitin content ln kar- crosses, the 

ability of cdc-24-1 cells ta bud even with a uniformly high content of 

chitin and mannan suggest s a secondary role for the cell wall in 

determining thE) sites of bud emergence. The chitin ring is not needed for 

bud emergence, 1 but seems to play a role ln normal bud -development and in 

septlll11 format ion. 
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RESUME 

Mario Lachapelle 
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.... 

Plant Science 

Aspects of buddlng ln the yeast, Saccharomyces cerevislae, as studied 

through the use of cell-dlvision-cycle and karyogamy-deficient mutants. 

Des mutants déficients dans leuJs cycles de divIsion cellulaire, ou 

en karyogamie, ont été uti! isés pour sonder certains aspects du bourgeon-

nement. L'applicallOn des teintures fluorescentes FITC-Con A, pour les 

mannans ou calcofluor et DAPI, pour la chitine et les noyaux, ont permis la 

révélation d' intéressantés ,rel ations. Le mutant cdc-24-l cultivé à 37°C et 

les croissements kar- produisent tous deux des cellules à noyaux doubles ou 

multiples. Dans la plupart des cellules binuc1ées, les 

accolés et peuv'ent se diviser dans un bourgeo~1 unique. 

deux noyaux sont 

Moins fréquemment, 

les noyaux sont éloignés et peuvent produire un ou deux bourgeons, Chtun à 

proximité d'un noyau pouvant se diviser dans celui-ci. La proximité des 

noyaux fi Iles dans la majorité des cellules cdc-24-1 soumises au loque 

suggère un rôle pour le produit CDC 24 dans l'élongation du fuseau. L.8 

relation eXlstante entre les noyau~ et le nombre et la location des 

bourgeons suggère un rôle prépondérant pour le noyau lors du bourgeonne-

ment. Quoique les bourgeons émergent de préférence dans des régions 
1 

pauvres en chitine chez les croissements kar-, l'habilité des cellules 

cdc-24-1 à bourgeonner dans dt régions à c7ntenu élevé en chitine et 

mannan suggère un rôle secordai e de la paro,i cellulaire dans la détermi­

nation des sites de bourgeohne ents. L'anneau de chitin n'est pas néces­

saire à l'émergence du bourgeon malS semble jouer un rôle dans le dévelop­

pement normal de celui-ci ainsi que d~ns la formation du septum. 
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1. INTRODUCTION 

Mitosis and budding are two processes which are capable of occurring 

separately lU the yeast Saccharomyces cerevisiae '(Hartwell, Mortimer, 

Culotti and Cu1otti, 1973), but must be coordinately regulated If vital 

cellular functions are to be malntained CJohnston, Pnngle and Hartwell, 

1977). 

Specifical1y, mitosis lS a process, most often though not necessarily 

4 
ac'companied by cell division, in which the daughter nuclei possess the same 

chromosomal const ni ion as the parental one. Budd ing, a typlC al asexual 

reproductIve proces of yeast, involves the formation of a new cell, the 

bud, as an outgrow of the mother-cëll. Furthermore, only a Ilmited number 

of daughter cells are produced by each parental cell (MortimeT and 

Johnst6n, 1959). 

In yeast, the format Ion of a bud lS not a random event~ and must be 

" the result of complex processes involving a large number of' subcellular 

structures. For instance, the locatIon of the nucleus and its associated 

structures, the lü-nm "mlcrofllament" [lng, the chi tIn rIng, the CDC 24 

gent} product and the competency of the cell wall, have aIl been more-or-' 

less implicated i.n the selection of a buddlng sIle, one of t'he first steps 

ln the for~at ion of a daughter-ce Il. However, not unt il more l s known 

about the relationships eXlsting between theseo vanous componenf'S' will it 

be possible la fully comprehend their relatIve importance. Indeed, the 

discovery of relationships might indicate the essentlality of certain 
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1 
components, of budding. This would lead to' a better understanding of how 

morphogenetical processes are controlled and regulated. 

Clues indlcating the importance of studying such relatlOnships' have 

accumulated during the past two decapes. Sorne of them will be brlefly 

desc ribed here. 

While studying the budding process of S. cerevisiae, Byers and 

Goetsch (1975) suggested that associated structures of the nucleus such as 

the spindle pole bodi~s (SPBs) and extranuclear mlcrotubules played a 

crucial role ln the emergence of the bud. Studies of temperature-sensitive 

cell-division-cycle (ts-cdc) mutants, however, had· shawn that allhaugh 

essential; SPB material duplication alone was not sufficlent to explaln bud 

emergence (Byers and Goetsch, 1974), 

Furthermore, Since bud scar pattern appears to be genetically In-

fluenced by the mating-type locus (Hicks, Strathern and Herskowitz, 1977; 

Sloat, Adams and pringle, 1981). the CDC 24 locu!l (Slo{it, Adams and 

Pringle, 1981), and the homothailism/heterothaiiism locus (Hi,.cks, Strathern 

and Herskowitz, 1977), these genes must be somehow imp1icated in budding. 

That the ploidy level is also an important factor has been shown by Winge 

(1934), Freifelder (1960), Streiblovâ/ (1970), and Hicks, 

Herskowitz (1977). 

Strathern and 

Apart from the participation of 'intracellular components and of gene 

products, the cell wall, an extraceilular structure, may play an active or 

passive part in the selection of a bud site. Changes in the celi wall of 

mother cells at the onset of budding have been observed (Seichertova, 

/ 
-
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Beran, Holan and Pokorny, 1975). 'Assuming that budding pattern lS not 

random and that a bud cannot form twice at the same sile, Byers and Goetsch 

(1975) queslloned the competency of certain cell wall regions to respond to 

budding signaIs. Addi t ional ev idence prov ided by cdc-24 mutant yea~t 

. 
strains (Sloat and Pringle, 1978; Sloat, Adams and Pnngle, 198"1) stre"ng-

thens the probabinlity that competent cell wall regians are involved 10 the 

budding process Since these mutants are unable ta bud at restrIctive 

temperature and have in their ce Il wall extensIve amaunt~ of chitin. 

Considenng fast that the inabillty af the above mutants Lo bud 

might be atLnbuted to a failure ta organize chitin into normal rlngs 

(Slaat, Adams and Pringle, 1981) , and second that' 'the lat ler 
'1 

se ems ta 

precede bud emergence (Hayashibe and Katohda, 1973; 1 Sloat and Pringle, 

1978), sorne Investlgators have as~umed a major role far the chain r,ing in 
'r 

the process of budding. ThIS assllmption is, hawE!!ver, difficull to recon-

cile with studles inva1vIng chilin inhibitors (Bowers, Levai and Cabib, 

1974; Cabib and Bowers, 1975) where blldding was abserved wlthout rIng 

farmat ion. The melhods employed ln these studIe.§ have been critlcized 

(Sloal and pringle, 1978) and now 1l is wide1y belleved that the chltin 

ring is essentlal 'for budding . Result~ presented in this thesls challenge 

.. 
this posltion and sllggest other functlons for the rIng. 

CertaIn aspects of budding were invest Igated by takin,g advanta.ge of 

characteristics of temperature-sen~itive cell-dlvision-cycle Ccdc-24; 

Hartwell, Culotti and Reid, 1970) and karyogamy-deficient (kar-l; Conde and 
1 

, 
Fink, 1976) mutant strains. Mutant cdc-24-1 grown at restrictive! 

1 
1 
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temperature and kar-l. crosses both produce bi- or mult inuc1eate celLs whose 

'mitotic behavior in relation to b~dding and changes in the pre-budding cell 

wall was followed and compared. The karyogamy-deficie~t mutant system, 

which mimics sorne of the nuclear changes produced by the cdc-24-1 system 

without corresponding cell wall modification, provldes a useful control. 

In this way, it has been possible ta see "how the dlfference in the location 

and synchrony of -nuclel withln the same tc,en might Influence near-by cell 

wall and consequently the budding pattern. 

Mutants are now considered as classlcal tools for learning about 

varlous processes such as budding. Hôwever, numeraus workers are concerned 

about the validlty ~cff the use of ts-cdc mutants ln block-release expen­
~ 

ments and are cautious about the conclusions that mlght be drawn from such 

studies. Thea doubt lS legitimate ln pS mueh as a mutant cell displaYlng 

a terminar phenotype at restrlet Ive temperature mlght not show a "normal" 

behaviar when returned ta permi ss ive temperature. 
1 

Dat a ,presented 1 n this 

thesis tend, au contraire, to support the usefulness and validity of sueh 

block-release experlments. 

U~tima'tely, one wauld like ta establish whether the budd1ng pattern 

, 
1S under the sole control of nuclear (and other intracellular) events or is 

a~so under the influence of competent regions of the cel!, wall. 

this 'r~ason that this thesis was initiated. 

It is for 

, 
I~ 
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5 } 

1. The intracellular components of budding: the nucleus, spindle pole 

bodies, extranuc l ear microtubules, lÜ-nm "mIcroÙ lament" rIng, ves ic les 

and non-structural components 

/ 

1. The nucleus and its associated structures 

Several pleces of evidence point tü the role played by the 

nucleus and its assoClated structures ln the process of bud 

emergence; 

position and behaviür of the nucleus during the cell-cycle 

Although It was thought that the nucleus was randomly 

positloned duong i nterph1ase (Fre i fe lder, 1960), It was 

quently reporled in lhe reVlew of Mallle, Moor and Robinow (969) 

to be located between the vacuole and the bud ln vegetat ively 

growing cells, except following divislOn when lt mlgraled ta the 

oppaslle pole of the parental cell. ThIS observation, though 

1 
never noted before, IS apparent in the lTIlcrographs of Robinow and 

Mar ak (1966 ). Byers and Goetsch (1975) have reported that 

zygotes have lheir nuclei proxImal to early emerging buds. 

Further evidence for a spatIal rel<mionship between these two 

structures was obtained by Hungate and Byers (clted in Byers, 

1981), who displaced nuclei ln budding zygote cells by centrifu-

.-
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gation and observed a direct carrel ation between the posit ion of 

, 
the bud and the pole ta which the nucleus had been relocated. 

Spatial, temporal and physical associati'on of the double spindle 

pole body wlth the budding sIte 

Structures and types of spindle pole bodies: Byers and 

1 
Gdet.sch 09 174, 1975) found three stages of spindle pole body 

1 

(SPB) formation dunng the S. cerevisiae cell cycle: 

1) the single SPB, WhlCh 1S seen at early G1, consists of one 

outer plaque bearing extranuclear mlcrotubules, ;ne splndle 

plaque from whlC.h emerge short intranuc lear microtubules, and 

one half-bndge. 

2) the modlfied SPB, seen at Later GI and ln cells preparlog tü 

conjugate, bears an electron-dense satellite proxImal but not 

cüntlnuous with the half-bridge. Additlonally, extranuclear 

mlcrotubules are evident on the latter. 

3) the duplicated or double SPB, übserved at early bud emergence 

and at Iniuation of DNA synthesls (alI events occurrlng 

withln 2% of cell cycle), lS characterized by having a 

complete bridge replaclng the half-bndge. Each structure 18 

duplicated except for the sat.elllte which lS no longer seen. 

The complete spindle, seen at termination of DNA synthesis, 

bears a single pole body at each extremity. 

In aIl cases, the spindle plaque and bridge, either half or 
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complete, are located on the persistent nuclear membrane but the 

satellite and outer plaque lie near-by in the cytoplasm. 

KIng, Hyams and Luba (1982) were successful in Isoiating the 

mitotic splndle of a ~ cdc-6.l mulant yeast cell defective ln medial 

nuclear diVISion al restrIctive lemperalures. Electron-mlcroscoplC 

examination followlng positIve or negatlve staining has revealed that 

the SPB lS a quadrdamlnar structure of alternating ltght and dark 

materlal, where extranuc lear microtubules at t ach to the dark outer-

most layer and Intranuclear mlcrotubules connect to the clark internaI 

layer. The proximal ends of both lypes of mlcrotubules were rounded 
1 

unlike theu'distal ends wh'ich were opened. 

~ L 

Â~soClatlOns of the double SPB wlth the budding sIte: Although 

double SPBs have different OrIglns ln vegetat,lve cells and ln zy-

gotes, they have been associated ln each casi', and ln varlous ways, 

with the slles of budding. For Instance, Byers and Goetsch (1975) 

have demonstrated that the double SPB faces ln the general direction 

of the site of bud emergence. ln add Illon, they noted a temporal 

association between SPB duplication and bud IniuatlOn, though the 

exact order of occblrrence has not been determlned Wlth certainty. 

Moreover, double SPB and budding site were physically connected by 

extranuclear mlcrotubules emerglng from the brIdge. The mlcrotubules 

project towards the neck WhlCh IS filled with veslcles. The same 

spatial associations were observed by Tanaka and Hayashlbe (clted • ln 

Hayashibe, 1975). However, rnere associations bétwe'en bud sites and 
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double SPEs do not necessarily imply 

st i 11 unknown wh'e>ther or not one of 

cause or consequence of Lhe other. 

. , 

-1 
1 
r 

causal relationships and 

1 
these structures might 

! 
Nevertheless, If there 

8 

it lS 

be the 

lS any 

causal' relat10nshlp between double SPB' and bud emergence, Hayashlbe 

(1975) has predicted a change ln the locatIon of the sIngle SPB, 

before bud emergence, in unipolar budding yeast to explain lts bud-

ding pattern. On Lhe basis of his assumptio~, one would expect the 

reorientation of a SIngle SP~ ta resulL from elLher a roLatlon of the 

. 
nuc leus or mIgration of the SIngle SPB through a fluid nuclear 

membrane prlor_ to SPB duplication and bud emergence. 
, \ 

:... . ' 

ii. Role of the microtubules in budding and in nuclear processes 

Three types of microtubules have been described ln S. cere-

vlSlae WhlCh are assoclated wlth SPBs' (Robinow and Marak, 1966; ~ 

Peterson and Ris; 1976; King, Hyams and Luba, 1982). They are: the 

extranuclear mlcrotubules; t.he pole-ta-pole inlranuclear mlcro-

Lubules, a1so called polar or continuous mlcrotubules; and the chro-

mosomal or di sconll nua us ml crot ubu 1 es. Postulated raIes of mlcro-

tubules ln the buddlng process may be studied by the use of mlcro-

tubule inhlbitors. Among the latter, erythro-9- [3-(2-hydroxynonyl)] 

adenine (EHNA) (Beckerle and Porter, 1982; Cande, 1982), vanadate 

(Cande, 1982), benomyl (Oakley and Morns, 1980), ~lOd Colcemid (Byers 

and Goetsch, 1975) have aIl been ~sed successfully. 
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a) emid extranuclear microtubules and bud emergence 

For Byers and Goetsch (1975), Sloat and Pnngle (1978) and 

Sloal, Adams and pringle (1981), the SPBs and extranuelear miero-

tubules arlsing from them seem essential eomponents for the 

selection of the budchng SItes and the eventual emergence of buds 

from these sltes. Assuming in addition, that these ffilcrotubu1es 

might transport veslcles necessary for lhe formation of daughter 

eells al speCifie Sites of the cell wall COlmsted and Borisy, 

1973), Byers and Goetsch Cl975) have suggested that destruction 

of the extranuclear microtubules should prevent bud emergence. 

A.fler applylng Colceffild, a derival1ve of colcichlne, ta ceUs 

emerging from stationary-phase, they have noticed a delaY'ln the 

appearanee of lh" fi rst buds, as would be expected If extra-

nuclear microtubules act as a guidlng system for the transport of 

vesicles. 

b) Vanadate, ERNA, extranue lear microt ubules and t rans locat ion of 

pigment granules 

Beckerle and Porter (1982), ln a study of intracellular 

motility based on cytoplasmic microtubules ln erythrophores, have 

proposed that a dynein-llke molecule may be a component as-

soeiated with this type of microtubules. Erythrophores were 

isolated from squirrelh'sh and are ce1ls capable of translocating 

pigments along their cytop1asmic microtubules. IncreaSlng micro-
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injections of vanadate (an inhibltor of dynein ATPase activity ~ 

vitrq,' preventing rnicrotubule-based motillty ln cilia, flagella, 

y 

and the mitotic spindle) and EHNA (a protein carboxyl-methylation 

inhi b !tor which prevents flagellar beat and dyneln ATPase 

activity) were correlated wlth an increaslng inhlbitlon of lrans-

location. This pro,,"ldes a second example of the possible 1n-, 

volvement of extranuclear mlcrot';Jbules ln transportation. 

1 

c) Benomyl, extranuc lear mlcrotubules and nuclear migration 

Oakley and Morns (1980) inhibited microtubule function by 

appl Ying benomy 1 to AspergIllus nidulans, a e!lascomycete. 

Nuclear behavlOr was followed uSlng light mlcroscopy. When 

microtubule formation was inhlbited so was nuclear migration. By 

. 
repeating the experiment using mutants having genet ic lesions in 

8;-tubulln, they were ttvent ually ab le to démons trate the depend-
,,1 

ence of nuclear transport on that subunit. It seems, therefore, 

that extranuclear microtûbules might have more than one function. 

d) EHNA, intranuclear , mlcrotubules and spindle elongation 

Cande (1982 ) has investlgated the effect of EHNA on chromo-
'1 

pe rme ab i l i zed 
,1". 

somal movement ln mammalian PtKl cell s (a eell tine 

derived from the kidney epithelium of a rat kangaroo). In these 

mitotic celis, anaphase cao be subdivided ioto stage A and B. 

o Chromosomal mlcrotubules shorten duriog anaphase« A whereas polar 
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mic rotubules rearrange and lengthen in the B stage. Cande found 

that EHNA blacks anaphase B but not anaphase A suggestlng' the 

invo 1 vement of a dynein-llke ATPase ac t i v ity ln spind le 

elong'ation. .. 

Hi. Existence of cdc mutants, 

, . 
Hartwell, Cu10tti and Reid (970) were th€ first' to "report on 

the existence of temperature-sensit ive cell-division-cycle mutants. 

Up to now, mOJ;e than 50 genes are known to be invo 1 \Ted in cdc event s 

(pringle and Hartwep, 1981). Byers and Goetsch (1974) and Byers 

1 
j, (1981) have studied the termlnal phenotypes of most of t,hese mutants 

using electron-microscopy. When arrested at specifie stages ln their 

life cycles, the y can provide valuable information about morpho-

'genetic processes and interqdatlOnships of the structures i6volved 

in these processes (Hartwell, MortImer, Culotti and Culotti, 1973). 

: 

.....J a) cdc-4 mutant s 

At restrict ive temperature, the mutants have the capacity 

for repeated budding in the absence of nuclear division. They 

are defective in bath the initiation of DNA synthesis and ln 

separation of the double SPBs, although the double SPB lS 

present. Therefore SPB duplication seems, al first glance (see 

below), to be essential 'for bud emergence but DNA synlhesis is 

not (Byers and Goetsch, 1974). 

1 
" 
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ede-3I mutants 

At restrictive temperature, these mutants exhibit a single , 
SPB but are capable of budding. The single SPB is not typieal" 

though, dlsplaying twiee, the usual number of extranuclear miero-

tubules and being larger than expeeted '. In these mutanls, bud 

emergence is not related to a double SPB ~~, as lmplied 

above, btR to doubl ing of an event or substance(s) assaciated 

with the SPB(s) (Byers,.)98I). 

c) edc-24 mutants 

At restrictive temperature, these mutants contin~e eell 
... 

growth CJohnston, Pringle and Hartwell, 1977; Slaat and Pringle, 

1978), DNA synthesis (Sloat and Pringle~' 1978) and nuclear 

division (Byers and Gaelseh, 1974; Slaat and Pringle, 1978) but 

are defeetlve ln bud emergenee (Byers and Gaetseh, 1974; Sloat 

and pringle, 1978; Slaat, Adams and Pringle, 1
1
981) and chitin-

'" 1 
ring formation (Sloat and Pringle, 1978; Sloat, Adams and 

Pringle, 1981>, The eell wall contains large amounts of de-

localized phosphatase': a manno-protein (Fj.eld and SChekman,}6 

1980), mannan (Sloat, Adams and Pringle, 1981) and chitin (Sloat 

and Pringle, 1978; Sloat, Ad ams and Pring le, 1981), 

Sloat and pringle 0978L and Sloat, Ad~ms and Pringle (I 981 ) .. 
havE} postu1ated that the funct ion of the CDC-24 gene produ.ct might oe 

to guide vesicles that contain digest:'ive enzymes (Matile, ~por- and 
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Robinow, 1969; Cortat, Matile and Wiemken, 1972; Schekman and 
o 

Brawley, 1979), chitin activating factors (Cabib, Duran and Bowers, 

1978), or cell wall precursors (Matfle, Moor, and Robinow, 1969; 

Byers and Goetsch, 1976a; Schekman and Brawley, 1979). 

Cl Sloat, Adams and Pnngle (1981) have also proposed other raIes 

for this gene product in cellular morphogenesis: 

1) Selection of a site where the daughter-cell will Initiate 

• 
2) Deposition of a rIng of chitin at the above site 

L.ocalization of bud cell wall material at the lh~sen site 

4) Regulation of the appropriate amounts of cell wall material 

needed for normal bud shape. 

Functions of the lÜ-nm "microfilament" ring during budding 

There IS a highly ordered ring of lü-nm filaments on the In-
1 J; 

terior surface of the plasma membrane (Byers and Goetsch, 1976a) the 

absence or abnormality of which might be responsible for the failure 

of budGmergence.in cdc-24 mutants at restricllve temperature (Sloat 

and Pringle, 1978). The ring is normally found wi thin the bud neck. 

; It forms at early bud emergence or slight ly before and disappears at 

early cytokinesis (Byers and Goetsch, 1976a; Byers, 1981). Various 

funct ions have been proposed by Byers and Goetsch (1976a), they are: 

1) limitation of "surface expansion ta .dimensions appropriateç.~~ 

budding" . 

• G 
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2) counteract ion of "the normal outward curvature of ,the ce11 

sur face". 

3) "deposition of spec i fic eornponent s ln the overl ying region of the 

cell wall" • 

4) inhibition of lives ie le fusion until the appropriate phase of the 

cell divis ion process ll
• 

Since Byers and Goetsch Cl976b) found that the filament ring 
.\ 
lS 

never seen lU eytoklnesis-defective mutants, due ta its 108s, it 

seems probable that the nng functions also dunng cytoklnesis. 

2. The cell wall as an extracellular component of budding 

1.. Yeast celi wall morphology and chemleal compoSItion 

Moal (1979) ,ln his book "l1icrobial Physiology", mentions the 

existence ln the yeast celt wall of at least two laye~s of diHerent 

chemlcal compositIon:, one layer is composed mainly of the polysac-

charlde glucan and the other of a comblnation of mannan and pro-

teins. When the celi wall of S. cerevlsiae is removed and analyzed, 

the following compounds are found: glucan (JO ta 34%), mannan (30%), 

proteins (6 to 8%), lipids (8.5 ta 13.5%), and a smaller proportion 

of chit10 (1 to 2%) (cited 10 Pelc.z.u-, Reid and Chan, 1977). Free 

gal actose, glucose and mannose have al sa been -detected (c ited :Ln 

Moat, 1979), together with glucosamine Ccited in Pelc.-zv-, Reid and 
i 

Chan, 1977). 
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In their review, Matile, Moor and Robinow (1969) mention the 

existence of a three-layer cell wall 1n which the intermediale layer 

is more electron-transparent than the others. According to them, the 

outer layer cantalns a mixture of mannan and proteins, - the middle 

layer glucan, and the lnnermost layer 15 more proteinaceou5 1n 

nature. 

It seems that the molecul ar composlliOn of the ce1l wall varies 

with culture conditions (Hayashlbe, 1975) , the mat Ing-t ype loc us 

(Brock, 1959) and lhe age of the culture (Beran, 1968; Mati1e, Moor 

and Robinow, 1969). 
o 

As menllOned earlier, cdc-24 mutanls when shifled ta restric-

tive temperatures, produce changes ln their cell wall slructure that • 

are .reflected, among other lhings, by an increased' deloca1izallOn of 

chitin (Sloal and Pnngle, 1978; Sloal, Adams and Pnngle, 1981). 

