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iiijO 1 i\ ii V/ i.

Karyokinesis in S. car 1 sbergens 1 s was studied using a 
newly developed staining procedure on cells from synchronous= 
ly dividing cultures.

An imprint technique, involving either Kelly's or osmium 
fixed cells was used. Treatment consisted of alcohol washings, 
imersion in distilled water, RNA extraction in a salt solution, 
hydrolysis to release aldehyde groups in the DNA and stain
ing with azure A. The time required for the procedure was 
relatively short and yielded nuclei v/hich are stained deeply 
blue and an almost colorless cytoplasm.

The staining revealed a pattern of division in v/hich 
compact, inter-division nuclei became diffuse immediately 

before DNA replication. They then reassumed a compact shape 

but were slightly larger than previosly. A diamond shaped 
figure was then formed, which was thought ot represent the 
separation of the daughter nuclei. A wedge-shaped nucleus 
was formed in which a clear band could be seen apparently 
indicating the space between nuclei. The nucleus closest to 

the bud then proceeded into the growing cell while the other 
remained in the mother cell. The duration and timing of this 
sequence in relation to synchronized and unsynchronized 
growth patterns as well as its similarity to mitosis are 

discussed.
ii
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CHAPTER I 
INTRODUCTION

The study of cytokinesis and karyokinesis during asexual 

reproduction has long been of interest to the cytologist. 
Recent physiological and biochemical studies have comple
mented morphological investigations to give an increasingly 
clearer picture of the division process.

In the cells of higher plants and animals, a precise 
and consistent process labeled mitosis is operative during 
karyokinesis. As the period between division cycles ends, 
the nuclear membrane disappears. Then the deoxyribonucleic 
acid (DNA) elements of the nucleus become demonstrable as 
separate chromosomes, probably as a result of contraction. 
These are moved by spindle fibers to opposite poles of the 
dividing cell and the process terminates with the expansion 
of the chromosomes into a diffuse network and the formation 
of nuclear membranes in both mother and daughter cells.

This mode of division is often considered characteristic 
of all eukaryotic cells. Studies on the Eumycotina (true 
fungi), however, especially in the yeast genus Saccharomyces 
have cast doubt on the general validity of such a statement. 
These latter organisms are unicolluar Ascoroycotes which 
reproduce asexually by budding during which the nucleus 

undergoes changes v/hich are difficult to interpret as mitotic.

1
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Although genetic data suggest the presence of chromosomes, 
they have yet to be demonstrated unequivocally by cytological 
methods* This has led to some debate regarding not only the 
pattern of division shown by these organisms but also as to 
the very identity of the nuclear structure.

This problem prompted the study to be described in this 
work in which new techniques were applied to supplement the 
more classical approaches to give a clearer result.

In reviewing the literature' on the nuclear cytology of 
yeast, one is impressed by the lack of organization of the 

various stages of division into a definite chronological 
order. The recent development of a reproducible method of 
synchronizing yeast by Williamson and Scopes (1960) made 
possible the sampling, staining and observation of cells at 
well defined intervals of the budding cycle. Combined with 
physiological data already available regarding DNA, ribo
nucleic acid (ENA) and protein synthesis, as well as nitrogen 
uptake and oxygen uptake as determined by these authors, 
this cytological investigation provided an integrated picture.

The bulk of this material is based on the.selective 

staining of D M  using a newly developed technique. In add
ition, staining by the methods of Eeulgen and Giemsa as well 

as the study of the nucleus in live preparations were preform
ed as supplemental material. Decent findings revealing an 

intra-nuclear fibre apparatus prompted the study of this 
organelle also.

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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Thus, the morphology of the dividing yeast nucleus 

in a synchronized culture v/as studied using an original 
procedure for staining DNA.
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CHAPTER II 

LITERATURE REVIEW

A. General Structure of the Yeast Cell

Schwann (1837) is credited with one of the earliest des
criptions of the yeast cell. The development of the com
pound microscope permitted many authors to study the cytology 
of this organism soon thereafter.