Return to a p~rmlsslve temperature involves the formatIon of a bud 

cell wall poorer ln chitin than !ts mother-cell (Slaal and Pringle, 

1978; Sloat, Adams and Pnngle, 1981). This raises the question 

whether there 1S any modifÎcatlOn of cell wall components ln the 

parenlal cell wall al the SI te of emergence, prior to bud format ion_ 

Modification of campounds might be restncted ta certaIn cell wall 

regions (competent cell wall reglOns) and chitin is a likely candi-

date to study. Since rnannan behavlOr paralle1s chitl.n behavior 1n 

blocked mutant cells (Sloat, Adams and Pnngle, 1981), it conslitutes 

a second component whose fate shou1d be followed. In this respect, 

! 
1 

l, 
1 

, . , 
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the structure, distribution and :;behavior of these celi wall compo-

nents during the yeast cell-cycle is described below. 

a) Chitin 

Chitin lS a polymer of N-acetyl-glucosamine (GleNAc) which 

can be found ln such diverse organisms as Protozoa, Fungi, 

Insects and Cru's t aceans. ChiLln, in S. cerevislae and ln màny 

funp, lS a high molecular weight polysaccharide, that can be 

synthesized as follows (Gooday, 1977): 

QDP-GlcNAc+(GlcNAc)n ____ ~> [6 (1"+4)-N-aeetylgl ucosamine 1 n+l +UDP 
chitin 

synthetase 

The' enzyme, chltln synthetase (EC.2.4.l.l6) is activated by the 

substrate, und Ine dlphosphate N-acety 19lucosamine (UDP-GleNAc). 

Distribution of chitin ln the yeast cell wall and septum 

wall formatIon~ Chltin ln the genus Sac''charomyces 18 mostly 

restrlcLed Lo bud scars (Molano, Bowers and Cabib, 1980), that is 

the dlstinctive marks left 10 the parental cell wall after bud 

detachment (Barton, 1950) whieh result from the fOfmatlOn of a 

1 
primary septum. In budding yeasls, thlS deve10pmantal process 

i 
,v,> oecurs iD two stages (Cablb and Bowers, 1975), the first of which 

involves the formatlOn of the chilln ring, an annular structure 

seen at the junctlOn between the daughter and mother-cell 

/ 
1 
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(Hayashibe and Katohda, 1973). The second stage occurs be fore 

cell dIvision, tagether with a second deposition of chitln (Cabib 

and Bowers, 1975), and is charactenzed by the ce~trlpetal growth 

of materlal ta form a dlsk-shape cross wall between the two 

ce Il s. More than 90% of chitln ln the yeast celi wall 18 

restrÎcted to the primary septum (MaIano, Bowers and Cabib, 

1980). The rest IS dlstributed randomly ln lateral wall 

(Hayashlbe and Katohda, 1973; Horisberger and Vonlanthen, 1977; 

Sloat and Pnngle, 1978; MaIano, Bowers and Cablb, 1980; Sloat, 

Adams and Prlngle, 1981). Sorne aulhors do not make the dlstlnc-

tion between chitln rings and bud scars (Hayashlbe and Katahda, 
, 

1973; Sloat and Pnngle, 1978; Sloat, Adams and Prin~l~', 1981), 

however the structures, should be regarded as dlfferent Slnce 

thelr morpho1ogy (Cabib and I3owers, 1975) and chemical compo-

sitlon (MaIano, Bowers and Cabib, 1980) are dIfferent. Although 

sorne authap believe lhat cell \~all chltln stalned wlth ca1co-

fluor, a fluorescent! dye, shows maximum fluorescence ln regIons 

of circular arrangemint (Strelb1ovâ and Beran, 1965; Beran, 1968; 

Seichertovâ, Beran, Holan and Pokorny, 1975), not aIL studles 

provlde evidence for such a behavior (Sloal and Pringle, 1978). 

Field and Schekman (1980), for thetr part, believe t~-at randomly 

distnbuted chitin, ln lateral walls, plays a role ln compart-

mentaltzat ion and segregate8 ~egion8 of di fferent enzymatlc 

activity. ) 
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RoI e of the chi t in ring: The chitin ring can be easi,ly~ 

detected by fluorescence mlcroscopy (Streiblovâ and Beran, 1963a, 

1963b, 1965; Strelblovâ, 1~70; Hayashibe and Katohda, 1973; 

Seichertovli, Beran, Holan and pokorny, 1973; Cabib and Bowers, 

1975; Sloat and Prlngle, 1978; Sloat, Adams and Pringle, 1981) or 

as an e1ectron transparent matenal using transmission electron 

, \ 

microscopy (Cahlh And Rowers, 1971; Seichertov.:i, Beran, Holan and 

pokorny, 1975; Cabib, Duran and Bowers, 1978). In fluoresc ence 

mic roscopy, the ch i tin rI ng has been revealed by brighteners such 

as Cal co fluor Wh I te MZR (CFW) or CFW New (Hayashlbe and Katohda, 

" 1973; Selcherlovâ, Beran, Holan and Pokorny, 1973; Cablb and 

Bowers, 1975; S10~l and pringle, 1978; Sloal, Adams and Pnngle, 

1981), or hy the fluorochrome primulin, a monoazo-dye 

(Slrelblüv~ and Beran, 1963a, 1963b; Streiblov~, 1 1970; 

Selchertovâ, Beran, Holan and Pokorny, 1973; Byers and foetsch, 

1974), 

Allhough authors Agree on lhe chemlcal nature and location 

of the chitln ring, controversy eXl'3ls concernlng ilS time of 

appearance and funcllon during the cell-cycle (Hayashlbe and 

Katohda, 1973; Cabib and Bowers, 1975; Sloal and Pringle, 1978). 

Whether It lS essentlal for budding is content 10US and has been 

the center of debate (Cabib and Bowers, 1975; Sloal and Pringle, 

1978), The matter arose in 1973, when Hayashlbe and Katohda were 

able to demonstrate, prior to bud emergence, the appearance of a 

,II 
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ring of chitln, within wl1lch the incipient bud initiated, sug-

$est ing a possIble lnterrelal ionship between the two. Soon 

afLer, Bowers, Levin and Cabib (1974) and Cabib and Bowers (1'975) 

using an inhibltor of chitw synthetase, polyoxin D, showed thal 

budding could occur wlthout lhe formation of a clutln ring. Il 

seems, therefore, thal lhere lS no causal relallOnship between 

c111tin rlng formallon and bud emergence, although they are , 

sequentially related. AddlllOnally, the aforementioned authors 

demonsLraLed Lhe early synthesis of chitln and ils funetion 

during cylokinesls. Three years ~arlier, Il was proposed that 

lhe ring was a rigld sLructure havlng twü main funetions (Cablb 

and Bowers, 1971; Cablb and Farkas, 1971 ): tü prolect the channel 

between mother-celi and bud allowlng the passage of organe Iles 

and ta prevenl the new cell wall of the bud to grow "backwards" 

1 • e • in lot h e pa r e n t ale e 1 l . In 1978, Sloat and Pnngle using a 

dlploid homüzygous cdc-24-1 mutanl straln, o hl a 1 n ed r e sul t s 

slmilar to Hayashlbe and Katohda (1973) relative la chllin ring 

format lOn pr lor lü bud emergence. Ba t h groups i 50 lat ed small 

unbudded cells devoid of bud scars anJ allowed them Lü reproduce; 

more "nngs" lhan buds wer-e formed Initially. They also showed, 

that every bud wlthout exception was accompanled al Ils base by a 

chitin rIng. For them, no budding withoul rings seemed ta be the 

ru 1 e • Based on thelr resulls and those .of Hayashibe and,Kalohda' 

(1973), Sloat and Pnng le (1978) have sugges ted "the neces si ty 
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for a reinforcing r~ng of chiLin if cell wall expansion 18 to 

re8ult in bud format ion, rather than in general i zed expansIOn". 

This, obviously, conflicts with the result S obtalned by Cabib and 

Bowers (1975) and Bowers, Levln and Cabib (1974). Sloal and 

P,nngle (978), based on a review paper by Gooday (1977), have 

cnticized the method used by Cabib and Bowers (1975), saylng 

lhal the concentralion of Polyoxin D employed was loo hlgh and 

applied outside the normal growlh range ternperatures. They have, 

however, atternpted ,-to explaln both results by suggesling that 

their cdc-24-1 mulanl mlght be "defective in formi ng ... the micro-

fdamenl [lng •.. necessary bath for locallzed deposilion of chitin 

and for budding", an explanatLOn WhlCh accordlng ta them, would 

solve this IIGordian knot ll
• 

b) Mannan 

Mannan ~s.a branched homopolymer having a non-reducing 

termInal residue with side chalns (a-DI+2, Œ-DI-+3) altached to 

the cil-+-6 backbone by al-+2 linkages (Tkacz, Cybulska and Lampen, 

1971) . Composed of repeated units of D-mannose, Il represents 

one of the lwo major polysaccharydes found ln the cell wall of 

S. cerevislae, along with glucan (cited in Pelczar, Reid and 

Chan, 1977). Concanavalin A (Con A), a lectin lsolaled from the 

jack bean Canavalla ensiform1s, has been successfully conjugated 

la fluorescelo isothiocyanate (FITe) to reveal the presence of 

.' , 
; 
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mannan ln the' yeast cell wall tTkacz, Cybulska and 1ampen, 1971; 

Tkacz and Mackay, 1979; Sloal, Adams and Pnngle, 1981). Since 

Con A combines wilh a-lInked mannose homopolymers arl'd sinee these 

polymers are found anly ln the form or mannan ln lhe yeast cell 

i 
\wall, the blndlng of FITC-Con A lo milnnan is consldered specifie: 

Çon A does not bind to glu~an or chltin (Tkacz, Cybulska and 
1 

Lampe n, 1971). 

DIstributIOn: 

yeast cells growlng 

1971; Sloal, Adams 

cells growlng aL 

extensive uni form 

When 'slalned wlth FITC-Con A, wild type 

al 24°C or 36°C (Tkacz, Cybulska and Lampen, 

And Pr i og l, • 19 RI) or \dO- 24-4 mut ant ye a st 

24°C (Sloat, Adams and \ Pringle, 1981) show 

fluorescence for mannan ln both budded and 

unbudded cells. In budded eells, the mother cells and the buds 

are equally fI uorescenl (Tkaez, Cybulska and Lampf'n, 1971; Slaat, 

Adams and Pr i ngIe, 1981). ln buddlng cells, however, 10callzed 

incorporatiOn of new mannan 1S restncted ta tIp of growlng buds 

(Sloat, Adams and Pringle, 1981). 

BehaVlOr: Numerous i nvest igators fa llowed the behaviOr of 

mannan in blocked cdc-24 cel1s (Sloat, Adams and Pnngle, 1981), 

in wild type ce!ls of Opposite mating-type ln preparatiOn for 

conjugatlon (Li pke, Taylor and Bal1ou, 1976; Tkacz and Mackay, 

1979), and 10 zygotes (Tkacz and Mackay, 1979), Th e i r r e sul t s 

are summarized here. 

Sloat, Adams and Pringle (1981) have shown lhat cdc-24-4 
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mutant cells growlng al 36°C increase the mannan content of their 

cell wall 10 a randomly delocallzed manner. In addition, Tkacz 

and Mackay (1979) have demonstrated that when Cl stage cèlls of, 

the ~ matlng-type were treated with ('(-factor, and then slalned 

wi th FlTC-Con A, there was an lncrease ln fl uorescence for mannan 

al the tip of the newly formed "schmoo" (pear-shaped cel!). The 

reclprocal treatment of a cells wlth a-factor' also yielded the 

same resull but the lncreased fluorescence was not as great as 10 

lhe firsl case (Tkacz and Hackay, 1979). The increased fluores-

~ 
cence observed al lhe tlp of lhe schmoos seems, al fast glanée, 

in conlradlcllon wlth results reporled by Llpke, Taylor and 

Ballou (1976), who studled the morphogenlc effect of a-factor on 

a cell by elec l ron mlC roscopy and by followi ng lncorporat Ion of 

radioactIve precursors in the yeast cel! wall. They found that 

, 
lrealed cells have a lhinner mannan coat ln the vicinity of the 

t ip and i ncorporaled 1 ess rad ioact ive mannan precursors than 

conlrol cells. Less mannan ln thlS region but gréater fluores-

cence suggests either a greater accesslbility of FITC-Con A or a 

chemical modificatlOn of lhe less numerous mannans maklng them 

appear more fluorescent. Lipke, Taylor and Balou (976) were 

able to demonstrate that mannan of (J.- factor treated a cells have 

shorter side chains and contain an increased number of unsub-

stituted backbone mannose units, but no firm conclusion can be 

made concernlng the above hypotheses. 
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ii. Changes in the cell- wall and in cytoplasmic organization at the onset 

of buddlng 

An ac c umu 1 a t ion 0 f sulphydryl compoundt (Nlckerson, 1963) and 

,vesicles (Hat de, Moor and 'Robinow, 1969; Seht::.andreu and Northcote, 
1 
1 

1969 ; Byers and Goetsch, 1975) had been found ln lhe region of bud 

formation prior to bud emergence. Senl.'~andreu and Northcote (1969) 

. 
and Matlle, Moor and Robinow (969) were dmong the firsL lo t;eport 

the exisLence of suc..h veslcles. Thea locatlOn was clearly described 

hy Sent:,andreu and NorLhcote (969): "vesicles accumillate al the site 

of bud emergence ln the mother-cell aI)d are also f'ound 10 Lhe growlng 

,bud during the growth of its wall". Byers (1981), who in his recent 
t 

reVlew Ignores the conLrlbutlon of Lhe latter authors and seems to 

glve sole credit to Matlle, Moor and Roblnow, glves the followlng 

description: "During the early portIon of the cell-divlsion-cycle, 

many ve~lc1es (ca. 30-40 nm ln diam.) accumulate fast al the sIte 

where the bud wIll emerge and are later seen ... within the early 

bud" • These vesicles are thought to be requlred for lhe enzymatic 

modificatlOn of Lhe ceIl wall (Byers, 1981) and micrographs published 

by Byers and GoeLsch (1975) clearly show them al the above mentlOned 

sites. Moor (1967) uSlng freeze-etched techniques suggested that the 

endoplasmlC reticulum lS inducing hud fonnatlon by the locallzed 

fi productIon 
l' 

vesic les of that cont aln en zymes or ce 11 wall 

jI precursors needed for cell wall softening and bud wall growth. Thls 

was an alternative to the proposed model of Nickerson (1963) where 

U;"Hr;~ 
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\ 
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enzymatic'vesicles involved in budding are not direeted to specifie 

sites. Other evidences also point to the involvement of enzymes ln 

this process su ch as glucanase (Cortat, Matile and Wiemken, 1972) and 

protein-disu1phide reduclase (Nièkerson y 1963; Moor, 1967) • 

. Frelfelder (960) has looked at the budding reglOn using 

various microscopie techniques and commented: "the presumptlve bud 

reglOn has been examined prlor lo budding bOy phase-contrast, polan-

zatlOn, and Inter~f!>~ki! microscopy but no particular differentiation 

has been eVldent". For Helin (972) buds appear as a slight protu-

berance on the surface of the mother-cell by an evaginat ion of the 

celi wall that shows no slgn of rupture. A small mueilaglnous ring 

'appears at the base of the protuberance. Se i chertovâ, Beran, Ho lan 

and Pokorny (1975) have reported, using transmission electron micro-

seopy, a disruption of the innermost cell wall layer before chitin 

ring formatlOn bUl no such change has been dete-cted ln the oulermost 

layer before hud emergence. Thus, in summary, It seems likely that 

changes at the prebudding site, at the onset of budding, oecur 
." 

primarily on the cytoplasmic face of the cell wall where enzymatic 

vesic1es might be specifically directed. 

iii. Sites and sequence of budding 

The posi t ion of buds ln yeasts has been found to be non-random 

(Winge, 1934; Nickerson, 1942; Barton, 1950; Bartholomew and Mittwer, 

1953; Frei felder, 1960; SentheShanmuganathan and Niekerson, 1962; 

'J 

1 
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Nickerson, 1963; Streiblovâ and Beran, 1965; Streiblovâ, 1970; Belin, 

1972; Hayashibe, 1975; Hicks, Strathern and Herskowitz, 1977; S'loat, 

Adams and Prtngle, 1981). The budding pattern seems lo vary with 1) 

t..he ploidy 1evel (Winge, 1934; Freife1der, 1960; Streiblovâ, 1970; 

Hicks, Strathern and Herskowltz, 1977; Sloat, Adams and Pringle, 
1 

~ 

1981), 2) the mating-type locus (Hicks, Strathern and Herskowitz, 

1977; Slpal, Adams and Pring}~, 1981)", 3) lhe homothallism/hetero-

. 
thollism gene locus (HICks, Strathern and Herskowitz, 1977),4) the 

CDC-24 gene product (S1oat. Adams and Pringle, 1981), 5) culture 

cond,lt ions (Senthes'hanmugana than and Nickerson" 1962 ; Hayash ibe, 

1975) , 6) species (Senth eShanmug anathan and Nickerson, 1962 ; 

Streiblovâ and Beran, 1965; Belln, 1972), and 7) incompetency of 

certain cell wall reg ions ta support further budd ing (Barton, 1950; 

Mortimer and Johnson. 1959; Fre i feider, 1960 ; Nicker_son, 1963; 

Streiblovâ and Beran, 1965; Byers and Coetsch, 1975). 

a) Plo idy leve 1 

As early as 1934, Winge reported dHferences ln budding 

behavior between hapiold and diptoid strains. Haploids were 

found to start budding proximally" at the partition between mother 

and daughter cells (i.e. birth scar end) producing small, spheri-

cal cells. Ey contrasl, dlplolds were more e10ngated and 1arger, 

1 • ~ 1 

with buds set out dlsta11y al _,the bud scar end. In ... .?oth cases, 

'budding occurred 1n rows but not necessarily sequentially or 

1 
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uniçl ireet ionally. 

Sixteen ye,ars later, Barton (1950) studying budding ln 

baker' s yeas t found the pa t tern shown in Figure 1. ... 

Figure 1. Position of buds one ta eight ln Saccharomyces 

~cerevisiae Hansen var. ellipsoideus grown in liquid 

culture. 

. , 

The 
\" bud 

0
12 

6 7 
8 5 

Â 

birth scar 

3 

to arise was always posi t ioned at the op-

posite pole from the birth 5car. 

dieat ed but, Slnee eaeh sc ar 15 

The ploidy level was not in­

approximately 2..u-m in'" diametJr 

and corresponds ta the size_"~~pected for a diploid bud sca1" 
~.-'" \ 

(Streiblovâ, 1970), it seems likely that the budding pattern of a 

diploid strain was inveSi:igated. \ 
_ Barton's results, however, were not supported by Bartholo-

mew and Mittwer (1953), who used. the same strain, sinee they 

found a tendency for bud scars ta be located on opposite ends of 

the ce Il. The fir st and seeo~d buds d id not emerge at the 

opposite pole from the birth $car, but rather laterally to it. 

The ploîdy lêvel 'was not specified, and the a'uthors suggested 

. J 
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that differences might be due ta culture conditions. 

Freifelder (960) was the first ta show clearly that, "the' 

position caf thè first bud of a new cell lS invariant but d,epen-

dent on ploidy". occurring at the birth end for haploids and at 

the opposite end (bud scar end) for polyploids. "Sorne regularity 

-
in the position of the buds produced success1vely by a single 

mother-cell" was observed as far as the thirâ or fourth buds. 

Later buds ap~ randomly. 

Reviewing molecular bases of form 1n yeasls, Nickerson 

(1963) stated that, "the location of a site of bud formation lS 

not random" and",based on Barton's finding (1950), suggested that 

a btld emerges from a parental cell (diploid cf. Streiblovâ, 

1970), at the point of maximum curvature, through permltled loci: 

1) first at the apex, 

2) then at one or more sites proximal to the distal apex and 

forming a ring around it, 
, 

3) subsequent ly at sites adjacent to the proximal apex and form-

ing a ring around i t. 

,. 4) f~nally at lateral sites. 

According to him, "selection of sites of bud formation lS 

~overne-d by purel y physical 1 imitat ions". 

Streiblovâ and Beran (1965) confirmed the above pattern for 

multipolar budding yeast (diploid cf. Streiblovâ, 1970): "The bud 

scars are successively formed, usually first in the region oppo-

· . 

, ! 

1 

! 
! 

1. 

1 
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site ta the birth scar, then at the pole around the birth scar 

and at last ln the central area of, the cell surface". 

Five years later Streib lovâ (1970), studyi ng hap10id 

slrains, confirmed the results of Freifelder (!960) that for most 

ceclls the fnst bud was formed adjacent ta the' blrth scar. In 

addition, there was a ~.~t-aJn percentage of cells (not given) 

where the positlon \6f the ,l'irst bud varied, Rer results for 

1 \ 
dip10ids agreed with those of Barton (1950) and Nickerson (1963): 

\ ' 
budding sites occurred "as a\progressioIj through permllted loci 

~ / 
of maximal curvatures", In zygot~s~ - however, Streiblovâ (1970) 

found thal dlploid buds were fonned mainly on the conjogation 

tube of the zygote in the reglOn of minimal curvature of the cell 

'wall. She conc1uded that the model proposed by Nickerson (963) 

is Dot adequate: budding sites are oo~ selected ooly by physical 

cons iderat lons, al leas t not in zygote cell s. Rer observat ions 

though, could be accounted for by the model of Moor (1967) where 

budd'ïng 18 related ta a local actlvity of the endoplasmi:c reti-

culum. 

Sloat, Adams and Pringle (981), bue f 1y summarized the 

situation by say1Dg that, "the bud scars of multiparous cells are 

clustered at the poles of the cells, geoerally al one pole on 

haploid cells and at bath pales on diploid cells", 
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b) Matlng-type and hornothal1lsm gene lOCI _ 

/ 

The mode of buddlng has been found by Freifelder (1~60) not 

to be related to the matlng-type locus, sinee within haploid and 

diploid stralns having different matlng types, buddlng patterns 

are consistent regardless of mating-types. On this basis, 

Freifelder concluded that the buddlng pattern was not of genetic 

character. This' ldea that diplolds homozygous or heterozygous 

for the mating-type locus have the s ame budd i ng pat tern lS ln 
;" 

contradiction wlth observations made by Hicks, Strathern and 

Herskowitz (1977) and Slaat, Adams and pringle (1981). 

In 1977, Hicks, Strathern and Herskowltz descnbed two 

budding patterns for diplolds, depending on the matiDg-type 

locus, which are illustrated in Figure 2. 

Figure 2. The polar and medial patterns of dip10id strains 

~ 

having dlfferent mating types 

Pattern 1 Pat tern II 

a/a B tb al a or al a 

dip1aid diploid 

Pattern II resembles the hap10id budding mode described by 

Winge (1934) and Freifelder (1960). 

Therefore, as was later confirmed by S1aat, Adams and 

.. 

1 

l 

1 

1 
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Pringie (981), the diploid strains homozygous for mating type 

display the typical budding of haploid slralns while heterozygous 

diploid strains display a dlfferent budding patlern which IS 

t 
id to slrains havlng hlgher ploidy levels (Freifelder, 

Interestlngly, HICks, Slrathern and HerskowÎtz (1977) 

reported on the interconverslon of yeasl mat ing types by the 
J 

action of the homothallism gene (HO) ln cells homozygous for lhe 

maling-ty~e locus. Due ta the presence of the HO gene, sorne 

diploid !!./;; cells are converLed to the opposite mating lype. If 

these diploid cells are growing together, they can event ua 11y 
\ 

fuse and then undergo meoisls lo produce dlploid cells hetero-

zygous for the mal ing-type 
\ 

locus which exhib il PQlar budding 

(budding at bath pales). ThIS phenomenon 1S illustrated in 

Figure 3. 

Figure 3. lnterconversion of yeast mating types by the actIon of 

(medial budding 
- budd ing at 

one pole) 

the homothaiiism gene (HO) 

dlploid diploid 

a/a 
"FUSION" 

1 

Ho/ho 

y 

a/a/a/a Ho/Ho/ho/ho 
te'traploi"d-c-;ll--=- pol;;=- budding) 

• I"ME~SIS\l 
v 

e.g. a/a Ho/ho 
(diploid c,ell s---polarbudding) 

(medial 
budding) 

7 
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Since the allele for homolhallism (HO) is dominant over the 

alle.le "for heterothallism (~), HO stralns are unstable relative 

to their matlng-type locus WhlCh can be interconverted as often 

as each cell divisIon. 

c) cne 24 gene locus 

Sloal, Adams and Pringle (1981) found that an effeet of lhe 

cdc-24-3 and cdc-24-4 mutant alleles lS to change the budding 

pattern ln haplolds and homozygous dlplolds from bud scars 

clustered al one pole ta bud scar'3 randomly scattered over the 

surface of lhe cells (al permissive temperalure). Thi S efhet 

seems tü be receSSlve ln heterozygous dlploids. Subsequently, il 

was found lhal the abnormal pattern of buddlng sites segregated 

with the temperalure-sensltlvlty in crosses. Further support for 

the Involvement of thlS gene product ln the delermlnation of the 

budding pattern was provided by the eXl"slence of spontaneous 

haploid reverlanls, exhlbitlng a recovery to the normal budding 

pattern. 

d') Culture cond i t ions 

Hayashlbe (1975); refernng to an earlier paper written ln 

Japanese [Hayashlbe, 1968), has examlned position and sequence of 

budding in varlOUS baker~s yeasts under shaklng and slide culture 

methods. He found varIation even for the same slraln: "Nolable 
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differences ~n the budding posltion were seen between cel18 

cultured by sh2Jking and on agar medium". \- In shaking cells, the 

daughter-cell first bud did not lnfluence the position of the 

next bud as lt might in agar cuL ture. 

e) SpeCles 

The compa.ratlve study of the budding pattern of yeasts as 

diverse as Saccharomyces cerevisiae, Saccharomyces 1udwlgli, 

Schizosaccharomyces pombe CStrelb10v~ and Reran, 1965), Tngo-

nopsis variab~11s (Sentheshanmuganathan and Nickerson, 1962), 

Saccharomyces uvarum Beljeri nck (among which is included Saccha-

romyces carlsbergensls) (Hel ln, 1972), has demonstrated that the 

sItes of bud emergence are not random, but dependent on specles. 

f) Incompetent ce11 wall reglons 

LittLe work has been done on whether or not there are truly 

such reg~ons in the yeasl cell wall. It is, however, knawn that 

buds cannat appear twice at the same slte (Harton, 1950; MortImer 

and Johnson, 1959) presumably because the cell wall region be-

cornes u1tImately Incompetent to further answer buddlng sIgnaIs 

(Byers and Goetsch, 1975). Eventually, when a region of the 

m6ther cell wall lS f~l1ed with bud scars, other reglOns seem la 

respond ta the signaIs CFrelfelder, 1960; N~ckerson, 1963; 

Streib10vâ and Beran, 1965). The nature of the budding signal i8 
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unknown and competency may not be restricted to regions havlng 

bud scars. 

'3. Karyogarny-dehc ient mutants 

Conde and Fink (1976) have reported o~ a sing le nuc lear mut at ion 

called kar 1-1 which causes a defect ln nuc1ear fUSIon. Normally, 

haploid stralns of opposite matlng-type rnay under appraprlate condl-

tions fus~ ta -produce a dlplold zygote which may reproduce by vegeta-

tive means to glve buds havlng a single dip10id nucleus (Sena, Radin 

and Fogel, 1973). Jn the kar 1-1 mutant straln, the defect prevents 

the two haploid nuclei from fuslng together afler cytop1asmlc fuslOn 

has occurred. Consequently, a binucleate zygote is formed WhlCh wlll 

subsequently reproduce to glve he t erop 1 asmons and heterokaryons. 

Heteroplasmons ,are cells contalnIng the orIgInal cytoplasm of both 

parents but oniy the hal?lo-l-d-nuêl~us of one of the parental cells. By 

contrast, 1 a heterokaryon IS a cell contaiplng nucle1
4 

from different 

1 
strains C(:onde and Fink, 1976), In the sexual cycle of ~. cerevlslae, 

1 
the ~ celJI-Lype and,::, eeil-type are both capab'le of producing a phero-

mone which would arrest a cell of the opposite-mating type at stage Gl 

of ltS life cycle (Hartwell, 1973). For instance, when the ~ mat lng-

type celis are arrested wllh a-factor at a susceptlble-stage of their 

life cycle (GI), th~ eells change shape becoming pear-shaped (Llpke, 

Taylor and Balou (i976). The pear-shaped cell sare often referred ta 

as "schrnoos"(A~Field and Schekman, 1980), Ch it in has been found to be 

, 
1 
f 
J 
i 
1 
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de1oca1ized at the tip of the schmoos (Schekman and Brawley, 1979), as 

weIl as mannans (Tkacz and Mackay, 1979) and aCld phosphatase (FIeld 

and Schekman, 1980). Afler schmoo formaliOn the cells are fHSt 

capable of cytoplasmlc fuslOn as a consequence of the fUSIon of recep­

lors al the cell surface (Thorner, 1981) [ollowed by nuclear fusion. 

Byers and Goetseh (1975) have followed the fUSIOn process uSlng lrans-

mission electron mlcroscopy. After cyloplasmlc fuslOn, the nuclei 

moved towards eaeh other wllh each SPB faClng the olher and meellng at 

the Islhmug. FUSIOn oecurs only between modlfled spindle pole bodies 

in WhlCh the satellite reglOns fHst fuse, followed by outer plaques 

and spindie plaques. The process IS the same ln diploid cells except 

that the SPBs are larger than those in haploid cells. Nuc lear movement 

at thls stage lS prevented by the narrow orifice found between the two 

fused cells before the Isthmus fully enlarges. After staining with 

Giemsa, the hrst bud was found ta arise from the isthmus nearest the 

locat ion of the fused SPBs. This re 1 at ionsh i p however, decreases with 

an Increase ln plOldy level and correspondlng Increase in isthmus size, 

probably because lhere . is less constral nt on nuc lear movement. 

Ext ranuc lear mIe rotubules ,and' veSle le s were found at the base of the 

new1y emerglng bud. 

More recently, quantitative cytological examinallOn of Giemsa­

stained budding zygotes by Dutcher and Hartwell (1982) has revealed 

that the flfsl buds ta be produced are of two types: mediai and 

terminal. Medial buds emerge on the conjugation tube (Isthmus) whereas 

" . 
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termInal buds initlate at the poles. They followed bud position ln 500 

zygotes heterozygous for the kar- mutatlOn: fifty-elght percent (58%) 

of the buds were medl al And forty-two percent (42%) lerminai. Eighly­

nine percent (89%) of the medIal buds were found to be binucleate and 

ninety-three percent (93%) of the terminal buds unlnucleate. Finally, 

Lipke, Taylor and Balou (1976) reported that ln a cells treated wllh 

a-factor the nucleus lS seen near the tlp of the schmoo, wherE;' the bud 

wi Il even t ua lly emerge. These two observat Ions strenglhen Lhe argu-

ment for a relationship between nuclear posItIon and bud ernergence • 

• 
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III. MATERIALS AND METRons 

Yeast strains, culture conditIons, and media 

. 
Al! stralns were °obtalned from the Yeast Genetic Stock Center, 

Berkeley, Califorola. The temperature-sensitIve (~) cell-division-cycle 

(cde) mutant slraln, the two karyogamy-deficient (kar-) strains, and the 

wi1d-type strain are deseribed in Table 1 • 

d 
Table 1. Yeast strains used ln this study 

182-6.3 

Je7 

JC25 

X-2lBO-lA 

Genotype 

. edc-24-1 ~ urai ~ 
arg4 thr4 ade hlS ~ ~ 

karl a leul 

karI a ade2-1 hlS4 615 

wIld type ~ SUC2 mal 
~ CUPI 

'1 Yeast Genetle Stock Center designatioo. 

Upon receipt, strains were grown 00 YEPD plates and stored at 4°C. 

Cultures were grown on a rotary shaker (New Brunswick Scientific, 115 

cycles/min.) ln 125 mIs. erlenmeyer flasks eontaining approxlmatel~ 25 

mIs. of YEPn medium. Each culture was subcultured tWlce' at room 

~ .: 

~ 

.~ 
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temperature (23°C) prior ta sqmple collect ion. Log-phase cul tures were 

grown ta abou t x 10 6 cell·sJml., and slationary-phase curt ures ta 
'/ 

approximaLely 4 x 108 cells/ml. Cell denSlLles were delermined uSlng a 

hemacytomeler followlng sonlcatlOn (Sondicr Cellbisruptor, model W185D, 

Branson SonlC Power Co., L.I., N.Y. Out pul contra l ta l, t lme of 

sonlcatlon: 15 secs. by bursts). Buddlng c..ells were recorded as sIngle 

celis. 

YE PD me~i l um cons 1 sts of 1.0% yeasl exlracl (DIfeo), 

(Dlfco), and 2. 0% dexLrose (Ryers .'lnd GOPlseh, 1975). For 

baclo-agar (DIfco) was added. YED 3.0% cantains 0.5% yeasL exLracl (DIfco) 

and 3.0% dextrose (Sena, RadIn, Welch and Fogel, 1975); pH was adjusted ta 

either 4.5 or 8.5 with IN HCI or NaOH respectively. 

FixatlOn 

One-ml. sarnples -were.:centrlfuged (Sorvall GLC-I, 3,000 rpm, l min.) 
, 
i 

and supernatants dlscarded. GeUs were fixed ln three mIs. of saline-

formaldehyde 0.0% formaldehyde, 50 mM CH 3 GOOK, 0.9% Natl) ta which was 

added one ml. of Curr's buffer (BDH), pH = 6.8. Bath the fixative and the 

buffer were added at room temperature, and cells were hxed for 60 mInutes 

at 23°C or for longer tlmes al 4°C. 

Giemsa-stained samples 

Yeast nuclel can be revealed by stalning with the following Clernsa 

method which represents a modified verSlOn of lhe technique' employed by 

l, 
1 

1 

r-
I 
1 



... 

( 

! 38 

Sherman, Fink and Hicks (1979): 
o 

1. Following fLxation, centrifuge cells and discard supernatant. 

2. Rinse tWlce with two mIs. of Gurr's"'buffer pH = 6.8. 

3. Centrifuge cells and resuspend them ln five mIs. of Gurr's buffer pH 

6.8 for sonicatlon. 

4. After sonication, centrifuge cells and discard supernatant. 

5. Rinse cells twice ln t,wo mIs. of aicohol 70%, centrifuglng and discarq­
i 
1 

ing supernatants each time. 
.f 

6. Rinse cells with two mIs. of Gurr's buffer pH = 6.8. 

7. Collect celis, remove supernatant, and resuspend ln two mIs. of 1.0% 

NaCl at 60°C for 90 minutes. 

8. After colle~ting celis, rinse them with two mIs. of Gurr's buffer pH 

6.8. 

9. Recollect cells, remove supernatant, and add two mIs. of IN HCl at 60°C 

for la minutes. 

10. Centrifuge cells, discard supernatant, and rinse twice with two mIs. of 

Gurr's.buffer pH = 6.8. 

Il. Resuspend celis in Glemsa stain (BDH) diluted 1:20 ln Gurr's buffer pH 

= 6.8 for 5 to 20 minutes. 
" 

12. Mount directly onto slides. Seal and store at 4°C until exarnination 

(maximum stor~ge tLme used, 48 hours). 

DAPI- calcofluor-stained samples 

CeUs cao be simuitaneously staioed with calcofluor, for chitin, and 

Il 
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DAPI l , for DNA (henee nuel~i), by using the following technique; 

1. Rinse fixed cells twice witl) distilled water (dH20). 

~. Centrifuge cells, dlscard supernatant, and resuspend ln dHZO. 

3. sonica~e cells and' centrifuge. 

d 

4. Discard supernatant, add 0.1% calcof'luor Whlte-M2R (Polysèiences) ln 

dH20 for five minutes. 

5. Centrifuge cells, discard caleofluor, and rlnse once with dHZO. 

6. Resuspend centrifuged ,cells in O.ZM PBSZ pH = 7.3 (N.d ZHP04·7H20, 20.7 

g/l; NaH 2 P04'H20, 3.2 g/l; NaCl, 0.9 g/U, add stock solution of 

DAPI (10 llg/ml. dissolved ln PBS pH 7.3, stored ln dark at 4°C) to 

. ~..----ào final ratiO of 10 to l. 

minutes. 

Keep cells in r that sol ut ion for 10 

7. Centrifuge cells, diseard supernatant, and rinse once with PBS p~ 

7.3. 

8. After centrifugation, discard supernatant, and resuspend cells ln PBS 

pH = 7.3 to low density. Transfer cells onto slides, seal, and keep in 

clark until examinatibn (maximum storage time used, 2 hours). 

DAPI-stained samples 

To stain with DAPI alone, omit steps 4 and 5 above. 

1 DAPI, 4'-6-diamidino-2-phenylindole. 

2 PBS, phosphate-bu~fer saI ine • 

. ' 

°1 

1 

1 



-1 

. . 

( 

.. a pJ. 

_5 

40 

Calcofluor-stained samples (Slo'at and P~ingle 1 1978) 

Ta stain with calcafl uor alone, omit steps " and 7 above. 

FlTC-Con A1-stained samp1es (modified after Tkacz, Cybu1ska and Lampen, 

1971) • 

Mannan 1n yeast cell walls can be' detected by staïning with FITC-Con 

A as fo llows : 

-----1. Rinse 2 x 10 7 fixed cells with 0.2 M PBS buffer pH == 7.2 

/ 
{NaZHP04'7HZO, 19 __ 3-g11.; NaHZP04'H20, 3.9 g/l.; NaCl, 0.9 g/l.} . 

2. Centrifuge cells and discard supernatant. 

- 3. Resuspend cells in PBS pH = 7.2 and sonicate. 

4. Collect cells and discard supernatant. 

5. Add 30 jJg (0.1 ml.) of unlabell~d C~n AZ• 

6. Add 138 ]Jg 0.5 ml.) of FITC-Con A3 for 10 minutes. 

/ 

/ 
/ 

7. Centrifuge cells, remove supernatant 1 and dnse cells once with PBS pH 

= 7.Z. 

8. Centrifuge cells, remove supernatant, and resuspend 1n PB~ pH = 7.2 to 

low density. Trans!er cells onto sluies, seal, and keep in dark until 

examination (maximum storage t ime used, 2 hours). 

1 FITC, fluorescein {sothiocyanate; Con A, concanavalin A. 

2 To prepare uniabeled Con A: add 30 mg Qf Con A (Sigma) to 10Q mIs. of PBS 
buffer pH = 7.2. 

3 To prepare FITC-Con A (92 jJ g/ml • ): àda' 5 mg of FITC-Con A (Sigma) to 
54.35 mIs. of PBS pH 7.2. 

Il 

l, 
.1 
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Fluorescence microscopy 

Cells prepared for fluorescence mlcroscopy were examined under 

incident light fluorescence with a Leitz orthoplan microscope (total rage 

1000X). The microscope was equipp61with Ploem Pak 2 and' HBO 100 ultra-

, 
stable (for excitat ion) systems. AlI photographs were ~aken with a Leica, 

M2 camera using a Visoflex Leica system and TRI-X films. 

-
Bright-field mi~roseopy 

Cells pre\1ared for bright-field micr;pscopy were examined us~ng a Wild 

-
.H 11 Q{total mag. 900X) or Zeiss research photomicroscope (total mag. 

1000X). 

Testing for volutin granules 

Cells, extracted or not with perchl.oric acid (PCA), were stained with 

an aqueous solution of '0.5% toluidine blue 'to local1ze volut in granules. 

After staining for two minutes, cells were washed with distilled water and 

examined by bright-field microscopy. Extraction of the granules was done 

in ice cold 2.0% PCA for one hour, as reconnnended by Coleman (979). 

Black 
1 
1 
1 

A log-phase culture of 182-6.3 ~ cdc-2'4-1 mutant haploid cells 1 grown 

in YEPD medium at 23°C (permissive temperature), was blocked at 37°C for 

eight hours. One-ml. samples were collected hourly (cells from each sample 

referred ta as B=O, B=1, B=2, B=3, B=4, B=5, B=6, B=7, B=8) and fixed in 

. , 

o 

.. 
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saline-formaldehyde. , Cells from hourly samples were e~'amined by bright-

.J 
field microscopy after staining with Giemsa, for nuclei, or by fluorescence 

microscopy after staining with DAPI and calcofluor, for nuclei (DNA) and 

chitin respectively. Samples cOllect1ed at B=O and B=8 were aiso analyzed 

by fluorescence microscopy after stainlng with FITC-Con A, for mannan. The 

number of nuclei and buds, as weil as the dIstribution of the cel! wall 

chi~in and mannan was then followed in aIl of the above samples. A minimum 

of 100 cells was analyzed in each sample. Cell density was estimated at 

the beg~_nning and end of the block uSlng a hemacytomeler. 

Release 

After the eight-hour black, the abave culture was released (returned 

to perm1ss1ve temperaturè, 23·C) for 20 haurs. Samples were collected at 

var"ious rimes (R=O.5, i.e. half-an-hour after release; R=l.O; R=1.5; R=2.0; 

R=2.5; R=3.0; R=3.5; R=4.0; R=5.0; R=6.0; R=7.0; R=20.0 -D; R=20.0 ND) anq 

fixed as before. At R=7.0, the remalnder af the culture was divided into 

two flasks. One was diluted with fresh YEPD medium, added at room tempera-

ture, ta early log-phase density (l x 106 cells 1 ml.; R=20.0 D). the other 

was not CR=20. a ND). Càllected samples were then slained with a combina-

tion of DAPI, for nuciei CDNA), and calcofluor, for chltin, and examined by 

fluorescence microscopy. Samples R=O.5 and R=5.0 were aiso examined hy 'the 

latter technlque after staining with FlTC-Can A for mannan. The budding, 

nuclear, and celi wall chitin and mannan behavlOr was fallowed in aIl of 

the above samples. Approximately 100 cells were anaIyzed in each sample. 
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Cell diameter determination 

The first 2S unbudded cells of the following fixed cul tures were 

recorded for their minimal and maximal le-~gth uSlng a cal ibrated micrometej 

and a Zeiss, research photomicroscope <total mag. 1200X): 

1) an unblocked log-phase culture ,(TO)' 

2) a blocked log-phase culture (Tl' B=8), 

3) an unblocked stationary-phase culture (T2 ). 

4) a blocked stationary-phase culture (T3 , B=24) , 

5) a blocked stationary-phase culture whose cell s have been resuspended at 

the same density (B=24), in fresh YEPD medlum, and which was further 

blocked for eight hours (T4)' 
1 

6) a blocked sta,tionary-phase culture whose cehs have been resuspended to 

a log-phase density (1 x 106 cel1s/m1.; B=24), in fresh.YEPD medium, 

and which was further blocked for eight hours CTS}, 

Volume determination 

The vol ume of each of the above ce Ils was cal culated uSlng the' 

fqrmu1a e~ployed hy JOhnstJn, pr\ingle and Hartwell (977), l.e.: 

v 11 
( -) 

6 
l w2 where, V = vo l ume 

1 maximal length of an individual cell 
w = minimal length of an ind ividual cell 

This equat ion assumes prolate sphero id yeast cell s. 
\ 

• 

\ . 
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Statistical analysis 

The significance of differences between minimal length, maximal 

length, and volume of individual cells from each population was tested 

using a on1e-way variance" .analysis (Tablt 35) and the Duncan's new 

multiple-range test (Tables 32, 33, 34). Th e des cri pt ion a f the s e 

analytlcal tests is glven by Steel and Torrie (1960). 

Karyogamy-defiClent crosses (after the method described by Sena, Radin, 

Welch and Fogel, 1975). 

Cells were grown in YEPD medium to early stationary-phase (5 x 107 

cells/ml.) • Then 5 x 10 7 cells/ml of Cl and a kar- cells were mixed 

together, centrifuged and incup'ated for 60 minutes 1n a 30°C water bath 

(with rotation), 1n 3.0% YED medium, pH 4.5. Cel 1 s were then 

centrifuged, the supernatant discarded, and resuspended in 3.0% YE~ medium, 

pH = 8.5, for 60 mi,nutes in the 30°C water bath (with rotation). At the 

end of that penod, cells were pelleted and resuspended 10 3.0% YED medium, 

pH = 4.5. After sOTIlcation, cells were diluted with fresh 3.0% YED medium, 

pH = 4.5, to a density of 1 x 10 7 cells/ml., centrifuged and incubated as a 

pellet for 30 minutes at 30°C. Then, the pellet was disrupted by gentle 

shaking, and after an additional 30 minutes, the mixture was shaken again 

and incubated without shaking at 30·C. That time corresponded to M=3.0 or 

three hours after imtial mixing. Sarnples were collected before mixing 

(unmixed ~ and ~ kar- cells) or at M=3.0, M=4.0, M=5.0, M=6.0, M::6.5, M=7.0 

and M=8.5 and fixed w!th saline-formaldehyde in Gurr's buffer pH = 6.8. 

( 

1 
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Cells were then analyzed for: 

1) their budding behavior (number of budded anç unbudded zygotes, location 

of bud s), 

2) the location and number of nuc1ei (DAPI- calcofluor-stained samples), 

3) then chitln behavior (DAPI- calcofluor-stained samples), 

4) thelr mannan behavior CFITC-Con A-stained samples, only sample M=3.0 

and unmixed a and a kar- samples examined). 
\ ---

'. 

\ 

, 
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IV. OBSERVA,T10NS AND RESULTS 

1. The eight-hour block 

1. Giemsa-stalned samples 

f 
A log-phase cul ture of the mutant haplo id strain 182-6.3 a 

cdc-24-1 was blocked at 37"C for eight hours. Samples were collected 

hourly, fixed and stained wah Giemsa prior to exarrllnat ion by 

bright-field microscopy. 

The nuclear and the budding behavior of cells contained :Ln the 

above culture were observed as i t progressed through the black. 

Results are illustrated in Table 2. The percent age of buddlng cells 

decreased progressively from 36.5% at B=O (n=200) to 2.2% at B=8 

(n=405) • Mo ste e Ils h a do ceased budd ing after two hours at 

restrictive ternperature to reach q. basic level of 6.5% or less. 

Binucleate celis appeared as sooo as one hour after the temperature 

shift, to attain a level) -men combined with muitinucleate ceIIs, of 

28.9% by, B=8 (n=405). 

The consistency of the results obtained ln duplicate 

experiments (Table 2, samples B=6 to B==8) , indicates the reliability 

of the analysis aod of the system when the experiment is repeated and 
, 
\1 

samples analyzed by a second invest igator. 

1 
- Figure 4 provides a graphical illustration of the behavior of 

l, 
the three most common t.ypes of cells found ln Table 2, and shows' a , 

1 

, . l 
1 
f 
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Table 2. Characteristics of cdc-24-1 haploid strain 182-6.3 a stained with Giemsa during an eight-hour block at 37°C; 

frequency of celi lypes. 

Number of hours of B=O B=1 B=2 B=3 B=4 B=5 B=6 B=7 B=8 
block4 M M C Ml R2 C3 M R C 

Samp1e Slze 200 200 200 200 200 200 200 200 400 200 238 438 200 205 405 

Cell type 
. 

0 
127 164 181 171 156 154 158 154 312 135 168 303 140 144 284 

63.5% 82.0% 90.5% 85.5% 78.0% 77 .0% 79.0% 77.0% 78.0% 67.5% 70.6% 69.2% 70.0% 70.2% 70.1 % 

~ 
73 35 la 12 8 4 l (, 7 2 6 -8 1 2 } 

36.5% 17 .5% 5.0% 6.0% 4.g% 2.0% 0.5% 3.0% 1. 8% 1.0% 2.5% 1. 8% 0.5% 1.0% 0.7% 

® 
1 6 17 32 40 39 39 78 61 62 123 52 57 109 

0.5% 3.0% 8.5% 16.0%' 20.0% 19.5% 19.5% 19.5% 30.5% 26. 1% 28.1% 26.0% 27.8% 26.9% 

(!;) 
3 4 2 2 l 3 l l 2 5 0 5 

1. 5% 2.0% 1.0% 1.0% 0.5% 0.8% 0.5% 0.4% 0.5% 2.5% 1.2% 

@ l a 1 1 l 2 
0.5% 0.2% 0.5% 0.5% 0.5% 

@ l l 1 0 
•• 0.4% 0.2% 0:5% 0.3% 

e 1 
0.5% 0.37,,,, 

l Sample analyzed by lhe author (M) 
2 Sample anRlyspd by Dr. E.R. Boothroyd (R) 
3 Combined results ~c) 
4 Unblocked sample B=O), samp1e blocked for one hour (B=l), ... etc. 