The progress since that time has been reviewed, by V/inge 
and Roberts (1938) and Me Clary (196^-). Also there have been 
extensive studies combined with reviews by Nagel (19^6) and 

Ganeson (1939)*

The yeast cell has been shown to possess a thick outer 
wall composed of glucan-mannan polymers (Falcone and Nicker
son, 1956; Korn and Northcote, I960; Phaff, 1963)- There are 
prominent birth (attachment to the mother) and bud (attach
ment to the bud) scars which can be distinguished on the basis 
of size (Barton, 1950; Northcote and Horne, 1952; Bartholomew 
and Mittwer, 1953; Agar and Douglas, 1955a). Within the cell 
is a cytoplasmic membrane v/hich is believed to be composed 
of two poorly defined layers of protein separated by a well 
defined layer of lipid (Robinow and Murray, 1953; Hashimoto, 
Conti and Naylor, 1959)- Lhe cytoplasm is similar to that 
of other organisms and contains an endoplasmic reticulum 
which may be continuous with the cytoplasmic and nuclear

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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membranes (Linnanne and Vitols, 1962). Numerous granules arc 
present including storage materials such as glycogen and 
metachromatic volutin (polyphosphate) bodies (Lindegren, 
1949). Electron microscopy has revealed oval to circular 
mitochondria with cristae (Linnanne, Vitols and Lowland,

1963,* Agar and Douglas, 1937; Mundkur, 1960). The moot 
prominent structure is a membrane-encased central vacuole 

(MeClary and Lindegren, 1939) v/hich may contain particulate 
material and is closely associated with the nucleus (see 
Figure 1).

B. The Nucleus

1. Demonstration 

The yeast nucleus is a strongly basophilic organelle and 
can be demonstrated with dyes such as haemotoxylin, methyl 
violet, methylene blue (Nagel, 1946) and even with Gram's 
iodine (Lindegren, 1949)* Such methods are, however, hand
icapped by the basophilic nature of the cytoplasm v/hich tends 
to obscure the nucleus and superior methods involve the use 

of nucleic acid specific dyes. Margolena (1932) used a 
classic Fuelgen technique but as recently demonstrated by 
Bobinow and Marak (1966), the result is a faintly stained 

preparation. Giemsa was first used on microrganisms by 
Bobinow (1922) and has since been widely applied to yeast 

(Ganeson, 1956; Lindegren, V/illiams and Me Clary, 1956; McClar 
1958; McClary, V/illiams and Lindegren, 1957). The result of
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this stain is rod deoxyribonucleic acid and purplo-blue 

ribonucleic acid. Delamater (1951) recommended the use of 
Thionin or azure A with microorganisms but these have not 

been applied to any extent to yeast, although. Huebschman 
(1992) has applied azure A to other fungi. Both of these 
above dyes theoretically undergoe a Schiff reaction but do 
not form a leucobase as found with Feulgen (Delamater, 1951)■

Various fixatives have been employed in the study of 
the yeast nucleus. Navashin*s , picric acid, iodine-formalin 
acetic acid, mercuric chloride (Nagel, 19%); Carnoy’s 
(Lindegren et al., 1 9%); vapors of osmic acid (Delamater, 

19% ) ;  Helly’s (Kobinow and Marak, 1966); alcohol-formalin- 
acetic acid (Yoneda, 1963)', osmic acid-chloroform (Ganeson, 
^999); Schaudin’s (IVidra and Delamater, 1999) ana Zenker’s 
(Ramirez and Miller, 1962) are included but the superiority 
of one method over the others is debatable.