L:-
'-l 

": 

ttr~~_-----..._~_,~_.~ ._ .. _ ... ~.:'L_,_.? ____ ._._-_ .. _--=- ~.L.:=;-.. ~ ~.~_._-:-:..= _--=:..........:-.:...._-:::::....-~~ _____ ~ ~ ___ ~ __ • _ ............... _..- ... __ - ___ -! 
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Figure 4. Budding and nuclear behavior of the three rnost corrunon types of 

cells observed during the block 
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clf!ar inverse relationship between the number of uninucleate budded 

cells and the number of unbudded bInucleate cells. 

1.1.. DAPI- and calcofluor-stained samples 

A log-phase culture of the same mutant strain brought to the 

same density and subcultured the same number of tImes as 

Giemsa-stained material, was blocked at 37°C for eight hours. 

Samples were collected hourly and fixed as before, but cells were 

stained with DAPI combined with calcofluor or with calcofluor alone 

prior to examination by fluorescence microscopy. 

a) Budding behav ior 

!' 
Table 3 shows the number of budding cells recorded at 

,-
various stages of the black. By three hours of black, budd ing 

was reduced ta 12% or less (cf. nuclear and budding behavior of 

-
blocked ceUs stained with Giemsa in part b) of this section). 

When the data ln Tab le 3 are plot ted as the percentage of budded 

celIs versus the duratlOn of the block (Fig. 5), it is found that .• 

the decrease in budding ability is noticeable within one hour at 

restrictive ternperature, as observed with cells stained with 

Giemsa. A smaller slope between B=O and B=l is Indicative that 

sorne t ime might be needed at the start for the cul ture to reach 

An experiment has therefore been designed to es t irnate the 

tirne needed for a log-phase culture tü reach effective blocking 
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temperature (Table 4, Fig. 6). The reported effective blocking 

temperature for thlS mutant is 36°C (Hartwell, Culotti and Reid, 

1970; Hartwell, Mortimer, Culotti and CulottI, 1973; Sloat and 

Pringle, 1978; Sioat, Adams and Pringle, 1981). This temperature 

~a..s reached in aIl flasks wi thin four minutes at 37°C (water bath 

temperature) . When the temperature of the medium lS plotted 

against t ime, the average time for a flask ta reach 36"'C is 220 

seconds (Fig. 6). 

The dIstribution" of the relative volume of the buds 

remaini ng on mother cells, as the block progresses, lS 

represented in Table 5. Unblocked (B=O) or early blocked cells 

(B=!) display a nearly normal dis~ribulion of budded cells, with 

about 50% of the budding population, having buds smaller than half 

the relative volume of their mother cells. Later (B=2, B=3), 

fewer cells with large buds are observed. After three hours of 

-
black, little can be said of significance. 

In addition ta apparent diminishing size of remaining buds 

relative to mothe~ cells during the black, a decrease ln the 

relative size of buds ta mother cells when nuc1ei enter buds has 

been, observed (Table 6, Figs. 9, 10). Nuc1ear div is ion lS 

occurring lU unblocked ceIIs when the bud IS about half 'the 

volume of the mother-cell (Table 6, Fig. 9). 

The 10ss of budding ability through the black can also be 

demonstrated by recording cell densj-t'y at thf:;, beginning and end 

1 _ -t 

1 

1 

1 

1 
i 
1 
1 

1 

·1 
1 

1 
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of the block period and by comparing the obtaine? values with a 

wild-type strain of the same ploidy and mating-type whose budding 

behavior 15 not affected by a switch to the hlgher temperature. 

Table 7 shows lhat cell density, recorded using a hemacytometer, 

has ine reased for the mut ant ce Ils by near 1 y 60% for an 

eight-hour black and by approXlmately i310% for the wild type 

X-2180-1A a under the same growing conditions, even if started at 

a 10 fold higher density. 

Durlng the bloc k, there was a cont l nuous growth of the ts 

mutant cells (see section 5, cf. Fig. 11 with Figs. 9 and 12), 

Occasionally, a few cells escape the block to produce buds 
/ 

that render the mother ceIIs pear-shaped (see section 5, and 

Fig. 12). Among the few celis successful ln escaplTIg the black 

over an elght -hour period, only one bibudded cell, whose number 

of nuclei is unknown, has been observed. 

A few "srnall cells" containing litt1e cytoplasm and one 

nucleus (one exception at B=8) were seen connected to large 

blocked cells (Table 8; seventeen small cells ~ere recorded, but 

more were seen during scanning, see Fig. 13). Small cells are a 

class of celIs differing from other classes by being 5mall-er than 

one-quarter the relative volume of their rnother cells, and by 

being somehow attached ,to the latter at one point (sonication 

will not disrupt the connec t ion). In most cases, these small 

cells contain one nucleus. They are also totally absent prior to 

a two-hour block period: 
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Table 3. Budding behaviour of log-phase 182-6.3 a cdc-24-1 cells blocked 

for eight hours. 

~-
'-- -

No. of No. of 
Budded Unbudded 

Sample Cell s CeUs 
Stage Size (%) CO 

B = 0 100 55 (55.0) 45 (45.0) 

B :: 1 102 44 (43.1) 58 (56.9) 

B = 2 100 25 (25.0) 75~ (75.0) ~ 

~" B = 3 100 7 ( 7.0) 93 (93.0) l 
t 

B '" 4 Cl 100 12 02.0) 88 (88.0) ~ 
1 

B = 5 100 12 02.0) 88 (88.0 ) 1 

l , 

B = 6 100 4 ( 4.0) 96.. (96.0 ) 

B = 7 103 \ 

1 ( 1.0) 102 (99.0) .. 
< 

B = 8 101 7 ( 6.9) 94. (93.J) 

,-

( 
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Figure 5. Frequency of budded cells throughout the block 
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-Table 4; Time needed for YEPD· culture 

temperature to 37°C. 

, Là 

Time ( Sec s) Exp. l Exp. II 

0 24.0, 23.5 

6Q NR1 30.0 

120 34-.5 34.0 

180 35.,5 35.5 

240 36.5 36.0 

300 - 37.0 36.5 

360 NR 37.0 

420 NR 37.0 

l NR, not recorded ' 

2 Aver~ged ta the closest half of degree 

3 Recorded ta the c10sest hal f of degree 

medium to 

Exp. III 

23.0 

29.5 

33.0 

35.0 

36.0 

36.5 

37.0 

37.0 

/. -

\"'1'=-~' ~~ 

l nc:rease - f~om 

Ave 2 

23.5 

30.~ 

34.0 

35.5 

36.0 

36.5 

37.0 

37.0 

\ 
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Figure 6. 
- 0 

Average fJask temperatu~~ ( C) as incubation time increases 
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Table 5. Distribution of bud Slze greater than or equal t"O haU the 

1 

relat!~ve volume of their mother cells duri.ng the block. 

No. of recorded 
Stàge budded cells 

B=O 55 

B=l 44 
.-

B=2 25 

B=3 7 

B=4 12 

B=5 12 

. B=6 4 

B=7' l 

B=8 7 

N. S. , not significant 

Il> 

1 

No. of budded cells 
with buds :::'-'1/2 volume 

of mother cells 

24 

21 

4 

1 

3 

6 

o 
1 

o 

\ 

. 
" 

... 

Percent age 
(%) 

43.6 

47.8 

16.0 

N.S. 1 

N.S. ' 

N.S. 

N.S. 

N.S. 

N.S • 

56 

i 
J 

, ~ 
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Tab1~ 6. Vo1u=" of budg relaci',e ta I:Orh!<e- cells durlng nucleae- division and IIhe" nude1 

encee- buds. 

--- ---~-~-~- - - -----~--~ - --

Durlng !lucleJr Division Wh"11 ~uclel enCer Buds 
-

/~ 

S he 0 f buds Relative Propare ion Eselrn3ted Stage 
Relative co Bud Size of buds IIhich Nuclear Di 
Morher C~lls (Exp r,-,,,ecl HaVlng sion i5 occurr ln 

ae 'lucl~"r No. of As a Fracclon onè or (Relaeive bud/ 
Divisl.on Cages of Hocher more Mother Cdl 

Scage (Volu=e) Observed Cell Va lU,mp) Muel e 1 Voluee} _. -------

3/4 10/10 

8,,0 1/2 2 1/2 8/14 1/2 , 
~ - ~ 1/3 0/27 

" \ , 1:1 4/4 

8=1 1/2 1 3/4 13/13 
< 1/2 

- - 1/2 4/4 
..... 

" - : 
~ 1/3 0/23 

v 

-N 

1:1 1/1 
B=2 1/4 4 

3/4. 3/3 .. 
1/4 8/10 < 1/4 ..... 

1/8 l 1/8 2/7 

~ 1/16 0/3 

, 
3/4 111 

8=3 - - 1/4 111 < 1/4 

~ 1fJ2 0/5 

. 3/4 2/2 

1/2 III - 0-

8=4 1/4 1 1/4 2/2 
~ 1/4 

1/8 2/2 

- 1/16 1/2 

< - 1{16 2/2 

. . 
~ 

3/4 515 

1/2 III 
8=5 - - J < 1/8 

1/8 111 
1/16 2/5 . 

1 Aftcr stug" B=5 bu". cao .mùl'l ;Jnu rare co yidJ ,r"llable " ... ca 

.. 

at 
vl­
g 
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Table 7. Ce11 density at the beginning and end of the block period of 

mutant strain 18'1"-6.3 a cdc-24-l and wi Id-type strain X-2IBO-IA 

a. 

St rain 182-6.3 a X-2I80-IA a 
-

Cell density B=O B=8 Percent age B=O B=8 Percent age 
(cells/ml) XI0 6 XI0 6 inc rease\( %) XI07 XI0 8 increase (%) 

Assay l 1.1000 1.8125 65 1.5250 2.0750 1261 

Assay II 1.1250 1.7500 56 1.6500 2.4000 1355 

Average 1.1125 1. 7813 60.5 1.5B75 2.2375 1308 

;t .... 

, -

...... 

i 

J 
i 

\ ; 
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Table 8. Number of small cells reeorded at vanous stages of the black. 
1 

Re 1 at l'iJe S Ize Number of 
of the bud nue lei per 

Stage (volume) Frequency Tot al small cell 

B=2 1/8 1 1 

B=3 1/4 1 1 1-

B=4 1/4 1 1 

1/8 2 5 1 

1/16 1 1 

< 1/16 1 1 

B=5 • 1/8 

1 

ù 1 ·1 1 .. 
1/16 2 3 1 

B=6 < 1/4 1 1 1 

B=7 1/16 2 1 ~ 3 ,\; 
" 

< 1/16 1 1 

B=8 1/8 1 

1/16 1 3 1 

1/32 1 0 

, 
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b) Nuclear behavior 

Despite budding cessation, DNA synthesis and nu'clear 

division proceed, as reflected by the appearance of bi- and 

multinucleate cells (T'hIe 9, Fig. 7). The number of cel1 5 

having two or more nuclei increases steadily after a one-ho ur 

perlod ta reach a value close lo 90% at B=8. 

Fewer budd ing and mul t inucleate cells have been detected 

with Giemsa slaining and bright-field microscopy ~PI/ 

calcofluor staining and fluorescence microscopy. Al thaugh the 

total magnification was slightly higher ln the latter OOOOX) 

than in the former (900X), this effect alone is not expected ta 

generate such a difference. 

There are two types of binuc leate cells appearing during 

the black (Table 10); thase which have their nuclei far apart 

(Figs. 14 and 15) and those whose nuclei are lying side by side 
i 

i.e~ less than one half nucleus diameter apart. At B=8, these 

cel1 types represent respectively 10.3% (8/78) and 89.7% (lO/l8) 

of the total binucleate population. In addi t ion ta these 78 

binucleate celIs, 9 uninucleates, 4 trinucleates, 1 tetranucleate 

and 9 unknown were observed (n=lOl, Table 9). 

In most cases, nuclei tend to be somewhat larger than at 

permissive teqperature (Range for B=O: Figs. 16 and 17, for BFO: 
[ 

Fig s • 14 and 15) • 

Dur ing the black, nue 1 ei are pushed against the cell wall 

1 • 

. \ 
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Table 9. Nuc1par behav10r of the mutant strain 182-6.3 a cdc-2~-1 during the e1ght-hour 

Stage 

B=O 

B=5 

B=6 

11=7 

B=8 

black. 

Sdmple 
Size 
n-
r 

100 

102 

100 

100 • 

100 

100 

100 

103 

101 

Numher 
of 

Unhudded 
Cells 

(%) 

45(45.0) 

75(75.0) 

Number 
of 

Nuclcl 
(N)2 

JN=45 

IN-66 

ZN= 9 

IN=72 
93(93.0) 1dN- 3 

2N-IB 

Percent age 
of 

Sample 
Si zc 
(%) 

45.0 

56.9 

66.0 

9.0 

Nurnber 
of 

Budded 
Cdls 
(%) 

55(55. 0) 

humber 
of 

Nucl e t 
(N) 

Jl, - 38 
IdN= 2 
n,lN=l5 

11,=23 
44(43.1) IdN= 1 

1tl,1N=20 

25(25.0) 

111=11 
IdN= 5 
IN,lN= 8 
2N,2N- 1 

Percentage 
of 

sdulple 
size 
(I) 

38 a 
2.0 

15.0 

22.5 
1 0 

19.6 

11. a 
5.0 
~.O 
1.0 

72.0 IN-2 2.0 
3.0 J( 7.0) IN,lN- 2 2.0 

18.0 21'1= 3 3.0 
------------~--.------~ 

1N=58 

88 (88 0) 1dNc 2 

2N=28 

1N=48 
1dN= 1 

88(88.0) 2N=36 
3N= 2 

UNK.= 1 

96(96.0) 

IN=23 
ldN= 2 

2N-70 
3N- l 

58.0 

2.0 

28.0 

48.0 
1.0 

36.0 
2.0 
1.0 

23.0 
2.0 

70.0 
1.0 

1N=17 17.0 
l02{99.0) IdN= 1 

2N=84 

94(93.1) 

IN" 8 
2N-7~ 

2N,ldN=13 
3N= ) 
4N= 1 

UNK.= 1 

1.0 
84.0 

B.O 
74.0 

1.0 
3.0 
1.0 
1.0 

12(12.0) 

IN= 2 
IdN- l 
IN,lN= 4 
2N,lN= 5 

IN,lN= 5 
'1'i.2N- l 

12(12.0) 2N= 3 

"( 4.0) 

2N,lN= 2 
ZN,ZN= l 

2N- 2 
2N ,IN= 1 

2N,2N= l 

l( 1.0) ZN,lN= 1 

7(6.9) 

IN- l 

2N= 3 

2N,lN= l 

ID/K.: 2 

1.0 
1. a ' 
4.0 
5.0 

5.0 
1.0 
3.0 
2.0 
1.0 

2.0 
1.0 

1.0 

1.0 

1.0 

3.0 

1.0 

2.0 

1 Exclud1ng unkno~ cel1s 

Total No. 
of b1- or 

mul t1 nucl ea te 
cells iy 
sample 

(%) 

o 
(0.0) 

o 
(0.0) 

10 
(10.0) 

21 
(21. 0) 

33 
(33.0) 

44 
(44.0) 

75 
(75.0) 

85 
(82.5) 

83 
(90.2) 

One nuc1eus=lN, one d1v1ding nucleus=ldN, one nucleus in morher-cell and on nucleue in bud= 
IN ,11'1, •.• etc. 

3 This unbudded cell i5 classlfied as hBv1ng three nuc1ei (among vhlch one 1a divldlng). 

\ 
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Figure 7. Appearance of bi- and multinucleate cells during the eight-

hour black 
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Table 10. Frequency and type of bi- and multinuc1eate celis observed during 

the bloak. 

Number of Distribution Frequencyl of type 
nuclei of nuclei among bi- and multi- . 1 

Stage (N) (Type) nuc leate cells (%) 

UNB. 8 close 80.0 
B=2 2 1 apart 10.0 

BUD. 1 apart 10.0 

UNB. 18 close 75.0 
3 apart 12.5 

B=3 2 BUD. 2 close 8.3 
1 apart 4.2 

UNB. 28 close 80.0 
2 apart 5.7 

B=4 2 
BUD. 4 close 11.4 

-, 1 apart 2.9 

35 close 77.8 
UNB. 2 apart 4.4 

B=5 2 3 close 6.7 

BUD. 3 apart 6.7 
3 UNB. 2 apart 4.4 

59 close 76.6 
UNB. 13 apart 16.9 

B=6 2 3 close 3.9 
BUD. I apart 1.3 

3 UNB. 1 apart 1.3 

73 close 84.9 
B=7 2 UNB. 12 apart 14.0 

BUD. 1 apart 1.2 

66 close 79.5 
2 UNB. 8 apart 9.6 

B=8 BUD. 4 close 4.8 
3 UNE. 4 apart 4.8 
4 UNE. 1 ~part 1.2 

1 may not add ta 100.0%, ± 0.1% 
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Table Il. Number and position of nuclei in multinucleate ceIIs. 

Number of Position of 
Stage nudei nuclei Frequency 

B=S 3 
(::J 

2 

B=6 3 @ 1 

0J 3 

3 

~ B=8 1 

'---- 4 Ç:J e. 1 
, ~ 

i " 

\ , 
-i 
1 

1 

" 

J .. 
( 
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(Fig. 15) by enlarging vacuoles (Figs. 16, 18 (B=O)j Figs. 19, 20 

(B=8»). Vacuole~, are becoming conspicuous at B=6 due to their 
. : 

1 ar;ge SlZe. They could be best seen wi th Nom~rski interference . , 

cont rast mie roscopy at B=8 (Fig. 20). 

When the distribut ion of nuc1ei lS followed ln multi-

nueleate cells, one observes that nuclei are grouped most often 

two by two (one exception at B=6; Table 11). 

c) Chit in behavior 

There are two kinds of chi t in fluorescence appearing during 
• 

the block: localized (Table 12, Fig. 22) and general (Table 13, 

F,igs. 23 and 24). When cells are blocked, the first twc hours of 
1 

an eight-hour block show that chitin is n'ot only randomly depo-

sited in the cell ,wall (general fluorescence) but also spreads 

from localized areas such as the chitin ring and bud scars 

.,' 
Clocalized fluorescence). Local ized spread of chi tin appears 

sooner than general fluorescence which is prominent at B=2 and is 

~ observed in nearly aIl cells by B=3 (Tables 12 and 13, Fig. 8).' 

.The sequence of chitin distribution in blocked cells can be f01-

lowed by examining Figs. 21 (B=O), 22 (B=l), 23 (B=S) and 24 

(B=8) • 

Leaky cells, many of which are pear-shaped, have less 

fl uorescent "buds" with no ring or somet imes a weak or 

ill-defined line (partial ring) at the mother cell-bud junctfon 



.. 

( 

66 

Table 12. Frequency of blocked cells showing localized spread of chitin fJuorescence. 

1 

Stage 

B=O 

B=1 

B=2 3 

cells 

Sample 
S Ize 

100 

102 

100 

Frequency of 
onbudded cell s" 

showing localized 
spread 1 

0/45 

7/58 

6/75 

must show chitin "diffusing" 

Percent age 
(%) 

0.0 

12.1 

8.0 

from buds 
cell wall. CeUs may show low general chitin 

Frequency of 
budded cells 
showing local­
ized spread 2 

0/55 

20/44 

8/25 

Percent~ge 

'(%) 

0.0 

45.4 

32.0 

0 

Total 
Ct) 

( 0.0) 

27Y26.4) 

14(14.0) 

scars or from disc rete sites lD the 
fluorescence. 

2 mother cells must show chitin "diffusing" from bud scars or chitin rings or' from 
discrete sites ln the cell wall. Celis may show low general chitin~luorescencee. 

3 General chitin fluorescence is becoming tao strong, and covers too much of th~ 
surface of the cell wall ta allow the detection of localized spread of chitin • 

. ' 

~.,. 

- " 
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Table 13. Fr,equency of b10cked cells sh6wing general chitin fluorescence. 

,~ 

67, 

\ 

Sample 
Size 

Frequeney of 
unbuddeli ee11s 

showi ng gener al 
fluorescence 1 

.. Pere ent age 

Frequency of 
budded cells 

showing genera1 
fI uorescence 2 

Percent age Total 
(%) Stage 

9 
(h:) (%) 

B==O 100 4/45 8.9 5/55 • 9.1 9 (9.0) 

B:::I 102 1/58 1.7 2/,44 4.5 3 ( 2.9) 

B=2 100 67/75 :,. 89.3 22/25 88.0 89 (89.0) 

B=3 100 92/93 98.9 7/7 100.0 99 (99.0) 

B=43 100 88/88 100.0 12/12 100.0 100(100.0) 

~ 

1 cells must be eritirely fluorescent, with or without sites of higher fluorescence. 

2 mother cel1s must be entirely f1uortscent, witn or without sites of' higher 
fluore:seenee. 

3 later samples simi1ar to B=4. 

1 

\ 

- \ 1 
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'. 

Figure 8. Frequence pi bloc~ed cel1s showing generai chitin fluqrescence 
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(Fig. 12, se'e aiso section 4 on the raIe of the chitin ring). 

Sometimes, abnormal chitin fluorescence 18 detected (Fig. 

23) WhlCh might correspond to cell wall abnormalities observed 

with elec t ron microscopy (Boothroyd, unpubl i shed resul ts). 

Moreover, throughout the eight-hour block, bud scars seem 

hidden by the general fluorescence and do not appear "ta be 

di smantled 
. . . 
Increasing t~t by Size of the mother-cell, an u 

observation which suggests that they are stable structures (Fig. 

25, further evidences given in section 2). 

Hl. FITC-Con A -st ained samples 

Samples were prepared as described in part ii, except that 

cells were stained with FITC-Con A instead of DAPI and calcoflpor, 

and that on1y stages B=O and B=8 were Investigated. 

When the mutant was blocked for eight hours at 37
D

C, cells were 

-
more fluorescent at B=8 (Fig. 27) than at B=O (Fig. 26), showing that 

" 0 

mannan, like chitin, becomes widely distributed as it lS synthesized 

~hroughout Ùlè block. At B=O, there is already a rather large amount 

.of accumulated mannan (Fig. 26) even in budded cells (Figs. 28, 29, 

30), as compared with chitin (Fig. 21). At B=8.J however, the 

fluore~cence for mannan (Figs. 27, 31, 32) is not as strong as for 

chitin (Fig. 24), suggesting t hat despite a higher initial 

fluorescence (B=O), the accumulation for mannan is hot as great ln an 

" eight-hour period. 
... 

-' 

\ 
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Interestingly, regions of less fluorescence were seen 1n the 

cell wall (Fig. 31). In addition. in unblocked cells, very small 

_<t'buds (ca. ~ 1/16 volume of mother cella) were less fluorescent than 

their mother ce Ils (3/3 cases), but saon afterwards as they increaseL 

in size they became as fluorescent (Figs. 28, 29, 30; 56/56 cases), 

[n=100, 59 budding cells 1], 

Again, pear-shaped cells were observed at B=8 and these Ieaky 

ce Ils have le ss fl uorescence at the ir t i ps (3/3 cases), In other 

cells, some abnonnai fluorescence was seen (-Fig, 33) which again 

might represent regions of cell wall abnormalities. There were a1so 

a few cells with large buds showlng more fluorescence at neck region 

(Fig. 32), This observation lS equally valid for unblocked budding 

cells CFigs. 28 and 30), although in that case the fluorescence is 

evenly distributed ov'er the whole neck region. Reglons of higher 

mannan fluorescence were also Been ln unblocked cells tNhich might 

correspond ta either 

recent ~as of bud 

30), . 

small regions 

detachment, i. e. 

of celi wall abnormalities or 

fresh bud scars (Figs. 26 and 

'1 This figure ls consistent with the number of buddin~ cells (55%) 
unblocked sample stained with DAPI- calcofluor. 

? 
in the 

') 
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( 
iv. Misee Il aneous observat ions 

In the unblocked mut ant, most bud scars ,appeared ln a row 

(Table 14) and aIl cells showed a basic level of chitin fluorescence, 

albeit weak (range Figs. 16 and 17). lt was common for cells having 

many bud scars ta have a higher basic level of chitin fluorescence ln 

their walls than cell s with no scars. 

Furthermore, "orange bodIes" appeared inside vacuoles during 

~ 
the bloCk _______ (Table 15, Fig. 34). Upon exposur~ to ultra-v~ight,-

these bodies show a strong orange--fluorescence but the emission 

disappears quickly, within opproximately 10 s~conds. They are 

frequent at B=3, but not before, and become more yellowish at later 

stages (B""6 and longer). The number of fluorescent granules, of 

nuclei, and the budding state of blocked cells having orange bodies 

can be seen 1n Tabl e 15. The numb~r of orange bod ies per cell 

displaying them ranges from one to four, and seems unre 1 ated to the 

number of nue 1 ei cont ained in - th-ese cell s. After three hours of 

block, 9.4% (53/561) of unbudded cells possess at least one orange 

body, while 2.37. 0/43) of the budded population displays a 

corresponding trend. -ThÛs, the' tendency is for unbudde ... d cells to 

1 

~e orange bodies. 

) Similar fluorescent particles have been observed ln algal cells 

stained with DAPI or 33258 Hoechst (Coleman, 1978). However, S1nce 

III 
these particles were not

r 
seen ln rapidly growlng or phosphate-l imited 

cells, Coleman suggested that they might be polyphosphate granules 

( 
., 

. '" 

(-. 
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(volutin) • She demonstrat~ that these granules 

metachromatically with toluidine blue <Coleman, 1978) and can be 

extracted in ice-cold 2% perchloric acid <Coleman, 1979), two 

observat ions which are consistent with their polyphosphate n~ture. 

In arder ta l€'arn more about the nature and behavior of orange 

bodies ln yeast cells, .similar treatments were applied ta the blocked 

and unblocked mutant (J:ab1e 16). Experiments l to VI show that DAPI 

lS responsible for the fluorescence of orange bodjes which ar1.se 

during the black and are located exclusively inside vacuoles. 

Expenments VII ta VIII show lhat when cells are stained with 

toluidine bIue, metachromatically-stained granules are visible 1.n 

unblocked cells, although they are rather small and randomly 

distributed. At B=8, their behavior parallels lhat of orange bodies 

in thal tpey are larger and less numerous than at B=O, and Iocated at 

the same sites as orange bodies. When mutant cells are extracted for, 

one hour with perchloric acid (experiments IX to ,Xl!), orange bodies' 
" 

and metacnromlc granules tend to diminish or disappear. To make sure 

that orange bodies and metachromic granules do not show such a 

behavior because of the increase in temperature instead of the 

mutation effect, a wild type strain unaffected by the ts mutation 

(same ploid y level and m~t ing type), was submi t ted to ident ièlal 

1 
treatments (exferiments XIII to xVI). The results )indicate that c, 

oraQge bodies do not appear after eight hours at 37°C,' nor do 
( 

met achromat ically-st ained granu 1 eOs behave 
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Table 14. Bud scar distribution ln unblocked mutant cells. 

t No. of bud t. 
scars on 

mother cells 1 Frequency Distribution 

2 4 ln a row 

3 4 .' ln a row 

4 4 ln a row 

5 1 0 1:n a row 
'-., 

> unknown but 2 4 in a row 

unknown but > 4 1 ln a row 

4 1 3 ln a row 

+ 1 adj aeent 

4 1 random2 

1 Include the chitin ring ln budding cells 

2 'In addition cell show high genéral chitin fluorescence 

, " 

". 
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Table 15. Frequency and type of mutant cells with orange bodies at vanous stages of 

the block. 

- '. 
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'Table 16. 

Experiment 
No. 

II 

III 

1\' 

V 

VI 

J~ "'li 

- .. --

VIn 

U 

X 

XI 

XII 

XIII 

XIV 

xv 

XVI 

St"lD 
u~ed 

182-6.3 ~ 

182 6.3 ~ 

182-6.3 ~ 

182-6.3 .!. 

182-6.3 .!. 

182-6.3 ~ 

182-6.3 ~ 

182-6.3 ~ 

182-6.3 • 

182-6.3 .!. 

182-6.3 a 

182-6.3 .!. 

X-2180--1A a 

X-2l8D-lA ~ 

x- 2180--lA • 

X-2l8D-lA ~ 

1 PCA, perchlor1c "cid 

Stage 7r ~ar[J,ent 
-----------

B=O 

B=B 

B=O 

b=B 

B=O 

8=0 

DAPJ-Cal coll uor 

DArI -Cal cof] UOT 

Calcofluor 

Cal cof) uor 

DAP1 

DAPI 

Toluidine Blue 
D 

"Orange bodies" nùt lieeD 

Large "orange bodJes" ~e~D in 
vdcuoles 

85 for 1 

88 for 1 

aS for 1 
~-----------

as for II 

Small rrdd!sh and bluish Er.­
nul"s obberved dthrr inslde 
or :Ir perlphery of the cel1 

------------ ----
B=8 

B=O 

B=O 

B=8 

B=a 

B~O 

Toluidine Blue 
D 

pAPI + PCA
1 

Toluidine Blue 
D + PCA 

DAPI -i" PCA 

Toluidine Elue 
0+ PCA 

DAPI 
-------

8=0 Toluidine Blue D 

8~B DAPI 

'Toluidine Blue D 

Çrdnul es are ol!>t..rved in va­
cuoles, n('ver al pt-rlphery" 
TheyqBTe laTser than aL B=O, 
arld })~ve no color or are 
blulsh. Tota1 nUr:lber of Ere­
nules has dLcreased 

... for 1 

Fe~er Bnd bruBller LTanule. 
~een than ln VII 

Very feu "crang,. bodies" '\,ler~ r 

observed fnsjde vacuo1e5_.,.~They 
faded L.ster than in VI and Il 
and ",eTe !.tn.aller 

Granules ins1dr vacuoles are 
sIDaller, less nu~~TOu5. and 
less stainable than in VIII 

as in 1 

~~st &ranules eS50cialed vith 
vacuoles 

as in 1 

as in XIV 

75 

" 

1 
: 
! 

1 

1 

l 
1 

'1 
'1 ," 
1 , 

1 
-1 

.' 
" 1 , 
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PLATE 1. BUdding'behaVi~~ the black 

Figures 9 to 13. 182-6.3 a - cdc-24-1 mutant cells stained with 

calcofluor and\ DAPI (Figs. 9 and 10) or with 

calcofluor alone (Figs. 11, 12 and 13). 1500X • 

... 
Fig. 9. In unblocked cells nuclei enter buds aboul hal f the 

, 
volume of the mother~cell (B=O). 

Fig. la. Nucl eus has div ided i nto bud about one quart er the 

relative volume of the rnother-cell (B=2). 

(B=8) • 
( Fig. Il. Blocked cells become 1 arger, unbudded and more ~pher"ica1 

( 
Fig. 12. Example of a pear-shaped celle The bud 15 less 

fluorescent than the mother-cell and has a partial 
• 1 

nng 1 

al its base (B=S). 

Fig. 13. Example of a small celI. The less fluorescent small cell 

seems connected to its progenitor (B=B). 

\ 
) 

1 , 

D 
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PLATE II. Nuc1ear behavibr ,during the block 

" Figures 14 to 20. 182-6.3 a cd'c-24-1 mutant cells stained with 

cal cof! uor and DAPI (Figs. 14,' 15, 16 and 17 ; 

1500X), or calcofluor alone (Fig. 19; 1500X). or 

~ unstained (Figs. 18 and 20; 1200X). 

Fig. 14. Éudded binucleate cell with nucleï far apart. Bud (out 

of focus) is)ess fluorescent than mother cell CB=3). 
\ / ~ 

Fi~. 15. Unbùddeô binucleate cell w'ith nuc1ei far apart showirig .. 
more fluo:rescence at one cel1 wall region. Nuclei are 

close to the cell wall CE=]). 

Fig. 16. Unblocked budded uninucleate cel!. Note that less 

fl}l0rescent, bud has a chitin ring at tits base, and the 

presence of a smaII vacuol e in l'Iother-cell near bud neck 

Fig. 17. Unblocked budded uninucleate cel! with nucleus larger 

than in Fig. 16 (B=O). 

Fig. 18. Unblocked budded 'uninucleate cell observed with NomaJ,""ski 

inter ference cont r ast. Note vacuole and numerous 

(" 

granular inclusions (B=O). 

Fig. 19. Unbudded cell with very large vacuole near cell wall 

(B=8) • 

Fig. 20. Cluster of unbudded cells observed with Nomarski inter-

ference contrast. Note very large vacuoles and their 

numerous granular inclusions (B=8). 

"'"12WW-o$,rn 
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PLATE Ill. Chitin behavior during the block 

Figures 21 to 25. 182-6.3 a cdc-24-l mutant cells stained with 

Fig: 21. 

\ 

Fig. 22. 

Fig. 23. 

~ 

Fig. 24. 

Fig. 25. 

calcofluor; 1500X. 

Unblocked budded cell with a ring of chitin at mother 

cell-bud junct ion (B=O). 

Buâded cells showing spreading of fluorescence from the 

mother cell-bud j unct ion and increasing generai 

fluorescence (B,=U. 

Unbudded cells WIth generai fluorescence. One cell has a 

site of higher fluorescence -(B==5). 

Unbudded celi with h igh general fl uorescence (B=8). 

One cell wi~h three bud sc ars in a row and gen_erai chitin 

fluorescence (B=5). 

) 

4~ () -
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PLATE Itr. Mannan behavior durin§ the block 

Figures 26 to 33. 182-6.3 a cdc-24-1 mutant cells stained with -
Fig.' 26. 

Fig. 27. 

Fig. 28. 

Fig. 29. 

1 

. \ Flg. 30. 

Fig. 31. 

Fig. 32. 

Fig. 33. 

FITC-Con A; 1500X. 

Unblocked unbudded ce~l showing basic leyel of mannan 

fluorescence. Note region ofo higher fluorescence (B=O). 

Unbudded cell with extensive level of rnannan fluorescenc~ 

(B=8L 

Unblocked budded cell with smal! bud sli:gl}t,ly less fluo­

rescent than its rnother cell'. Higher inannan fluorescence 

at rnother cell-bud junction (B=O), 
. 

o 

Unblocked budded cel! with Iarger bud ,than ln Fig. "28, 

being as fluoresGent as its parent. Note\.h igher general 

fI uorescence of both the,bud and rnother-cel·I (B=O). 

Unblocked cel! with lar~ bud as fluorescent as 

parent. Highe.r mannan.~Ll uorescence in ~ neck 

laterai walls (B=O). 

its 

and 

Unbudded cell_wit~ ,region of less fluorescence (B=8). 

Large cell with connected bud. Note unequal strong fluo­

rescence at the bud junction CB=8). 

Large cell with extensive cell wall abnQrrnalitie.i CB=8t 

1, 
PLATE V. bccurrence of orange bod ies during the black 

Figure 34. 182-6.3 a cdc-24-l mutant cells stain~d, with DAPI 

and cal'cQf1uor; 1500x. 
o 

Cells with granules fIuo-

'rescing for a short time with an orange coror 

" 

1) , 

\ 

• 

o 

Î 

ü 

• 

~ 
l 
J 
) 

• î 
1 

1 
i, 
1" 

f 
1 

1 . 
i 

J 
~ 
1 

l 
1 
l 
1 
:l 
r , 
1 
" , - l 
j 

--J 
1 . 
1 

\ (') 1 
'-



·1 
1 

i 
1 

' .. 

, . 
. ' 

',1 

/ ! ' 

<> l ,~ 

" 

1 

1 

/ 
! 
1 

1 

/ 
-_ ...... " ---;1'-'" 

" 

.. 

i 
1 

! 
! / 
1 / 

j. 



( 

t . 

-. 
~ 

'~ \ 

80 

2. The release 

Time n\eded for YEPD cul tures to cool , 

• 
The time taken by blocked cul tures to reach , permissive 

temperature might be long and influence the exact timing 'Of first bud 

emergence. Thus, an experiment has been conducted to detèrmine the 

period of time needed for YEPD cultures (37°C) to cl?ol to 

non-blocking temperatures. Sioat, Adams and Pringle (1981) reported 

an effective permissive temperature of 30·C for cdc-24 mutants. This 

temperature lS reached ln aq flasks 600 the shift seconds • after 

(Table 17). Additionally, when the drop ln temperature is. plottéd 

1 

against time, the average time necessary for a flask to attain 30°C _ 

is 570 seconds (Fig. 35). 
"v 

1 

ii. DAPI- and calcofluor-stained samples 
! 

Cells described in Section -l, . part ii, were transferred from 

Samples were collected at various times, fixed} and " 

sts-ined with a combinat ion of 'DAPI and calcofl~or prior to 

examination by fluorescence microscopy, as previously described. 

a) .... Budding behavior 

When ,ret:urned to permissive temperature, cdc-24-1 cell s, 

blocke'è\ for eight hours, resume budding within 0.5 hout (Tab le 

18). As soon as 1.0 ho ur after release, cells producing more 

\ ) 
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Table 17. ~iJe needed for YEPD culture medium to cool from 37 D C to room 

temperature. 

Time (secs.) EXr. 1 l( 0 C) Exp. II 
\ 

l( .~) Exp. III lCC) Ave. (. C) 

0 37.0 37.0 t oo 37.0 

60 35.5 36.0 36.0 36.0 

120 34.5 35.0 ( 35.0 35.0 

180 33~5 34.0 34.0 34.0 

240 32.5 33.0 33.0 33.0 

300 32.0 32.5 32.5 32.5 

3~ 
31.5 32.0 32,0 32.0 

42 31.0 31.0 31.5 31.0 

4 0 30.5 31.0 31.0 31.0 

540 30.0 30.0 30.5 30.0 

600 / 29.5 30.0 30.0 30.0 

·900 28.0 28.0 28.0 28.0 

1200 26.5 27.0 , 27.0 27.0 , " 

1500 25.5 26.0 26.0 26.0 

1800 25.0 25.0 25.0 25.0 

2100 25.0 25.0 25.0 25.0 

2400 24.0 24.0 24.0 24.0 
'" 

, l ± O.5°C 
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Figure 35. /Time needed for YEPD cultures (37 C) to drop to room -

/ . 
;' temperature 
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than one bud wel-e. detected. This is reflected by the total 

number of buds which 18 greater than the number of budding 

ceI'ls. Multibudded cells are more numetous at intermediate times 

of release (between R=3 and R=7) l and tend ta disappear at later 

stages (R=20), to approach the behavior of early released .cells 

(R=O.S), i.e. hudding cells possess a single bud. Three types of 

multibudded cells 1,ll<2.t-I:.<,een 1 one type is characterized . by the 

simultaneous emergence of lts buds (huds have identical Slzes and 

are at the same stages of their life cycles), another type by the 

asynchronous emergence of its buds (they have different sizes, 

Fig. 38); and the last one by the failure of previous buds to 

detach (buds are t different stages of their life cycles. Fig. 

39). Buds that h ve failed to separate might themselves produce 
/ :1 

buds. In such a case, the first undetached bud lS considered 

both as a mother-cell and a bud. 

o 

During release" 71 cases of an undetached bud producing at 

least one other bud (total 76 buds) have been observed out of a 

total of 1,314 released cells. Such buds appear1ng on a bud Jare­

most pften oriented towards or located adjacent ta the ~~Irst 
mother~cell (66 buds, Figs. 39 and 40) or less of,ten positioned 

distally ta it (the remaining 10 buds). When second or third 

1 Thirty minutes after release, 
, 

R=O.5; 
1 r' 

one' hour after release, R=l.O; 
..• etc. 

: 0 j - \ 
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buds emerge on the first mother-cell (58 cases) , they are usually 
,l, ' 

, 
proximal ta the first undetached bud (46 Fig. 39) •. More cases, 

rarely, the second bud arlses at the appos i te side (6 cases, 
1 

J 
Fig. 38). If many adjacent buds occupy a certain region, new 

buds appear at the appas i te side of the cell (4 cases). ln the 

/ 
event where these two opposite regions are fi lIed with buds and 

bud scars, new buds form laterally (2' cases). 

~ Normal-looking cells appeared as saon as 1.5 hour after 

release but their frequency did not significantly Increase before 

an additional 3.5 hours (Table 19, Fig. 41). An average of two 
,1 

generations ils needed ta generate such normal-looking cells, 

1 

I.e. they do not develop directly from blocked cells but are 
1 

1 produced by the buds of the latter (Fig. 42). Normal-loaking 

/ cells are usually uninucleate or binucleate and do not show any 

( ~ 
chÏl:in fluorescence except for the rIng and bud scars. 

Uninucleate normal-Iooking cells have the same SIZe as unblocked 

) 
mutant cells (cf. Fig. 41 17). Binuc leate wi th 9, 16, 

normal-looking cells are more elangated and sI ightly larger than 

the former. (R=20 ND l ), normal-looking cells At late release 

form tre majority of the total cell popul at ion (80.4%), al though 

their proport ion can be increased (90.0% , R=20 Dl), if released 

cells are diluted with fresh YEPD medium at R=7.0 (Table 19). 

l SeE!' materials and methods: ND, non-diluted; D, diluted. 

/ 
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Table 18. Buddin behavior of released cdc-24-1 mutant 

Stage 
(no. of Samp1e No. of No. of 

-! hours after S1ze budd ing Percent age unbudded ~ercentage ,Total No. 
release) n = cells (%) cells ( %) of buds 

f 

0.5 102 34 33.3 68 66.7 34 

1.0 101 63 62.4 38 37.6 64 

1.5 101 73 72.3 28 27.7 75 

2.0 99 82 82.8 1<7 17.2 85 

2.5 100 71 71.0 29 29.0 75 

3.0 100 73 73.3 27 27.0 93 

3.5 100 76 76.0 24 24.0 c 110 

4.0 105 82 78.1 23 21.9 119 ,. 
5.0 103 82 79.6 21 20.4 130 

6.0 100 59' 59.0 41 41.0 83 

7.0 101 74 73.3, 27 26.7 120 
l, 

20.0 ND 102 52 5.1.0 50 49.0 59 

20.0 D 100 53 53.0 47 47.0 56 

" r 

l 
1 
1 
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Table 19. Time of appe~rance and chitin distribution 'of ,norrnal-looking 

çells produced during release. 

'1; 

\: 
No. of 

Sarnple normal No. of normal 100 king 

Fl~e looking ce Il s wi.th higher 
Stage ceUs Percent age than basic chitin 

, 
1 

0.5 1 102 0 0 0 

1.0 101 0 0 0 

1.5 101 1 1.8 0 

2.0 99 4 4.0 0 

2.5 -:JI 00 3 / 3.0 0 

3.0 ~100 4 4.0 0 , 4 

3.5 100 6 6.ê 0 
-et 

4.0 105 2 1.9 1 

5.0 103 11 10.7 2 

6.0 100 26 26.0 0 

7.0 101 24 23.8 1 / 
/ 

20.0 ND 102 82 80.4 1 

, " 20.0 D 100 90 90.0 5 

1 
! 
/ 

\ 
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Nuclear behavior \\, 

Table 20 de~onstrates, that the frequry of any cell-type 

,relative to lts tumber of nuclel does notf significantly change 
/ l' 

1 i 

at' any stage of release, as there lS a'pproximately the same 
1 

proportion of cells contalnlng none, one, two, three, four, five 

or more nuclei,' at early, rniddle and late release stages. 
~ 

, 

Binucleate constitutes, by far, the most abundant class (not less 

than 68.0%) and two types of su'Ch cell exist (Table 21); those 

which have their nucle'i far apart' (~igs. 43 and 44) and those 

whose nuclei lie side by side (Fig. 45). Although the total 

number of ceIIs having two nuciei does not markedIy change during 

release, the type of binucleate cell does. After six hours and 

more, binucleate ce,lls with nuciel far apart tend to be replaced 

by those whose nuclei ar'e close together. 

The two' types of binuc leate cells give nse to two maln 

'budd ing pat tems. In most -binucleate cells, 

close together (ave. 87.6%) and divide into 

the two nuclei lie) 

the same bud (Fig. 

36), and in a few, the nuclei are far apart (ave. 12.4%) and rnflY 

produce either one or two buds, each_ proximal ta a nucleus which 

will divide into it (Fig. 37). The former type generates 

binucleate celis with nuclei close to each other while thi latter 
l, 

type lS responsible for the production of uninucleate buds. If 

this lS 50, one would expect the proportion of uninucleate cells 

release progresses, but thi"s 0 is clearly not the 
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Figure 36. 

r 

T . 1 '.. Fl'gure 3/7. yplca nucle~ ,dlVlSlon 
in released binucleate 
cdc-Q4-1 cells with nuclei 
close t'ogetl1er 

(j 

\S8 

Typical nuclear division 
in released blnucleate 
cdc-24-1 cells wlth 
'nuclel far apart 

.1 

case, and it seems, ln contradiction with the data presented in 

Table 20. Two phenomena might explain this apparent disparitYi 
• 

1) Certain cell types might bud faster than others. , For 

instance, the generative capacity of binucleate ceIls ,having 

c1ose-together nuc lei might be greater than that of 

uninucleate cells. One might speculate " that there is an 

c 

additive effect of ,'correctly oriented microtubules where 

twica., as many vesic les will reach the same site. 

Unfortunately, the present form of analysis cannot support or 

contradict this hypothesis, and leaves us with an open 

quest ion: A study at the electron-microscopie level with 

early released sarnples should resolve this issue. 

2) Second, and not exclusive of one, there might be sorne kinds 

. ' 

of "eompensatory meehanisms" whieh are responsible for the 

generation of certain ceU types. For instance, a binucleate 

cell having its nuclei far apart rnight give rlse to a 

, . 
,­, 

/ 
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uninucleate bud, but if, as the bud, grows, there is migration 

of one of the parental nuclei ta the bud and if the -bud 

, \ nuclel lie close together, a binucleate budding pattern might 

be regenerated. The fate of this bud succeSSIve 

-- 1 1 generat ions has been changed from cell,s to 
1 

binucleate cell s by nuclear migrat ion, 
! 

exampye of 

"compensatory mechanisms". 

In o'rder to verify ,the existence of such mechanisms and 

consequently the validay of Tables 20 and 21, released cells 

were classified in various categories acç:ording to the number of 
, '..l~ (J-

nuclei observed either ln mother cells or buds, and nuclear 

behaviar was followed ln relation to the budding behavior. 

Released cells and/or their buds were pooled and separated into 

the following categories: 

1) budded or unbudded cells paving no nuclei 

-
2) budded or unbudded cells or buds having one nucleus 

3) as 2) but with two nuclei 

4) as 2) but with three or more nuc1ei 

Hypotheses are then made on haw a cell-type might have 

arisen from a previous stage. 

Budded or unbudded cells having no nuclei: The following 

phenomena or mechanisms might be responsible for such cell types: 

1) Migration of the nucleus or nuclei from the mother cell s ta 

the buds • Buds having one, t wo or three nue lei were seen 

. . 
, \ 
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where the mother cells have none (36 cases).' 

2) Destruction of the DNA of rnother cells by the action of 

DNAases. Mother cells did not stain because they contain no 

DNA. Budded and unbudded cells were observed which' did not 

flubresce with DAPI (32 cases). . 

3) Loss of the nucleus frorn the cel!. A few unbudded oeB s (5 

cases) were observed' where the single nucleus ~ being ':lost" 

through the ce 11 wa Il. Thi/;l might not represent a. true 

phenomenon but sorne fixation artifact (Fig. 46) • 

,4) There ~s no combination of the stain with DNA because cells 

might be dead prior to fixation and the entry "of' the stain 

through the plasrnalerrnna lS irnpeded. Th i 5 po S s iob i 1 i t Y IS ., 
supported by the fact that ln cells having no' fluorescent 

'" 
nUcleul. or nuclei, mitochondrial D~A fluorescence was also 

absent. 

Furt 'ermore/, in the bud~ of a few cells where the mother 

! 
cells had no detectable nuclei, a single very large nucleus was 

J 
seen, suggesting that nuc1ear fusion might have occurred (5 

cases). 

Cells or buds with one nucleus: The following processes or 

celi types can yield uninucleate cells or buds: 

1) Uninucleate 'cells 031 cases). Budding uninucleate cells 

produce uninuc 1 eate daughter, cells. 