The high ENA:DNA ratios (approximately 90:1 as estimated 
by McClary, 196h) found in the yeast cell necessitate 
rendering the ENA unstainable by hydrolysis in normal hydro
chloric acid (Eobinow, 19^2), extraction with seventeen one- 
hundredths molar (.17M) sodium chloride (Ganeson, 1999)? 
perchloric acid treatment (Lindegren et al., 1996) or use 

of SNAase (Ganeson,1999)• All of these procedures when 
applied carefully result in deeply stained nuclei and a 
lightly stained cytoplasm but unfortunately all but the
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RNAaso result in considerable shrinkage of the nrotonlast.

Electron microscopy of the yeast nucleus has revolved, 
primarily around the use of osmic acid as a combined fixative 
and stain (Agar and Douglas, 1937). Osmic acid-potassium 
permanganate (Tsukahara, 1963); potassium pormanganate- 

uranyl acetate (Hashimoto, 1938a), and glutaraldehyde (Rob- 
inov; and Karak, 1966) have also been used. A freeze drying 

technique has been developed by Kundkur (1939) in v/hich 
after quick freezing, cells v/ere fixed v/ith alcohol vapors 
and cross linking protein fixatives. He also introduced 

gallocyanine- chromalum as a specific nucleic acid stain.
Moor and Muhlethaler (1963) developed a freeze drying tech
nique combined v/ith etching rather than slicing of the spec
imen. Bartholemev; and Mittv/er (193^) used ultraviolet photo
lysis to render yeast cells transparent to the electron beam 

and Bradley (1953) has applied a carbon-replicating tech
nique.

The general problems encountered in all such procedures 
v/ere reviewed by Mundkur (1961a).

2. Interpretation 
The use of various stains and fixatives has led to some 

diversity in the interpretation of the structure of the yeast 

nucleus. Consequently it is difficult to say v/hich view rep
resents the true case; however, in an effort to clarify the
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issue, Me Clary (196.';) has divided the eh or or i os which have 
arisen into throe categories. In the first, the Fuelgen pos
itive structure outside the vacuole is the nucleus and divis
ion is thought to take place by conventional mitosis (extra 
vacuolar-mitotic, Swellengrebel, 1905; Delamater, 1990; 
Ganeson, 1999; ana Nobinow, 1961). In the second category 
this same structure divides by a process other than mitosis 
(extra v a c u o l a r - a m i t o t i c N a g e l , 1.946; Mundkur, 1994; Conti 
and Naylor, 195k’, Hashimoto, Conti and Naylor, 1998 and 1999)* 
In the third and final category, the structure most often 
refered to as the vacuole is considered the nucleus; the 
Fuelgen-po.sitive structure adjacent to this is a centriole 
and division is mitotic (nuclear vacuole concept, Lindegren 
1949 and lindegren et al. 1996).

Listing the hypotheses of each investigator would lead 

to confusion but examination of the drawings and photomicro
graphs representing these therories permits abstraction of 
the general nuclear structure.

There is general agreement that the nuclear membrane is 
persistent during the division cycle (Agar and Douglas, 1997; 
.Conti and Naylor, 1999; Hashimoto, 1993 and 1999; Moor and 
Muhlethaler, 1963; Mundkur, I960; Eobinow and Bakerspiegel,
1965)• The nuclear membranes and the vacuolar membrane are 
thought by many to be distinct, but they may be interconnect

ed (Agar and Douglas, 1997)*

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



During the inter-division stage, the nucleus is quite 
homogeneous (Sinoto and Yuasa, 1 941 ; i'lagel, 1 926; Agar and 
Douglas, 1957; Ganeson, 1958; Ilasimoto, 1958a,1958b, and 1959; 
Ramirez and Miller, 1962; MeClary, Bowers and Miller, 1962; 
Ferriera and Phaff, 1959)- Delamater (1950) observed a 
nucleolus by light microscopy and Iiirano (1962) saw a similar 
organelle using the electron microscope. Mundkur (1952) 
reported a "peripheral cluster" v/hich may be equivalent to 

the nucleolus and Bobinov/ and Marak (1966) have demonstrated 
the nucleolus in live cells as v/ell as in stained and electron 
microscope specimens. Very recently Williamson (1966) has, 
using a slightly different technique, interpreted a very 

similar mass of material as chromosomes. Verification of 
the content of this structure can come only from cytochemical 
studies. The role of the nucleolus in division of the yeast 
nucleus is not understood. It does not seem to have a def- 
inte orientation on a chromosome but it is related to a fibre 
apparatus (Bobinov; and Marak, 1966).