2) Binucleate cells with nuc1ei far apart (135 cases) or 

) 
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multinucleate cells having at least one 

91 

) 
of their ~uclei apart 

from the othe~s (27 cases). When two nuclei (Figs. 37 and 

47) or more are separated by a distance greater than the' 

diameter' of a nucleus they behave independently, 1.e. each 

nucleus can 'give rise to, a uninucleate cell. 

3) Nuclear migration' 00 'cases}. 1 
4) 

5) 

Nuc1ear fusi~n (46 cases, Fig. 43). 

~ 
in nuclear division (la Binuc1eate cells showing asynchrony 

cases) . tven if a binucleate cel! has its two nuclei lyirig 

side by side, only one nucleus might divide into the single 

s,uch a 

they are at different stag,es of their life cycles. 

case, a uninuclea~e cell ls gene_~ated. 
In 

.. 

, , 
Cells,or buds with two nuc1ei,': The following processes or 

cell types might he responsible for the gederation of,binucleat~ 

'cells or huds: 

1) . Binucleate cells having their nuclei residing side by side 

(1,007 cases, Figs. 36 and 49) or multinucleate cells having 
~ 

a group of two nuclei close to each other and away from other 

nue lei. The group of two nuclei will divide into the sam~ 
/' 

bud (20 cases). , 

2) Nuclear migtation '02 cases). 

3) Nuclear division without budding. Unbudded 'uninuc1eate cells 

that have their nucleus dividing without bud formation or 

,1 ' 

modification of cell 'wall fluorescence (3 cases). 

1 
. 1 
, 1 

1 i, ' 
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Cells or buds with more than two nuclei: The following 

processes might generate multinucleate cell~ or burls: 

1) Nuclear division without budding (2 cases). 

2) Nuclear migration (7 cas"es). 

Thus, it seems likely .that the, conversion of rert ain cell 

types 1S the reault 'of mechanisms such as nuclear migration, 

nuclear division without budding, nuclear fusion, loss of nuclear 

synchrony, ... etc., to name a few. These mechanisms ,might he 

suffie ient to explain the observed frequen~y of each céll type 

throughout the first twenty hours of release (Table 20). ! 
having 1 Furthermore, 1n early released binucleate cells 

adjacent nuclei, nuelear migration was observed prior to division 
.., 

(Table 22, Figs. 48 to 51) and the bud al wfiY$ emerged at the site 

oppbsite to the original nuclei location (Fig. 48). This appears 

to be valid only for thé first nuclear division following release 

S1nce this phenomenon was not observed in subsequent divisions. 

Binucleate cells with nuc1e~' far apart seem not to show tha~ 

behavior. 

Chitin behavior 

Within the first 0.5 hour al permissive ternperature, there 

is"a noticeable decrease in gehe,raL fluorescence, ,which no longer 

masks the oId bud scars. The first buds to emêrge are not 

located seqoeq,t ially ta the l"OW or rowS of oid bud scars and 
/1 

~ . 

" 
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Tabl€ 20. Number of nuelei in rnother cells during release • 

.,. 
Number of 
nuclei in\ R=0.5 R=l R=H R=2 R=2t 
mother-eell 1 

2 7~ 
0 

2 12 7 
0 2.0% '6 :9%~" 2,; 0% 12.0% 6.9% 

6 l 4 12 16 
l 5.9% 1.0% 4.0% 12.0% 15.8% 

89 90 95 69 77 
2 87.3% 89.0% 94.1% 69.0% 76.2% 

4 3 5 l 
3 3.9% ~3";(}% 5.0% ' 1.0% 

1 2 
4 1.0% 2.0% 

,.. 
5 

5 

Total number 
of moLher cells 102 101 101 100 101 

0 

. -

R=3 . 

6 
6.0% 

21 
21.0% 

68 
68.0% 

5 
5.0% 

100 

""'\ ~ 

'" 
. 
~ 

\ 

~ 

R=3t R=4 R=5 R=6 R=7 R=20D R=20ND 

2 4 8 7. 6 6 2 . 
1. 9% 3.3% 6.3% 6.5% 5.0% 5,.8% - 2.0% 

3 15 14 j 19 11 6 
O2 . 8% 12.4% 11.1 % 2.8% 16.0% 10~ 7% 5.9% 

96 97 98 95 92 82- 94 
89.7% 80.2% 77 .8% 88.8% 77.3% 79.6% 92 .2% 

4 3 6 1 l 3 
3.7% 2.5% 4.8% 0.9% 0.8% 2.9% .". 

1 2 1 
0.9% 1.7% 0.9%. 

i 
~. 1 

0.9% " 0.8% , 

-,- ,1 
1.0% 

107 121 126 107 119' 103 102 
c-

l The total number of mother eell_s is not necessarily equals to the sample size sinee an undet.aehed bud wttich .is ?ud,~_ing might 
be eonsidered both as a mother-ce1l and a bud. -, 

Nucleus undergoing division was counted as one (1 dN=lN). ~"". 

Totals May not add to 100.0% ainee pereentages were rounded up to the closest 0.1%. \0 
, W 

" . 
, -- ... - ._,..- ~""-<I'..f,J";."""~~,,,,-,,,,",,' _.,O:&"'"""~, ... - ... ~ .............. ~ .. ~o'f "'~~- ,. 
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'Table 21. Frequency of the two types 1 of released binuc1eate cells. 

No. of mother No. of mother No. of mother 
ce1,l s with ,cells with 2 cells ~ith 2 , 

Stage 2 nuclei nuC'lei apart Percent age n1Jcl~i tfogether Percent age 

0.5 89 18 20.2 71 79.8 

1.0 90 14 15.6 76 84.4 
( 

1.5 95 ' 12 12.6 83 87.4 

2.0 '69 24 34.8 45 65.2 

2.5 77 14 18.2 63 81.8 

3.0 68 11 16.2 57 83.8 

3 • .5 96 10 10.4 86 89.6 

4.0 97 10 10.3 87 89.7 

5.0 98 15 15.3 83 84.7 

6.0 95 3 3.2 92 96.8 

7.0 92 4 4.3 88 95.7 , 

2ü.OND 82 0 0 82 100.0 

20.00 94 0 ü 94 100.0 

1 - Apart means that there is 'more than half a nuclear diameter separating 
the two nuclei. 

- Together means that the two nuclei are separated by a distance which is 
less than half a nuclear diameler. 

,', 
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Ta'bl~ 12V Nuclear location 1n earl released budding binucJiate cells 

1 
e1 

~ 1 close together. 

Stage 

R=O.5 

R=l.O 

l' ., 
Total No. of 

budd~d binucleate 
cellb with nuc1ei 

silde by side 
1 
! 

33 

54 

1 
1 
r 
! 
1 

1> 

No. of binucleate 
cells with their 
nuclei in lower 
halves of mother 

cells 

20 

3 

. , 

No. of binucleate 
cells with their 
nuclei in upper 
halves of mother 

cells 

10 

46 

\ -

No. of binucl.aate 
cells with their 
nue lei centrally 

located " ,-

3 

5 

1 

" 

1/ 
l 
li 
I~ l, 
'1 
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appear without rings (Figs. 52 and 53; further evidence given in 

section 4). The mother cells which produce these buds tend to be 

pear-shaped, as they 1ack the relnforcement of the nng, with 

buds emerglng at the narraw end (Fig; 53). A few unbudded celIs 

are seen which have one or twp regions, in their cell wall which 

are less fluore's'cent than adjacent regions. Although buds might 

appeé!t" ln tpese regions of low fl uorescence, they are not 
~ " 

actually seen emerging from such regions because 1) there might 

be no relationship between these two events, or 2) as the bud 

emerges such a low fl ua rescent region becomes as fl uorescent as 

adjacent reg:ions (as is the case in budding zygotes). Regions of 

stronger locallzed fluorescence are evident in the wall of sorne 

cells (Fig. 47) which might correspond to structural anomalies 

seen al the electron-microscope level, as weU as lrregularities 

in the neck region (also observed ln diploid cdc-24-2 cells; 

Boothroyd, persan al communi-é~t ion). Most early buds (R=O.S ta 

R=2.0) show slow development of chitin rIngs and of septum 

formation (Figs. 52 and 54) but later (R=2.5 and longed, new 

buds have normal nngs at their bases • Sorne qui te abnormal buds 

li. 
can then be seen. Abnormal buds are frequent ly el ongated and 

they may show chitln deposltion and wall lhickemng around the 

middle of the side walls with less fluorescence or thickening 

towards the base and lfJroughout the tip region (Fig: 55). When 

buds wi thout normal at their bases are capable of 
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separating, a fIat dark surface on the cell wall of the 

1 
mother-cell

r 
and on the corresponding bud lB observed (Fig. 56). 

Prior ta separation, a fluorescent plaque develops at the base of 

such buds (Fig. 43). 

iii. FITC-Con A -slained samples 

Cells released for either 30 minutes or fiv,e hours were fixed, 

and subsequently stalned with FITC-Con A. The distribution of mannan 

ln the cell wall was studied uSlng fluorescence mlcroscopy, as 

previously described. 

Table 23 shows that buds produced dur,ing early release are 
{} 

, often less fluorescent than their parénts (30 buds on 46) but later 
'\ 

they beeome as fluorescent (64 buds on 73). By looking at the size 

of buds al these two stages of release, it beeomes evident lhat small 

buds regardless of the stage of release are less fluorescent than 

their mother cèlls (Fig. sn but as they grow they beeome as 

fl u à r e s e en t ( FIg. 5 8 ) '. 
, 

Agaln, a few unbudded cells are seen which 

have one or two reglons ln th~ir cell walls which are less 

fl'~orescent than adj aeent reg ions. However, as for chitin, small 

buds were not Jactually seen emërging from these low fluorescent 

reglons. 

Sorne early rehased budding cells (6 cases) have a diffuse 

concentration of mannan around the bud neck region which might 

reflect the deposition of material needed for septum wall formation. 

/ 
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Table 23. ,Budding index and mannan 
'1 

-released for 0.5 and 5.0 

Stage (hr. 
of release) 

Sample Slze, 
n= 

No. of unbudded 
cells 

No. of budded 
cells 

No. of buds 
observed 

1 
/ 
1 

No. of buds less 
fI uore~cent than 
parents 

No. of buds equally 
fI uorescent with 
parents 

fluorescence 

hours. 

R=0.5' 

103 

59 
(57.3%) 

44 
(42.7%) 

46 

30 
( 65.2%) 

16 
(34.8%) 

t . 

of buds of mutant cells 

Il' R=5.0 

101 

40 
(39.6%) 

61 
(60.4%) 

73 

9 
02.3%) 

64 
(87.7%~ 

, . 

98 

.,1);' 

1 
~ 

,1 
1 

1 
i 
j 
j 

1 
1 
1 
1 
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It is "known that the chitin nng is absent at! that stage (p'art ii). 

The ,same type ·of cells can be seen in the lat~r sample but in higher 

1 
frequency (4~ cases) and mannan lS more conèentrated. Cells 

1 
1 

defective ln :' cytokinesis show strong accumulation of mannan at the 
1 • 

1 

base of the large undetached bud (6 cases), which often lS unequally 

distributed., Undetached buds /show a plaque of chitinous material and 
1 

newly produced buds a ring (Jart ii). Thus, mannan and chitin seem 

1 . 
to be deposited at the same sItes. This observation lS confirmed by 

the existence, in, cells released for five hours, of c ircular 

surfaces, the size and shape of chitin rings, which are devoid of 

mannan fluorescence. These surfaces are absent ln early release~ 

cells which are a1so known ta lack chi tin 
1 

adjacent ta the rim of these darkly circular 

rings. The 

sc ars show an 

reg ions 

intense 

mannan fluorescence which decreases with increasing distance (4 

cases, Fig. 59): 

1V. MiscellaneDus observations 

Survival rate of eight-hour blocked cells: ls the eight-hour 

block responsible for the selective death of a part of the starting 

population (B=O) and can observations made on re1eased cells be 

related ta the whole initial culture or only ta a fraction of it? To 

answer that question, the percentage of survival of an eight-hour 

blocked cult;.ure was determined by recording the ability of cells of 

this culture to form colonies on agar plates. Cells blocked for 

o 

! 
o 
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eight hours at' 37°C were transferred from liquid YEPD medium and 

plated at known density on YEPD-agar plates. After several days of 

growth at roorn temperature, the number of colonies was counted. The 

percentage of blocked cells able to fonn colonies was 76.5 (range 

63.0% to 90'.0%). This represents a mInimal average value, since no' 

sonification was used (sonification, at B=8, lncreases the percent age , 

of lysed cells). 

Orange bodies and metachromatically-stained granules: A total 

of 1,,314 released cells (total sample size) and 1,103 buds, (total 

no. of buds) were stained with DAPI and calcofluor, and exarnined by 

r 
None (one except ion at R=20 D) showed fluorescence rnlcroscopy. 

orange bodies, despite their relatively high frequency at late block. 

When cells released for 0.5,- 5.0, and 20.0 hours (diluted) were 

stained with toluidine Blue D and ob'served with bright-field 

rnicroscopy, ~he folldwing observations were made: 

1) R=O. 5 hour. Metachromatically-stained granules were absent. 

However, sorne tiny particles werer seen randomly distributed 

(dusty appearance), except for some aggregation in the vicinity 

of the newly e~rging bud. 

2) R=5.0 hours. Metach romat i c ally-stained granul es were seen 

located randomly ln the cytoplasrn with more near the periphery of 

the cell. Granules were not seen 10 vacuoles. 

,3) R=20.0 (D). Metachromatically-stained granules were larger and 

rnostly associated with vacuoles, the ceU wall, or were found at 

( periphery of the cell. 
,-
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Thus, these granules seem to be ~ynthesized 1n the cytopl asm 

1 
and to accumul ate' in vacuoles as time a~ release increasei. 
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PLATE VI. Budding behavior during release 

Figures 38 to 42. 182-6.3 a cdc-24-1 cells blbcked for eight hours, 

Fig. 38. 

Fig~ 39. 

Fig. 40. 

" 

Fig. 41. 

Fig. 42. 

released for various times, and either unstained 

(Fig. 42; 1200X) or stained with DAPI and calco­

fluor (Figs. 38,39,40 and 41; 1500X). 

Bibudded cell with buds of different Slzes emerging on 

opposite sides of the mother-cell (R=3.0). 

Multibudded cell with huds that failed ta separate., The 

largest mother-cell shows a bud producing a bud which is 

less fl uorescent than i ts progenitor and appears un1-

nucleate. This bud 1S oriented toward s the firSt 

mother-cell which has also produced a second bud that 

appears binucleate and which is proximal to the first 

emerged bud (R=5.0). 

Mother-cel! displaYlng a bud on a bud. Nuclear division 

1S occurring into that latter bud which 1 s oriented 

towards the first mother-cel!, and appears less fluo-

rescent than its parent Nuclear division is occurring 

in the least fluorescent bud and its mother-cell (R=5.0>. 

Uninucleate normal-Iooking ce 11 with one bud ,scar. Note 

basic fluQrescence of the cel! wall and mitochondrial 

fluorescence (R=20.0 ND). 

La~ge cell with large vacuole, typical of blocked cell; 

intermediate sized cell, apparently with, two buds; small, 

normal-Iookirtg celi with bud 

contrast; R=7.0). 

(Nomarski interference 

, ( 

- \ 
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\, PLATE VII. Nue lear behavior durin re lease 

, f 

Fig'.lres 43 to 51. 182-6.3' a blocked for'eight hours, 

Fig'. 43. 

, Fig. 44. 

Fig. 45. 

. Fig. 46. 

Fig. 47. 

released for various'" times, and stained with:DAPI 

and caleofluor; 1500X. ., 
Budded binucieate cell w~th nude i far apart. The bud 

contdins a sing~e large highly fluorescent'nucleus.' Nbte 

the fluor:e;scent plaque at the base of the bud (R=2~5). , 

Unbudded bioucleate cell with nuclei far apart (R=2.0).' 

Unbud'ded bioue-leate" eell with, nuelei elosè 0 toge~her, 

(R=7.0). 

Unbudded cell losing its nucleus tqrough the cell wall 

,CR=2.S) • 

Budded binucleate cell with F1uc1ei far apart. 

, 
~ , 

The less 

fl uorescent bud ~s uninucleate. Note e ircular regio'Cl of " 

higher fluorescence at base of mdther cell wall (R;:5.0). 

Figures 48 to '51. Early released binucleate cells showing nuclear 

migration 'prIor to division. The ,bud emerged at 

the opposite side to the original nuclear! location. 

(Fig. 48, R=0.5L 

approach (Fig. 49, 

R=1. 0) • 

As the bud enl ~rgi!s, nuc1ei 

R=0.5; Fig. 50, R';'1.d; Fig. 5'1, 

1 

.. , 
l, 
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PLATE VIII. Chitifl behavior durip release 
~--------------~+-------------~~-------- o 

Figures 52 to 56. 182-6.)... a cdC"-24-1 cells blocked for eight hours, 

Fig. 5,2. 

Fig. 53. 

Fig. 54. 

Fig. 55. 

Fig. 56. 

with 

far vario4s t imes, and either, stained 

(Figs. 52, 53,54. and 55) or 

combineq ta calcofluor (Fig. 56). 

1500lCy 
Early 'releJed bibudded celle Buds 

1 

1 
1 

1'ppeared without 
fi! 

rings al widely separated si tes on ill~he mother-cel1. 

Their ceri walls are practically non-fluorescent. Note 

the ,absence of constiic t ions at the bases of th~ huds 

(R=0.5). 

Pear-:lhaped 
/ 

the, /narrow 
1 

cons'tricted 
l' 

cell with ft 1 ess fl uorescent hud emerging at 

end without a rlng. 

at its hase (R=l.O). 

The bud IS not 

Budded cel1 showing a part ial :ring at the bc:tse of its 
! 

m~~ium sized hud. This hud is less fluorescent than its 

mb'ther cell and lS somewhat constricted at ils hase 

(~=2.f)·. 
'Elongated bud with fluorescence around mid-region of side 

walls; sorne fluorescence at neck (R=2.0). 

Released cell showing a less fluorescent flat surface on 

its cell wall (R=5 .0). 

Fig,ures 57 to 59. 182-6.3 a cdc-24-1 blocked for eight hours,' 

Fig. 57. 

1 
Fig. 58. 

o Fig ~ 5f' 

• 

released for 0.5 or 5.0 hours, and stained with 

FITe-Con A; 1500X. 

Early released budded cell with less fluorescent l>ud 

(R=O.5). 

Late released hudded cell with .1 arger and more 

fluorescent bud (R=5 .0). 

Example of a "mannan bud scar" (R=5.0).<' 
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.3. Karyogamy~deficient crosses 

Equall numbers of cells opposite. ln matiiiog-type and deficient ln 

karyogamy were mi xed. ,pamples were taken before (unmixed strains 

JC-25..::,., JC-7i!.) and three, four, five, SIX, SIX and a half, seven, and 

eight and a half hours after mlKing (respectively referred to as M=3.0 

to 8.5), and fixed as reported before. The budding, nuc1ear, and 

chitin and mannan cell wall behavior of the zygotes and of their buds 

were stud ied following method s described for the cdc-sys tem. Mannan 

distribution was followed only ln the two pre-mixed samples and three 
o 

hours after mixing. 

Throughout the kar- mat ing experiment, 85 zygotes were recorded, 

among which 27 were lInblldded and 58 were budded, bearing a total of 65 

buds. These 65 buds had the following location and chitin 

distribut ion: 4S had ri ngs wi th 28 of these buds being terminal (Figs. 

60 and 61) and 17 central; 12 had no ring with 3 of these buds being 

terminal and 9 central; 8 had an incomplete rIng (partial) with 3 of 

these buds being terminal, and the remaining 5 central (Table 26). 
IV' 

Budded zygotes Wl th t ernllnal buds can be seen ln FIgures 60 to 63, 

while those with central buds can be seen in Figures 64 to 67. These 

buds appeared in regions of low fluorescence of chi tin (Figs. 60 and 

61)0 There were three sueh regions in fused cell s; in the central 

portion of the conjugation tube (Figs. 61 and 68) and at the 

extremities of the zygote (Figs. 60, 61 and 68). The bud emerged in 

- .. 
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the low fluorescent region c10sest to the nucleus or nuclei (Figs. 60 

and 61). As the bud enlarged, the reglon ln which it had emerged 

• became as fluorescent ln chitin as adjacent reglOns (Figs. 62, 64, 65 

J 

and 66), If a bud has emerged without a ring, one might form later 

when the daughter-cell en1arges. This deduction 18 based on the 

following observat i0ns: 

1) More buds with rings were seen at late stages CM=6.0 ta 8.5) than 

at early stages CM=3.0 to 4.0), 27 buds out of 28 versus 13 bud~; 

2) The number of buds wi th part ial rings decreased during the same 

"period, 7 buds out of 28 versus none Out of 28. 
1~ 

The absence of partial rings in buds of the late samples and tlie 

corresponding high frequency of buds with normal rings sugge,sts a 

converSlOn of the former into the latter. 

Small buds emerging on unfused celi s ",,~t-e usually less fluorescent 

ln chitin and mannan than their p~re-nt cells. 

Two types of bi- and multinucleate cells werea10bserved fOllOWiJ 

mating. Those with nuc1ei or groups of nuclel far apart and those with 

nuclei close together. Again, if two or mo~ nuclei were close to each 

other, 1.e. separated by less than half a nuc1ear diameter, they 

divided synchronous ly into the same bud, otherwise each nucleus or 

isolated group of nuclei divided into the closer forrning bud and acted 

independently of the other. Most buds produced from the zygotes were 

binucleate Cl7 buds on 21, Fig. 64, 70 and 7l) with nuclei [close 

II 

- \ 
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together (13 buds on 17, Fig. 70). Chitin :Ln these cells was 

restricted ta the ring and bud scars, if present (Flg. 70). The buds 

resembled diploids :Ln belng larger and more elongated than haploid 

uninuc1eate cells and bipolar buddlng seemed very connnon. They were 

also larger and more elongated (FIgS. 70 and 71) than normal-looking 

binucleate eells produeed ln the ede-system following return to 

. 
permISSlve temperature. As a general rule, the volume of a eell tended 

to increase as the number of nuclel inereased (uninucleate, Fig. 60; 

binucleate, Figs. 70 and 71; trinuc1eate, Fig. 72; tetranucleate, Fig. 

73). 

Two phenomena eneountered :Ln the ede-system were al 50 observed 

here, namely nuelear division without budding (there were more 

multinucleate cells at M=8.5 than at M=3.0), and the presence of large 

nuclei which m.ight represent nuc1ear fusion ln spite of the kar-

mutation. 

( 
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PLATE IX. 

Figures 60 at vanous tImes following 

mating, and stained either with DAPI and 

calcofluor (Figs 60, 61, 62, 64, 65, 66 and 68) 

or with FITC-Con A (Figs. 63 and 67). l500X. 

Fig. 60. Multinucleate zygote apparently wIth three nuclei. Two 

of the nuclei (out of tacus) are at the base of the less 

fluorescent termInal bud. The bud has a rIng and IS 

located in a cell wall region poor in ch itln (M=3 .0). 

Fig. 61. Zygote with a terminal bud having a ring of chitin at its 

Fig. 62. 

Fig. 63. 

Fig. 64. 

Fig. M. 

Fig. 66. 

Fig. 67. 

Fig. 68. 

,base. The bud is located in one of the two cell wall 
j 

reglons poor ln chitin. Apparently,' two nuc1ei (out of 

focus) are at the base of the bud (M=3.0). 

Zygote wLth a less fluorescent terminal bud. The zygote.. 

seems trinucleate with two of its nuclei near the base of 

the bud CM='6.5). 

Zygote ,with a terminal bud (FITC-Con A-stained, M=3.0). 

Binucleate zygote with a less fluorescent central bud 

having two nuclel far apart. Note the highly fluorescent 

cell wall at lhe base of the large bud and the less 

fluorescent extremities of the zygote (M=4.0). 

Zygote vnth a uninucleate central bud. The bud and the 

two extremit ies of the zygote are less fluorescent than 

other cell wall reglons. The cell wall at the base of 

the large bud is highly fluorescent. Note the presence 

of a nucleus in one of the zygbte extremitles (M=4.0). 

Zygote with less fluorescent central bud. The 

extremities of the zygote are less fluorescent than its 

central portion (M=8.5L 

Zygote wlth less fluorescent central bud CFITC-Con A 

-stained, M=3.0). 

Unbudded zygote with nuclei far apart. One extremi ty of 

the zygote as weIl - as its central part are less 

fluorescent than adjacent regions CM=4.0). 
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, 
,PI.:ATE X. Cells produced br budding zygotes and unfused kar- ceIIs 

Figures 69 to 73. Cells produced by zygotes (Figs. 70, 71, 72 and" 

Fig. 69. 

Fig. 70. 

Fig. 71. 

Fig. 73. 

( 

73) or unfused kar- cells (Fig. 69) stained with 

DAPI and calcofluor}. 1500X. 

Uninuc1eate unfused kar- cell. The unbudded cel 1 lS 

relativ~ly spheroid. 

Budded binucleate cel! with nuclei close together and 

chitin ring at the hase of the bud. Note elongated shape 

and increased volume as compared with Fig. 69 (M=6.0). 

Unbudded blnucleate cell with nuc1ei far, apart. The cel1 

is more elongated and larger than in Fig. 69 (M=7.0). 

Trinuc1eate cell wlth nuclei close together. Bud scars 

can be seen at the extremities of the elongated larger 
1 

mother-cell (M=8.5). 

One tetranucleate cell with nuc1ei close together. The 

cell is elongated and very large (M=8.5). 
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4. Role'of the chitin rlng 

i. Chitin ring formation and bud Emergence 

No essentlal relationship was found between the formation of a 

ring of chilin and the Emergence of a bud, Slnee many buds without 

rIngs were seen ln both bloeked and released cdc-24-1 ceUs and ln 

~ budding zygotes. All observations were made on cells that were 

stained either with a eombination of DAPI and calcofluor, or with 

calcofluor aione. 

a) Released celis 

The uneoupl ing of 'chitin ring formation and bud Emergence 

implies a lack of a causal relationship: during early release, 

buds first appeared wi thout nngs (Table 24). Th i s i ncl i c a tes 

thaf the rIng is not needed fur bud initiation and must then have 

other functions. Buds wi th part i al rings were seen as early as 

one hour following release, and less after afterwards. Buds with 

typical rings appeared 1.5 hour after the temperature shift. One 

rnight ,then ask \.metheI:- budding cells displaYlng partlal rings are 

cells, depositing their rings ln their already emerged buds or 

celIs whose buds possess that particular type of ring on 

emergence? If the latter hypothesis is valid, one would expect, 

at R=1.5, ta see rnost very early buds with partial rings, but if 

the former hypothesis is valid, to observe a wider range of buds 

, 
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Table 24. Frequency of re leased budded cells without, with partial, or with complete 

rings. ! 0 

1 

1 

No. of No. of 
Stage No. of buds with buds with No. of 
of Sample budding Total no. no part i al buds Unknown 

Release Size cells of buds rings rings with rings cases 

R=0.5 102 34 34 34 0 0 0 

R=l.O 101 63 64 50 14 0 0 

R=1.5 101 73 75 54 10 11 0 

R=2.0 99 82 85 17 7 59 2 

R=2.5 100 71 75 4 1 70 0 

R=3.0 100 73 93 4 2 86 1 

R=3.5 100 76 110 Il 5 88 6 

R=4.0 105 82 119 5 5 108 1 

R=5.0 103 66 130 7 l 121 1 

R=6.0 100 59 83 3 0 80 0 

R=7.0 101 
\ 

74 120 2 2 115 1 

R=20.0n 102 52 59 3 2 54 0 

'R=20.0ND lQO 53 56 0 1 55 0 

Q 

( 
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.' of dir'ferent S1zes having part ial rings. At R=l. 5. eleven puds , 
wlth partial rings wer~ seen, among which two were $lI)aller than 

one sixteenth the relative volume of their mother cells, and nI ne 

1 arger. These nlne buds ranged 10 slze from one eighth ta seven 
~, 

eighthf. the relative parental volume. It seems therefore, that 

early released budded cells were able to deposit a ring of chitin 

at the base of their buds after a short lag-penod. 

b) Blocked cells 

Occasionally, a few leaky cells esc aped black and 

produced buds that rendered the mother-cell pear-shaped. Leaky 

cells had buds with no rIngs or sometimes a weak and ill-defined 

ring (partial ring, Table 25, Fig. 12). 

c) Budding zygotes 

Approximate ly 20% of the buds produced on zygotes d id not 

display rings of chitin at their bases (12 buds out of 65, Table 

26). Furthermore, two abnormally elongated buds were observed on 

binuc1eate cells that had no rings. Again, there seems ta be no 

relationship between the ability of such cel1$.:::;;to lay down a ring 

and [;0 bud , nor VJ~,s there any relation between the 

position of the bud on a zygote and the presence of a ring (l'able 

( 
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Tab le 25. Type of chitin ring seen at the base" of a bud in leaky mutant 

cells blocked up to eight hours. 

Budd ing Budding Budding 
No. of cells cells cell s 

Sample budd ing with 'with par- with no Unknown 
Stage Size cells rIngs tial rings ring cases 

B=O 100 55 55 0 0 0 

B=l 102 44 44 0 0 ',0 

B;::2' 100 
, 

25 24 
, 

0 0 1, 

B=3 100 7 0 3 1 2 1 2 

B=4 100 12 0 0 3 1 9 

B=5' ,100 12 2 0 '2 1 8 

B=6 100 4 ,0 Û Q '3 

'B=7 103 l 0 0 .' ° 1 

B=8 101 72 3 ° 31 2. 

l 1 

pear-shaped 1 " 

2 one budding ce Il has two buds 

113 

Table 26. position of buds and type of. chitin rIng observed on budding kar- zygotes. 

" No. of buds with No. of buds with No. of bud s 
No. of Total rings Eartial rings with no ring 

Total no. budding No. of 
of zygotes zygotes buds 

Pos!it ion Position , Posit ion 
Total Tll C2

0 Tot al T C Total T C 
1 

85 58 65 
, , 45 28 17 8 3 5 12 3 

.~ 

1 T. terminal bud 
"'" 

2 C, central bud 
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ii. Chitin ring formation and normal "bud shape 

The chi t in ring seems import ant for the developm~nt of the 

normal bud shape. In' the ab sence of a complete ring the buds werè : ® 

ab nQ!JD a Il y snaped, both in )locked and released cdc-24-l celts and in 

budding kar- zygotes. 1 - , 

a) Released é'ells 

Cells that have no chitin rl.ngs have abnormally-shaped huds 

with no constrict ion at tbeir bases: d uring release, '194 buds 

• , J 

without rings were seen, none of them showed a constriction at 

mother cell-bud junction (Table 27). Mother cells tended to be 

pear~Shap\ .at early bud emergence (34 buds on 34, Table 24, 

Fig. 53), but when the ring was depo si ted later (R=l. 5 and 

longer, Table 24, Fig. 54), constriction at the bases of the buds 

was observe'd (at R=Z.5, 75 buds were analyzed for presence of a 

rIng and constriction; 70 buds. with" rings were constricted, one 

with part,ial rug was somewhat constricted, and four with no ring 

showed no constric'efon). 

It is still unknown whether the rlng pl ays a ,passive or. 

active role ln constricting the mother cell-btid junction, l.e. 

whe·ther the ring sets boundaries upon which cell wall expansion 

of the bud is limited or if it is actively compressing the neck 
1 

region on appearance. 

Cells that were budding with no ring at stage R=2.5 or 

J 

" 
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later (40 cases) were pear-shaped (19/40 cases), or had their 
~ 

buds with a large base 03/40 cases), elongated (4/40 cases), or' 

even·curv~d (4/40 cases) . 

. Addit:t0nally, a few ab,'norm"'al buds with -normal rings were 

seen that were constricted at their bases "(20 cases). 

b) Blocked cell s 

As mentioned before, cells thaU were escaping the block and . , 
budding without rings were pear-shaped. Amang the ten cases" 

observed at various ,/Stages of the block, all were displaying such 

à morphology (Table 25). In addition, budding cells having a 
\\ 

partial rlng at the base of the bud (4 cases) were also 

pear-shaped -but were slightly more constricted than if no r1ng 

was present (Fig. 12). 

c) Budding zygotes 

Following mating, 12 zygotes were able to bud without a 

chitin ring (Table 26). There was no constrict ion at the base of 

thesè buds (12 buds on 12), rnakiiig them look larger than normal 

at their bases. Buds that had developed on zygotes with a ring 

showed constriction at their bases (45 cases on 45). There were 

eight buds with partial rings; four had a 1 arge base or were 

abnormally shaped. Furthermore, there were two budding cells 

~roduced from the zygotes but nat attached to them which had 

abnormally elongated buds and, no chitin rings. 
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Table 27. Frequency of buds with no nng at various stages of release. 

l 

i 

t 
1 

1 
! 

( 

" 

l' 



( 

( 

. ----

117 

iii. g.itin ring formation and bud separation 

The chitin rIng seems to be important for formation of the 

septum needed for bud detachment. Buds formed wlthout nngs fail to 

separate from their mother cells untll a complete ring is formed and 

grow larger than their parents. 

This statement is supported by the observation of the following 

cdl types arising sequentlally during cdc-24-1 release (Table 24): 

1) At R=0.5, aIl buds emerged withoul rings (34 cases on 34; Figs. 

52 and 53). 

2) Later (R=2.0 and longer), most buds showed a rIng of chiLin at 

their bases, but a few falled to deposit a complete ring, and had 

, . large bases (Fig. 43). 

3) The buds of these latter cells grew large and started to produce 

buds of their own (71 cases; Figs. 40 and 41). 

4) Eventually, a complete chitinous plaque or system IS deposited 

between the first mother-cell and its bud (43 cases). 

5) Cell separation is lhe~n possible, since a few of the above cells 

in late release UJe,,~ seen with a large non-fluorescent fIat side 

where a "budding bud" was prevlOusly attached OS cases, Fig. 

56). 

Cood evidence for failure of detachment ln the absence of a 

complete ring or plaques was provided by budding cells having buds 

larger or as large as their mother cells and partial rings or 
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plaques 1 at their bases (17 cases on 22; Table 28). However, fi ve 

buds were seen that were 1 arger than their mother cel1 sand yet had a 

rIng. The presence of a ring ln very large buds mlght be explained 

by the followi ng : 

1) the ring ha cL formed late, when the bud was already very large. 

2) the abnormall y funct ioning but structurally 

normal-looki ng. 

3) the ring\.\las necessary for septum formation butUld-S not sufficient. 

J 

When the chitin distrIbution of undetached buds producing buds 

18 looked at (Table 29), it is found that buds that have failed to 

~parate from the orIgInal ffidther celi s may di spI ay a part i al ring 

(8/76 cases), 
• 1 

a rIng or no a plaque (48/76 cases), (6/76 cases), 

rlngs (4/76 cases). The complete absence of a ring strengthens the 

possibility of a direct relationship between chitin ring formation, 

septum formation and cell separation. 

Further evidence exists (n budding zygotes that the absence of 

a complete ring is responsible for the failure of bud separation. Of 

the 12 buds developing without rings, six were larger than aIl the 

b~ds emergings with a ring (45 cases). 

1 A ,plaque seems to represent a later stage of development than a' partial 
r~ng and buds at that stage might soon separate. 
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Table 28. Released mutant cells: type of chltinous material found at the 

base of buds larger than their parents. 

No. of cells No. of large buds 
with bud 

larger with with part ial with 
Stage than parent ri ngs rings plaques 

R=3.01 2 ' 1 l 0 

R=3.5 3 0 3 0 

R=4.0 5 0 2 3 

R=5.0 5 0 0 5 

R=6.0 3 l 0 2 

R=7.0 1 0 0 1 

R=20D 2 ,-
2 0 "() 

R=20ND 1 1 0 0 

TOTAL 22 5 6 Il 

1 Before R=3, aIl huds are sma1ler than their parent 

( ( 
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Table 29. Chitin distribution of released cells of the type "bud on a bud"; 

type of chitinous material found at the base of the fi rst bud. 

\ 

Total Ch il ln DistrIbution of First Bud 
No. of 
cases PartIal 

Stages observed No Ring Ring Ri ng Plaque 

R-2.0 l 0 0 l,. 0 
, \ 

R-2.5 l 0 0 1 0 

R-3.5 7 0 2 2 - 3 

- R-4.0 17 0 7 1 9 

R-5.0 22 3 2 1 16 

R-6.0 7 0 2 0 5 

R-7.0 18 1 2 1 14-

R-20 ND 1 0 1 0 0 

R-20 D 2 0 0 1 1 

TOTAL 76 4 16 8 48 

( 
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5. A comparative study of log- and stationary-phase mutant cells 

Sloat, Adams and Pringle (1981) reported that stationary-phase 

diploid cdc-24-1/cdc-24-1 and cdc-24-4/cdc-24-4 mutant cells shifted to 

restrictlve temperature (36°C) wlthout a change of medlum do not show 

delocalized chain deposition even afte»r a 24 hour-block. ls such a 

behavlOr plOldy- or strain-specific? Will the haploid cdc-24-l mutant 

used throughout this study behave correspondlngly? In order to answer 

these quest ions, mutant cells were grown at room temperature until. 

stat ionary-phase was reached. Then, cells were blocked for 24 hours, 

at wh ich t ime a sample was collected, fixed, and examined by 

fluoresc-ence mlcroscopy following staining w!th calcofluor. No 

difference ]n ch!tin distribution was found between stationary-phase 

cells blocked for 24 hours (T3) and log-phase unblocked celIs (TOI 

Table 30). In bath cases, chitin was restrlcted to bud scars and 

chitin rings. 

Would any other characteri st ics of a log unblocked state be found 

ln stationary-p~ase blocked mutant celIs? For instance, will the 

shape, volume, budding index, nuclear number, chitin and mannan content 

of cells be similar in both populations? 

These quest ions can be answered by comparlng the aforement ioned 

characteristics in cells of both populations. Change in cell shape has 

been detected by measuring the minimal and maximal length of individual 

cells (n=25 for each population). In turn, these measurernents have 

. \ 
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been used to determine the cell volumes. The number of nuclei per cell 

has been revealed by staining with DAPI, while the chitin and mannan 

COf1tent of the cell wall have been determined by staining respectively 

wilh calcofl uor and FlTC-Con A. The pf'rcentage of budding cells has 

been recorded during analyslS of cells stained with calcofluor and 

FITC-Con A. Resul ts can be seen ln Table 30. Stationary-phase cells 

b,1ocked for 24 hours possess only one nucleus, as do log-phase 

unblocked cells, but they differ from the latter ln their mannan 

content and theu buddJng index. Moreover, there is no dlfference 

between the volume of these two types of cells (Table 34; T3. TO)' 

Are these differences reflecting changes in age of the population 

(log( stationary) or temperature (blocked/unblocked)? To answer that 

question, two additional types of cullures need ta be studied: 

1) a log blocked culture (B=8, designated as Tl)' 

2) a stationary unblocked culture (B=O, designated as T2). 

Comparisons between the log ~nblocked culture (TO) and the log 

blocked culture (Tl) should indicate differences due to the black. 

Comparisons between the log unblocked culture (TO) and the stationary 

unblocked culture (T2) should point out differences due tü age. 

Similarly, differences due to the 'block might be revealed by comparing 

the stationary unblocked culture (T2) to the stationary blocked culture 

If results obtained 1.n such a case do not parallel those 

obtained between cultures TO and Tl' sorne insight lS provided 

concerning the expression' of the CDC 24 product at different stages of 
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( 
the growth cycle. Tables 30 and 31 provide a summary of suen a Sludy 

A large amount of mannan was observed ln unblocked 

stationary cells (T2) and at thlS stage, most cells were unbudded. 

Mannan aCCumu lat Ion and unbudd l ng seem ta be a consequence of the age 

of the popul atlon and not of the ternperature since cells are at 

permISSIve temperature. When a S Imi l ar cul t ure was blocked for 24 

hours CT3), almost no phenotypic changes were observed due to the 

prolonged black: no new chltin or mann<ln had accumulated, most cells 

were still llnblldded and uninucleate, and the volume of cells had not 

significantly changed (Table 34). Howcver there was a highly 

significant difference between the minimal and maxImal length of each 

type of cell (Table 32,33). TtIlS suggests that although cells are not 
" 

more volumlnous, lhey have changed shape due ta the block. 

Unblocked log-phase ceUs (TO) are characterized as previausly 

menti~ned by a cel 1 wall relalively poor in chitin and mannan, by being 

uninucleate and mostly blldding. However, when an identical population 

was blocked for eight hours (Tl), tremendous changes occurred. The 
'" 

1 evel of bath mannan and chit in great ly inc reased, cells became mostly 

binucleate and unbudded, and their minimal and maximal diameters and 

volume augmented highly slgnificantly. Thus lhe lemperature has caused 

bath the shape la change and vo l ume of the celI s to Increase, pl us an 

accumulation of celI wall components such as mannan and chitin. In 

addition, the temperature was responsible for budding cessation that 

rendered cells bi- or multinucleate. By comparing changes brought by 
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temperature ln TO, Tl cell s ta ch~nges occurrlng ln T2' T3 cells, one 

could 8ee that the only connnon change was ln the shape of the cells. 

That is to say that whet her a cell 1S ln log-phase or ln statlonary-

phase, a restrIctive lempcralure would affect its shape, making It more 

rounded. The other changes brought by the temperature ShIft, l.e. 

accumulation of chi lIn or mannan, DNA synthesis, or volumetric change, 

are phase-dependent. 

Which factors mlght be responsible for the absence of blocked 

phenotype in stat ionary-phase cells? ls the observed phenotype due to 

medium depletion or turning off of the CDC 24 product, or ta high celI 

denslty, accumulatIon of toxic products or absence of positive 

growth, ... etc? 

Fast, the effect of quality medIum (old or fresh liquid YEPD) 

tested at permIsSIve temperRture to determlne whether stationary 

edium free of cells would still be able to support active cell growth 
') 

permissive temperature. If this lS 50, one might assume that the 

CDC 24 product 18 turn off ln stat ionary-phase because of ageing, 

)' otherwi se the aforementioned other possibilitles hold. Clearly 

log-phase growing celI s were unable to further reproduce ln the old 

medium, but did weIl in fresh medium (Fig. 74). 

The next variable looked at was cell density. Mutant cells were 

grown up to stat ionary-phase and b locked for 24 hours. The med i um was 

then replaced by fresh YEPD medium (added at 37°C), but cell density 

was not changed. This culture was blocked for a further eight ho urs 

( 
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(T4) ~o see to what extent the unblocked phenotype of stationary-phase 

cells will change to a blocked log-phase phenotype (Tables ~O and 31). 

ln terms of their volumes and slzes, cellslllf;re showlng a phenotype 

intermediate between unb!ocked and campletely blocked log-phase stages 

(Table 31). In additIOn, a majority of cells ha.L two nuclei and high 

ch i tin ce Il wall c on t en t, t wa cha r a ete r l s tic s of 

phenotype. The mannan content of the cell wall 

significantly affected by this treatment, nor was 

a blocke~"tQgLphase 

did not [seem to be 
-7 

the budflling index. 

When a sirnrlar experiment was repeated but ln addition cells were 

diluted at the end of the 24 hour-block to a log-phase density 

(approximately l x 106 cells/ml.) the results were more pronounced (T6' 

Tables 30 and 31). Cells tended ta assume a near perfect log-phase 

blocked phenotype except for their minJmal and' maximal length and 

volume which were sllghtly but significantly inferior. 

There fore, blocked stat ionary-phase ce Il s could approach closely 

the phenotype of blocked log-phas~ éells if a change of medium is made 

and is accelerated by a low cell density. High cell-density by itself 

does TIot prevent cells from blocking when a change of medium occurred, 

but remains a key factor to determi ne the rate at winch cells will 

block. However, low cell density and change of medium are not totally 

sufficient. but seem to be the main factors, for blocked stationary-

phase cells to show the typical blocked log-phase phenotype. 
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figure 74. Growth curve of unblocked log-phase cdc-24-1 
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Table 30. Effect of different treatments on the mannan and chitin distribution~ budding index and 

\ 

nuc1ear number of log- and stationary-phase cdc-24-1 mutant cells. 

Culture 
Mannan 

Distribution 

Log-phase 
UNBLOCKED 
cells 
(Ta) 

Log-phase 
BLOCKED 
ce 11 s 
(R=8, Tl) 

Statlonary­
phase UN­
Bl.0CKED ce Ils 

\(T 2 ) 

St.1l ion.qry­
ph;tse BLOCKED 
ce 115 
(n=24, T3 ) 

"HIGH DENSITY" 

stationary-phase 

+ 

++ 

++ 

++ 

cells ++ 
(T4 ) 

"LOW DENSlTY" 
sLaLionAry-phase 
cells ++ 
(TS) 

Chitin 
Distribution 

+ 

+++ 

+ , 

+ 

++ 

+++ 

\ 

\ 
\ 

\ 
\ 

Budding Index 

55.0% 
, (n==100) 

6.9% 
(n==101) 

7.5% 
(n=67) 

10.6% 
(n"66) 

- 13.2% 
(n=S8) 

2.7% 
( n=37) 

59.0% 
(n==100) 

14.0% 
(n=100) 

17.0% 
(n=100) 

4.0% 
(n"'100) 

10.0% 12.0% 
(n=100) (n=SO)' 

2.0% 6.0% 
(n=100) (n==50) 

Number of nuc1ei 
pe r ce 11 

1 
(100%, n=100) 

2 
(90.2%, 'n=101) 

1 
000%, n=100) 

l 
(100%, n=100) 

2 
(70%, n=100) 

2 
(94%, n==lOO) 

.C> 

,,:;1 

Ini.ti.al 
density 

1. 1 x -106 

cells/ml. 

1 .8 x 106 

cells/ml. . 

4.2 x 10.8 

cells/ml. 

4.1 x 108 

cells/ml. 

3.6 x 108 

cells/ml. 

0.9 x 106 

cells/ml. 

.. 
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Table 31. REfect of dlfferent lreatments on the minimum and maximum length and volume of log~ and stationary-phase cdc-24-1 i 

mutant cells. 

1 
1 

Variable TO 

MEAN ~ 3.048 
Maximum ST. DEV. ~0.409 

1ength ST.E.M. 2 ± 0~O82 
~) MAX - \ 4.2 \ 

(n""25) MIN \ 2.5 
RANGE \ 1.7 1 

\ 

MEAN 2.820 
Mlnimu~ ST. DEV. ± 0.327 

1ength 'ST.E.M. ± 0.065 
(ALm ) MAX 3.3 

(n"25) MIN 2 .1 
RANGE 1.2 

MEAN- 17.752 
Volume ST. DEV. ± 8.9813 
(,Aun3 ) ST.E.M. ± 1. 798 
(n"25) MAX 40.3 

MIN 5.8 
RANGE 34.5 

1 ST. DEV. standard devia~ion 

2 ST.E.M. ~ standard error of the means 

.' 
....... -.. -~ ..... - .... " ~ ,~- __ .... ~d~~"2" .. ' 

Treatment Applied 

Tl -T2 T3 

6.156 3.344 4.164 
± 1.034 ± 0.496 ± 0.763 
± 0.207 ± 0.099 ± 0.153 

7.9 4.2 5.8 
3.7 2 . l 2.9 
4.2 2.1 2.9_ 

5.948 2.868 3.744 
± 0.938 ± 0.475 ± 0.774 
± 0.188 ± 0.095 ± 0.155 

7.5 3.7 5.4 
3.7 1.7 2.5 
3.8 -2.0 2.9 

122.000 17.704 33.760 
± 49.524 ± 5.415 ± 19.494 
± 9.905 ± 1.083 ± 3.899 

232.7 30.1 88.6 
26.5 3.2 10.8 

206.2 26.9 77. B 

l, 

~ ...... ".tJ~;,".-Wkf~ .......... ~._gt q ... ..,..- .. ~-,~""-

T4 
0 

4.924 
± 0.793 
± 0.159 

6.6 
3.3 
3.3 

,.. 
4.592 

± 0'.759 
± 0.152 

5.8 
2.9 
2.9 
.. 