From the data on killing by x-ray and by staining, 

Lindegren (1951) was able to show that the DI\TA of the cell 
doubled just prior to appearance of the bud. This fact has 

since been confirmed by the study of synchronised cultures 
(V/illiamson and Scopes, I960).

Delamater (1951) postulated a sequence of events in v/hich 
a dense homogeneous nucleus became less dense, even to she
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point of being vesicular before it formed a"figure eight" 

shape during passage to the bud. Yoneda (1963) also reported 
such vesicular stages, as has Mundkur (1961b).

Levan (194-6) using a squash technique on the dispersed 
stage,. saw several chromosomes in metaphase. Several v/orkers 
have reported nuclei which are composed of two separate and 

elongated bodies (Badian, 1937; D e l a m a t e r 1931; Ganeson, 
1933). These have been interpreted as being chromosomes or 
clusters, of chromosomes in telophase. So binow and Mar ale 
(1966) have demonstrated that this may be in fact due to the 

extension of a non-staining fibre apparatus across the nuc
leus. Such a fibre is demonstrable by acid fuchsin staining 

and by electron microscopy and seems to arise from the cent- 
riolar plaque which is embedded in the nuclear membrane at 
an indentation. Hashimoto (1938b) has also seen such an 
indentation of the nucleus but was unable to demonstrate the 
centriolar plaque. On the level of the light microscope, 
Lindegren, Williams and McClary (1936) and Yoneda (1963) 
refer to spindle fibres which may be the same entity as that 
seen by Eobinow and Marak, for in all cases demonstration is 

by an acid dye.

Lindegren (1931) demonstrated with the light microscope 
that the nucleus is not passed to the bud until the laser is 

well developed. Conti and Haylor (1939) reached the same 
conclusion in a parallel situs.tion with fi 
With the light microscone, the nucleus seems to cc

\rr>r: p .r.r- .
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several particulate objects v/hich may be chromosomes while 
in the elongated form (Ramirez and miller, 1962) but similar 
objects are visible in some non division stages (no bud vis
ible) at v/hich time no individual chromosomes should be seen 
(MeClary, Williams and Lindegren, 1997)- Such features are 
especially prominent in squashed preparations in v/hich she 
v/all has been digested with snail gut juice Ro binow, per
sonal communication).

Much of this data is from light microscope work. Results 
with the electron microscope have been disappointing because 

of a lack of techniques and little can be seen with this 
insrument v/hich is not visible with the light microscope.

Several points are quite perplexing. For example, Del

amater (1990) describes an early telophase in which the bud 
is receiving the nucleus from the mother cell and a late telo
phase where the nucleus is still in division within the moth

er cell. This is similar to she findings of Ramirez and 
Miller (1962) who noted a lack of synchronization between 
bud formation and nuclear division, Delamater (I960) and 
Ganeson (199-9-) have both demonstrated centrioles which are 
■protrusions on the nuclear outline. These have little in 
common to the association of the centriolar’ plaques of 

Robinow and Marak (1966) with invaginations of the membrane.

From this Robinow (1959) bus abstracted the view that, 
"There is no doubt that it (the yeast nucleus) contains
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cnronosomes m  some lorm, out zt is equally certain unau 

their cycle of duplication and separation does net reusable 
the events of an ordinary mitosis”.