58.328 
± 27.201 
± 5.440 

116.3 
14.0 

102.3· 

.-1 

, 
~ 

~ 

1 . 
T5 

5.448 
± 1.050 
± 0.210 

7.5 
2.5 
3.0 

5.088 
± 0.995 . 
± 0.199 

6.6 
2.5 
4 .1 

.... 
83.536 

± 40.287 
± 8.057 

1 71.1 
8.2 

162.9 

f-A ", 
N 
(XI 
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Table 32. Duncan 'à ne", mu1tiple-rang~'"te8t for variable maximal length. 

ST.E.~. Degree Level 
for n=25 of Type Number Difference of 
(within Free- 'of , df between Signi-

Variable variat ion) o dom Combinat ion means means ficance 

. 
2 ,0.708 '.01 1 , 

" Tl TS - ~ 

.; , 
\1.232 Tl T4 3 .01 

Tl T3 4 1. 992 ' '.01 

"l1aximal - "- 5=- 2.818 .01 Tl' T2 '. " 
1 ength Tl TO 

. 6 3.108 .01 
" Q 

.052 ,0.159 , 144 TS T4 2 0.S24 

1 TS .T3 3 1.284 .01 

C- TS T2 4 2.104 .01 
~ 

,TS TO 5 2.400 .01 , 

T4 T3 2 0.760 '.01 

T4 T2 3 1.580 ~01 

T4 Ta 4 1.876 .01 
0 

T3 T2 2 0.820 '~. 01 

T3 TO 3 1.116 .01 
(, 

N .s.3 T2 To 2 0.296 

1 L. S. = .01, highly significant difference \ 

2 L. S. .05, significant, d ifference 

3 N. S. not significant at P=.05 0 

CI 

1.. 

( 

" 
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Table 33. Duncan' s new multiple-range test for variable minimal length. 
1 

j-) • u/ 

== 
... ~T.E.M. Degree Level ... 

/7" for n=25 of Type Nurnber Difference of , 
.p ( within Free- of of between Signi-

Variable variat ion) dom r Combinat ion means means ficance 

Tl T5 . 2 0.860 .01 1 

Tl T4 3 1.356 .01 

Tl T3 4 2.204 .01 

Minill!al Tl T2 5 3.080 .01 

length' Tl TO 6 3.128 .01 

" 0.150 144 T5 T4 2 0.496 .052 

T5 T3 3 1.344 .01 

T5 T2 4 2.220 .01 

T5 TO 5 2.268 .01 
~ 

T4 T3 2 0.848 .01 

T4 T2 3 1.724 .01 

'1l T4 TO 4 1.772 .01 . 
T3 T2 2 0.876 .01 

T3- TO 3 0.924 .01 

T2 TO 2 0.048 N.S. 3 

1 L.S. = .Ol~ highly significant difference 

2 L.S. .05, significant difference 

3 N.S. = not significant at P=.05 

" 

" 

( 1 

1 ~ " ~ 

J 
.... 
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Table 34. Duncan' s new mul t i pIe-range test for vari able volume. 

Il 

'1 , 
\ 

" 
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'Table 35. One-way analysis of .variance for each variable. 

'\., 

Degree 
Source of Sum of of Mean F 

Variable Variation Squares ..... Freedom Square Value 

Between 184.4290 5 36.88583 
1 Maximal Treatment 

1 1ength 58.31' 

J 
- Within 

91. 08911 144 0.632560 
1 Treatment 

Total 275.5183 149 Variation 
i , 

~ 
Between 

197.0247 5 39.40495 ,Treatment 
Minimal 70.04 ' 
length Within '" 

TreatlUent 81. 02087 144 0.562640 

l 

Total 
~ . 

Variation 278.0456 149 

Between 
213587.6 5 42717.52 Treatme.nt .. 

Volume 48.33 1 

Within 127281. 8 144 883.9018 Treatment 

Total 
340869.5 149 

~~ 
_Variation 

1 high1y significant at .01 1evel 
Q 
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V. DISCUSSION 

The raIe played by the nucleus and the cell wall ln specifying bud 

site was investigated in two multinucleate systems: in one system, the cell 

wall was under the influence of a ts mutation, and in the other it was not. 

In 1975, Byers and Goetsch proposed the hypothesis that the 

orient at ion 0 f nue leus-assocl ated st ruct ures, and hence the nue le us , 

was primordial ln restricting the location of budding. That is, the double 

SPB and its extranuclear microtubules might, by their orientation, control 

the budding process by inter'acting with a nearby region of the cell wall. 

Whether or not a bud would form at that selected slte would depend on the 

cell wall responsiveness to the budding signal. Under such a proposaI, an 

incompetent cell wall region will 19nore the budding stimulus, while a 

competent reg10n will respond to' it. Up ta now, incompetent cell wall 

regions have been reported to he l imited to bud scars nch 1D 

circularly-arranged chitin microfibrils (Cabib and Bowers, 1971). 

The results reported ln this thesis show that ln most binucleate 

cells farmed in both systems, the two nuclei lie close together and divide 

into the same bud. In a few, the nuclei are far apart, and either one or 

two buds will form, each proximal to a nucleus which will divide into it. 

The synchronous a~d coordinated nuclear division into a single bud as weIl 

as the short distance separating the nuclei are consistent with SPBs and 

extranuclear microtubules facing and sending common budding signaIs ta the 

same ce 11 wall regi on. The asynchronous and/or uncaardinated nuclear 

-, 
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be(av >or 0 f bi nue! oat e oe t Jo wi th nue!e i far .pa rt " we 11 " the tong 

distance separating these nuclei are consistent with each double SPB and 

its correspond ing ex!.. r;anuc lear mie rotubul es proeessing its respect ive 

buddlng sIgnal to a different cell wall region which it 15 

facing. 

The relationship observed between the distance separating the nuclei 

and the location and 
1 

number of buds suggests a preponderant role f()r the 

nucleus ln budding and reinforees the hypothesis of Byers and Goetsch on 

the control of bud emergence by a proper orientation of the double SPB and 

extranuclear microtubules. 

Usual1y, ln bath systems, buds develop ln regions closest to the 

nucleus or nuclei, but ln early released cdc-24-l cells with nuclei close 

together, they are located at the opposite side of mother-cell froro early 

emerging bud. The lack of a consistent relationship between the location 

of nuclei and the sites of bud Emergence suggests that nuclear position is 

of less importance than the orientation of its double SPB and extranuclear 

~ 

microtubules 10 the selection of a budding site. That the pat tern of 

nuc1ei far from the budding site was also observed ln several diploid 

binucleate celis homozygous for the cdc-24-2 mutation confirms this view. 

In favorable sections of two such cells examined by eleetron-microscopy. 

the orientation of at least one of the two SPBs and their exLranuclear 

microtubules was clearly toward the distant bud site (Boothroyd, personai 

communicat ion). 

Thus. the orientation of the nucleus-associated structures more than 
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the location of the nucleus determlnes where a daughter-cell will appear. 

The fact thal a nucleus does not need ta be proximal ta a pre-budding site 
1 

for bud emergence ta occur, constItutes a modificat'lon of the hypothesis of 
a 

Byers and Goetsch, who proposed that both the orIentation and locatIon of 

the nucleus were important in determlning budding pattern. 

Boothroyd and Byers (1979) reported that, often, nuclel of diploid 

binucleate cells homozygous for the cdc-24-2 mut ation divided synchronously 

and coordinately into a single bud, as do most haploid cdc-24-1 binucleate 

cells ln thlS study. This cortJmon nuclear and budding behavior lS, 

therefore, ploldy- and allele- independent. 

In budding kar- zygotes, buds developed preferential1y ln regions of 

low chltin conlent. There are usually three such reg ions in zygotes, 1. e. 

at both poles and on the conjugation tube. Buds appeared in these poor 

chitin containing regions closest to where a nucleus or nuclei were 

positioned. since the zygote cell v;rall contained a similar amount of 

mannan at aIl stages of budding, that component did not seem to influence 

bud emergence. In contrast, released cdc-24-l cells contained high levels 

of both chitin and mannan in their cell wall which did not prevent buds 

from ernerging. The abllity of cdc-24-1 cells to bud even with a uniformly 

high content of these components suggests a secondary role for the cell 

wall in deterrnining the sites of bud emergence unless sorne other factor is 

involved. It seems as though the absolute amount of chitin or the relative 

amount of chitin and mannans are not key factors ~n preventing bud 
\. 

initiation. Therefore, the incompetence of cell wall regions, like those 



,t • 
136 

/--- ,~/ 

/ 
filled with'/ bud scars, are probably due to the arrangement of chitin 

fibrils rather than to their absolute amount. Enzymes might be unab le to 

digest efficiently these ci rc ul arly-arrranged fibrils. Furthermore, 

observations made on budding zygotes indicate that when buds are given the 

preference of appearing in cell wall regions of dlfferent chi tIn content, 

they do so ln regions containing less chitlnous matenal. AlI these 

findings suggest that there are on the one hand, true regions of 

incompetence such as those rlch ln circularly-arranged chitin fibrils, and 

on the other hand, preferred reglons of budding, i.e. those with lesser 

.n 
chi t in content. In the 1 atter case, a reglOn poor ln chitin will be 

preferred to richer reglOn, 
. . 
18 eaSler or an adj acent perhaps because it 

faster for such a region ta be softened by digest ive enzymes. 

Il appears that the inabil ity of mutant cdc-24-1 ce Il s to bud at 

restrictive temperat ure is not due to('k,~high cel l wall content of chitin 
J 

and mannan, but rather '~o Chct' un res pons l venes s ta the budding signal (or 

absence of or inadequate signal). In fact, the accumulation of chitin and 

1 

mannan seems secondary to the nuclear ts mutation effect. Byers and 

Goetsch (1974) examined blocked cdc-24 cells at the electron mIcroscope 

level, and found that the y possessed SPBs at various developmental stages, 

as expected with continuous nuclear divisions. Several SPBs were 

duplicated and bore normal-looking exlranuc1ear mieJ"otubules painting 

normally towards the celI wall. Thus, the inability of blocked mutant 

cells to bud is not related ta unduplicated SPB or apparent lack of 

extranuclear microtubules, but rather to a malfunctioning of the latter. 

1 
1 . , i 
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One decade ago, Olmsted and Borisy (1973) suggested that extranuclear 

mierotubules were involved in transporting vesieles to a seleeted celi wall 

site. The veslcles contain, among other thlngs, dIgestive enzymes 

CNickerson, 1963; Moor, 1967; Maule, Moor and Robinow, 1969; Cortat, 

Matile and Wiemken, 1972), cell wall precursors (MatIle, Moor ,and Robinow, 

1969; Byers and Goetsch, 1976a; Schekman and Brawley, 1979; FIeld and 
(; 

Sehekman, 1980) and probably ehitln activatlng factors (Cabib, Duran and 

Bowers, 1978). If the funetion of extranuclear mierotuhules is impeded al 

restrictive temperature, these vesicles might not be properly directed to 

the selected budding site. lns tead, they might become more-or-less 
! . 

randomly distributed with, maybe, an expected higher initial frequency ln 

the vieinity of extranuclear microtubules since their distal ends 1 ie at 

the base of the bud (Byers and Goetseh, 1975), and Slnee vesicles were 

shown by freeze-etehing (Moore, 1967) and thin sect ioning (Schekman and 

Novick, 1982) to be produeed by the nearby endoplasmic reticulum. ln early 

blocked budded cells, the spreading of ehitin occurred first ln the 

vieinity of the chitin 'ring loeated at the base or the bud. As lhe black 

progressed. cells increased ln volume and cell wall abnormal i t ies 

developed. These cell wall abnormalities might very weIl correspond ta 

abnormal regions of chitin and mannan fluorescence or to irregular regions 

seen by thin sectioning and electron-microscopy in blocked cdc-24-1 cells 

by the author, and ln cdc-24-2/edc-24-2 cellE by Boothroyd (personal~ 

----
communication). AlI these observ at ions (spreading of chitin, 

. . 
IDcrease ln 

volume, ceU wall abnormalities) can be explained by the following 
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hypothes is. It lS poS-!>"ble that upon transfer ta restrictive temperature, 

the budding cdc-24-1 cells cannat transfer their vesicles normally along 

theu extranuclear microtubules ta the base of the early emerglng bud. 

Consequently, veslcles would reach the celI penphery more randomly, creat-

ing abnormallties if they contaln digestive enzymes or thelr activators, 

preferential growth of the mother cell if they contain cell wall precursors 

needed for bud growth (as observed by Sloat, Adams and pringle, 1981, when 

they Inactivated the CDC 24 product ln budded ceIls), and localized activa-

tian of chltin synthetase (observed as spreadlng chitin fluorescence) if 
<-

the vesicles contain the chitin synthetase activating factors. 

Furthermore, most proteins with substituted amino acids are know'n to 

denature easlly at relatively lower temperature than unsubstituted 

proteins. The observations reported ln this thesis are consistent with a 

CDC 24 gene product being a microtubule-associated protein helping in 

ves ide-ext"nucl ea, mi crot ubule,int ."" ions. At res t ri ct ive temp" ature, 

this "map" would be inactivated (,~.g~ u"nfold) and, be itcapable of guidin~ 

or transporting veslc1es along microtubules to the appropriate cell wall 

~site. The CDC 24 product has not been isolated and characterized yet, but 

based on the above hypothesis, isolation of extranuclear rnicrotubules and 

their "maps" might make possible the biochemical characterÎzation of this 

gene product. 

The proximity of daughter, nuclei ln most blocked cdc-24-1 cells 

suggests a further raie for the CDC 24 product in spindle elongation. In 

Saccharomyces cereVlSlae, spindle elongation follows separation of each 
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chromosomal set (Peterson and Ris, 1976). It seems that in blocked ceIls, 

chromosome segregation was ?ot followed by spindle elongation, 'and 

binU'cleate celis with nuclei close together appeared. In the event that 

the level of actlvity of the CDe 24 product was hlgh enough ta allow 

spindle elongation but not budding, binucleate cells with nuclei far apart 

would have been generated. The generatlOn of two types of binucleate cells 

during the block lS consistent wlth a CDC product involved in intranuclear 

microtubule-microtubule interactions. Further support for this hypothesis 

is provided by the existence of grouplng of nuclei two by two in multi-

nuc1eate cells. For instance, during the block a few cells might contain 

higher Leve) of CDC 24 activity and the first nuclear divislOn would yield 

binucleate ceUs with nuclei far apart (this activity would be, however, 

\ 
tao law ta allow budding). At the next nuclear divisIon, lhese binucleate 

cells, now containing lower level of active CDC 24 product due to the 

prolonged tempe rature inactivation effect, would be unable ta achieve 

-
spindle elongation, and tetranucleate cells with two separated pairs of 

nuclei close together would be generated. 

It is, however, difficult ta reconcile a dual role for the CDC 24 

product in ,transport and ln spindle elongation. Superficially, though, 

microtubules are involved in each case, and the product seems ta act as a 

link between interacting structures. 

Besides, the cell-cycle stage at which the black is applied might be 

responsible for the ceU type produced at restrict ive temperature 

CHartwell, Mortimer, Culotti and Culotti, 1973). During the b lock, three 

, , , 
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major cell types were observed, namely unbudded, budded with small cells or 

buds, or with large buds. The Most common type, unbudded, can be explained 

if the black is applied before commitment to budding has occurred, or 

alternatively after aIl the vesicles necessary for bud growth and septum 

formatlOn have reached the appropri ate cell wall si te. 
j 

The second 

cell-type, bearing sm aIl cells or buds, ·can develop if the block is applied 

after sorne vesicles needed for bud growth have reached the budding site, 

qut before those containing septum wall precursors did. In such cases, not 

aU hud growth ve'sic1es would have reached the selected site due to the 

concurrent CDC 24 product ,inactivation. 
,-~, 

Larger huds would have received 

more celI wall precursors and smaller buds less. The last cell type, 

displaying large buds, can anse if the block is applied after aIl vesic1es 

needed for bud growth have reached the incipient bud, but before septum 

wall precursor vesicles did. AlI the aforementioned cell types can be 

explained by transportation of vesicles along extranuclear microtubules 

-
being somehow interrupted by transfer to a non-permissive temperature. . , 

Budding without chitin rings was first reported by Bowers, Levin and 

Cabib (974) and Cabib and Bowers (1975) who used an inhibitor of chitin 

synthetase, polyoxin D. But this idea was not weIl received in terms of 
~ 

the results obtained by Hayashibe and KçHohda (1973) and Sloat and Pringle 

(1978) . That bud emergence can occur without rlng formation in both the 

cdc-24-1 and kar- systems, and without the use of inhibitors, confirms a 

minor role for the chitin ring in bud initiation. Interestingly, and in 

support for such a non-essential role, a micrograph published by Piggott, 

) 
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Rai and Carter (1982) e learly shows the absence of rings at the bases of 

l' budded ede 28-1N mutant cells transferred to restrictive temperature and 

stained with DAPI and calcofluor. One should real ize that al though 

non-essent i al, the chi t in rIng 15 a normal feature of bud emergenee", 

Furthermore, sorne ielationship between ring formation and normal bud shape 

might be assumed sinee in the absence of a complete ring, buds tend to be 

abnormal. In its presence, though, the bud shape tends ta' be normal ~ith 

buds b~ing constricted at their bases. Thus, the chitin,ring seems ta aet 

as a reinforcement device, However, Slnce a few abnormal buds were seen 

with normal-looking rings, it appears that the ring might not be sufficient 

for normal bud shape, al though these buds were eonstrieted at their béises. 

In fact, the chitin rIng seems essential for _ bud constrict ion (a 

eharaeteristic of normal bud shape), but might be insufficient to ensure 

normal bud shape, especially if laid down long after bud emergence. 

Additionally, since most buds without rings fail to separate from their 

parents, and grow very large, the chit~n ring might also play a role ln 

septum formation needed for bud detachment. 
l' 

/ 

Sinee the ring appears not essential for ~u~ emergence, but m-ight be 

neeessary for bud shape and septum formation, one may wonder if the IO-nm 

filament ring, found below the cH'itin ring just 'inside the plasmalernma of 

the mother-cell and having the same timing of appearance as the "chitin 

ring, might not be an essential structure needed for bud emergence (Sloat 

and Pringle, 1978; SolI and Mitche 11, 1983). 

In the cdc-24-1 system, early released binuc1eate eells with nuc1ei 
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close together give a rather tYl?ical haplotd budding pattern ln large as 

weU as in smaller cells. This pattern lS revealed by th:e existence of 

buds developing on the above cells and that failed to separate. Whlle 

still attached, these buds can produce new buds. The latter buds are 

mostly oriented towards the first mother-cell, a characteristic of a 

typical haploid budding pattern (Winge, 1934; Freifelder, 1960; Streiblovâ, 

1970). Furth;rmore, when the original mother cells of .such undetached buds 

are producîng addi.tional buds, they form adjacent to the first emerged 

bud. This constitutes a
O 

further characteristic of the haploid budding 

pattern~- though ln that latter case, buds are relatively closer. In 

addition, since these characteristics of a haploid budding pattern are seen 

both in large and smaU cells, size seerns not to be a factor involved in 

the determinat ion !;'f a budd i ng pat tern. All these find ings val idate the 

. 
use of block-release experirnerH:s for learning about normal processes. 

The last point o'f discussion 1n this thesis is the absence of blocked 

phenotype in stationary-phase cells. The cne 24 product seems ta be turned 

off in these cells, but it can be turned on agaln by a change ta fresh 

medium and this process can be accelerat'ed by a low cell density. The turn 

off of this gene product in stat ionary-phase cell s is consistent with a low 

- metabol ie rate. As an exarnple, blocked stationary-phase cells would not 

become binucleate presumably because DNA synthesis proceeds at a mln1mum 

rate, maybe due to a low availability of necessary precursor;s •. Similarly, 

chitin would not accumulate in the cell wall because few vesicles, if any, 

containi ng the needed precursors are synthesized. The absence of vesicles 
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(Matile, Cortat, Wiemken and A.- ~rey-WysslingJ 1971), multiple nuc1ei, 

budding as weU as t·he lack of accumulation of chitj.n and mannan are 

, 
çons istent wi th an absence or ver;y low level of the cne 24 product _ in 

. stationary-pha~ells. 

A complementary approach to the use of celi-division-cycle mutants is 

provided by the existence "of te"!perature-sensit~ve secretory mutants .(sec 

mutants) which are defective in bûd growth restrict ive at 
" 

temperature 

(Sheckman and Novick, 1982). Indeed, these mutants appear useful and 

promising for further stu~y of budding in yeasts, and they should r.eceive 

more attenti.on. 
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VI. SUMMARY 

1. Role 0 f the nucleus in budd ing 

~n mast binucleate cells formed in the edc-24-1 and kar- systems, 

, tl\e two nuc 1 e i lie close together and d}vidè into the same bud. In a 

few; the nuc lei are far apart, and either one or two buds will forro, 
1 

eaeh proximal to a" nue leus/' which will divide into it. The relation-

ship observed distance separating nuclei and the between the the 

location and number of buds suggests a preponderant role for the 

nucleus in budding. 

,Usually, in bD th systems, buds develop in regions c10sest to the 

nucleus or nuclel, but ln early released cdc-24-1 cells with nuclei 

close together, they are loeated at the opposite side of the mother-

cel! from the emerging bud. The lack of a consistent relationship 

between the location· of the nuclei and the sites of bud emergence 

suggests that nuclear pos{tion i5 not of primary importance in the 

selection of a budding site: 

2. RaIe of the cell wa1l ln budding 

In budding kar- zygotes, buds develop preferentially in regions 

of low chit in content. The zygote cell wall cont ains a simil ar amount 

of mannan at a11 stages of budding. cdc-24-1 cells are able ta bud 

even with a uniformly high content of these compounds, high enough ta 

obscure chi t in rings. The absolute amount of cell wall chitin or the 
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relative amount of chitin and mannan are not key factors in preventing 

bud initiation. This suggests a secondary role for the ceU wall Ln 
~ 

determining the si tes of bud emergence. The incompetency of certain 

cell wall reg1.ons, Iike those filled wlth bud scars, lS probably due to 

the arrangement of chitin fibnis rather than their absolute arnount. 

3. Roles of the cne 24 product 

\ 

There are two types of cdc-24-I binucleate cells appearing during 

the block; those whièh have their nuelei far apart, and those whose 

nuclei are lying side by side, i.e. less than one half nucleus diameter 

apart. After eight hours of block, these eell types represent 

respectively 10.3% (8/78) and 89.7% (70/78) of the total binucleate 

popuI at ion. The proximity of daughter nuclei ln most binucleate 

blocked cdc-24-1 cell~ suggests a raIe for the eDC 24 product, Ln 

spindle elonga~ion. 

There are two kinds of chitin fluorescence appearlng during the 

block: local ized and general. When cell sare blocked, the first two 

hours of an eight-hour bl'ock show that chitin IS not only randomly 

deposited in the cell wall (g,eneral fluorescence) but also spreads from 

localized areas such as the chitin ring and bud scars Oocalized 

fluorescence). The spreading of chitin oecurs first in the vicinity of 

the chitin ring, located at the base of the bud, where the distal ends 

of the extranuclear microtubules are al so found. These observat ions 

'are consistent with a CDC 24 product being la' microtubule-associated 

.' 
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ptotein involved ln ves ie le-ext r anuc le ar mie rot ubule 

speculate that at restrictive temperature. 

this map be inact ivated and be incapable of guiding or 

transporting vesicles along microtubules ta the appropriate cell wall 

site. 

The CDC 24 product seems to be turned off ln stationary-phase 

cells. 

4., Role of the chitin ring in budding 

Budding lS 'possible ln both systems ln the absence of a chitin 

ring. ln the absence of a compl ete ring, the buds are abnormally 

shaped, both in blocked and released cdc-24-1 cells and in budding kar-

zygotes. Cells that are budding with no ring are pear-shaped or have 

1 arge based, elongated, or even curved buds. These buds never show 

t>' 

constrlct ions at their bases. Buds formed without rings fail ta 

separa te from their mother cells until a complete ring i8 formed and 

grow larger than their parents. No essential relationship 15 found 

between t.he formation of a ring of chitin and the emergence of a bud. 

lnstead, the rlng seems to play a JQole in normal bud development, at 

least in co'nstriction of the base, and in septum formation needed for 

bud detachment. 

;" , 
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