In summary, the nuclear cycle of .Saccharoraycon scene to 
progress entirely within the nuclear membrane. The nucleus 

is quite homogeneous and the chromosomes v/hen seen, seem to 
be randomly distributed and present as discrete units through 
out the entire cycle. There is a nucleolus and a fibre 
apparatus within the membrane, but little is known concerning 
thei function. Changes in the density of the nucleus have 
been postulated but definitive demonstration is lacking.

I'/ith this in mind, the study of the nucleus in synchron
ously dividing cultures was undertaken in the hope that a 
definite sequence of events for the divisional process could 

be found. The advantage of synchrony, is that it permits 
the study of a large number of cells which are in the same 
stage of division. Also, available biochemical daua on the 
cells in synchrony enabled pinpointing of the stage at which 
DNA, ENA and.' protein increased and the correlation of this 
with the cytological data. A similar study was undertaken 
recently using the electron microscope (Williamson, 1966) 
but .-interpretation of his figures is incomplete.

C. Synchronization of the Yeast Culture 
Yeast undergoe a natural synchrony when they are allowed 

to grow into a lag phase and then are placed in a rich fresh
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medium. In the past, artifical procedures generally invo 
producing a stationary or log death culture by any of snv 
methods including the use of starvation media. V/illiamso 
and Scopes (I960, 1962, and 196/;) developed a synchroniza 
procedure which included removal of all cells but those o 
particular size group and successive feeding and starving 
of the culture. Utilizing this procedure they were able 
study the patterns of synthesis found in the budding cycl 
Some of their data are shown in Figure 2.
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F ig u r e  2. G ra p h  i l l u s t r a t in g  the  b io c h e m ic a l d a ta  o f W il l ia m s o n  
and S copes (1961, 1962, 1964) in  r e la t io n  to  s y n c h ro n y  
as e x p re s s e d  in  p e rc e n t  b u d s .
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TABLE I

No. I

C u lt iva t ion  M edia

peptone - 3 .5  gm .
yeast ex trac t - 5.0  g m .
dextrose - 40 o-m.
KH2PO4 - 2 .0  g m .
H20  - 1000 m l.

(C. R. Hebb, personal communication)

M Y

m a lt ex trac t - 3.0  gm .
yeast ex trac t - 3.0  g m .
peptone - 5.0  g m .
d ex tr o s e - 10.0 g m .
H20  - 1000 m l.

(M alt ex trac t medium of W ickerham  (1951) )

(2x MY contains tw ice  the weight o f each component s t i l l  
d issolved in  1000 m l.  o f w a te r.)

W and S S ta rva tion  M ed ium

0.745 gm . <0.01 M) 
0.260 gm . (0.0024 M) 
0.503 g m . (0.0025 M) 
1000 m l.

(W illiam son and Scopes, 1962)

K.CI
CuCl.,
MgC'ig ' 6H20 
i-i2o

19
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TABLE I I  

F ixa tives

C a m  o y ' s F ix a t  iv  e

6 parts 
3 parts  
1 p a rt

Th is  is  made im m ed ia te ly  p r io r  to  use.

absolute ethanol 
ch lo ro fo rm  
g la c ia l acetic acid

K e lly 's  F ixa tive

d is tille d  H2O - 100 gm .
H g C ^  - 5 g m .
K^Cb^Oy - 5 gm .
neu tra l form aldehyde - 4 m l.  (just p r io r  to  use)

(N .B .: The usual is  absent.)

Osm ic Acid F ixa tive

vapors o f fre s h ly  prepared 1% solution in  d is tille d  w ater

20
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TABLE III

Slaint)

Uiemsa

G iom sa's sta in, powder 
g lyce ro l, ana ly tica l grade 
m ethanol

3 .8  gin. 
125 g m . 
375 g m .

The g ly c e ro l is  warm ed to  s ix ty  degrees centigrade at which point the 
stain, powder is  added and m ixed thorough ly . The m ethanol is  added and m ixed and 
the sta in  is  allowed to stand overn ight be fore  f i lte r in g .

G u rr ’s Giemsa Buffer

Na2HP04 -2H20
k h 2p o 4

0.569 gm . 
0.594 gm .

G rind  in  m o rta r  and d isso lve  in  200 m l.  of H20 , f in a l pH 6 . 8 . F ina l 
so lution is  10 m l.  of b u ffe r plus 10 drops s ta in .

Azure A

azure A sta in , powder 
H90

1.0  g m . 
100 gm .

W ater is  warm ed to aid com plete so lu tion  and then s ta in  is  f ilte re d . 
Im m edia te ly before  use add e ithe r 0 .6  m l.  of IN  HC1 and 0 .6  m l.  o f KqS.^Oj, o r 
10 drops o f th iony l ch lo rid e  (SOC12)-

Basic Fuchsin

basic fuchsin 
H ,0  
IN  HC1
NaHSO.3

1 gm . 
200 gm . 
20 m l.
1 ffm.

W ater is  heated to bo iling  point and dye is  s t ir re d  in to  i t .  The solution 
is cooled to  50°C and the acid is  added. It is  fu r th e r  cooled to  25°C and the sodi.au 
b is u lf ite  is  added.

su ifu rous acid fo r  washing HqG 
IN  HC1 
Na9S20^

2C0 ml. 
10 m 1.
1

21
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TABLE 111 (Continued)

A c id  Fuchs in

acid fuchsin, powder - 0.1 gm .
- 5000 m l.

g la c ia l acetic acid - 50 m l.

*
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^fraction of the total cello in the budding process; was 

usually about .20-.25* This figure declined slowly ana 
reached a low after six days of .02-.05 with a cell co.ico 

tration of 2.5 x 10° -oer milliliter.

Ten milliliters of the cells at this stage were harvcsc- 

ed by centrifugation at 1000 x g for five minutes. The supc: 
natant was discarded and the cell pellet was washed once in 
distilled water. After this washing the cells were centri
fuged at 300 x g in a 15% (w/v) mannitol solution to elimin
ate small cells from the culture. This washing was repeated 

until the supernatant showed little turbidity. The effect 
of this is to decrease the population frequency of cells 5-0
u in diameter by approximately 50%.

The cell pellet was then suspended in 10 ml. of MY mediui
and aerated as vigorously as possible in a 150 x 15 m m . test

tube for thirty five minutes at J>Qp C. (An antifoam agont 
was tried in an effort to increase bubbling rate bus surface 
active agents seemed to inhibit budding.) At the end of 
this period, the cells were centrifuged immediately to re
move them from the rich medium and were then washed twice 

with V/illiamson and Scope's starvation medium. They wore
^ A {1 b0 . 0  w J  ‘-1

0 . „  . C . .. i i 0 ; v1 e u ..

then aerated in this rr.odium for five &0r~*

similar uubo to •“ J-OliiA 0 previously used Mr-" b-w_i O

The cells were t /roo c 11 to 1* 0tored overnight Ci O
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;arvation cycle was repeated on three sore oucceoo:

On the fifth day, L m l . of this culture v/ere su 
?0 ml. of ho. 1 medium in a 2p0 ml. screw-csppcd fl

r
rive Oi cell concentration of about 1.8 x 10° -oor ml

2d at 30^0 withwas incuoarea ae j>u 0 wxtn rapxa snaiung ana a m e r  a _ag o 
approximately ninety minutes the cells began to-bud. Ccun 

wore made as recommended by Williamson and Scopes (19S0)., 
Thirty minutes later the culture reached a budding index o 

-op-•30. A time course curve is given in the results (Fig 
ure III).

2. Study of Live Material
In an effort to complement the stained preparations, 1 

material was also- studied. Standard phase contrast of w&t 
mounts from young cultures proved sufficent to study the g 
morphological changes accompanying the budding process.

In order to study the behavior of the nucleus in live 
preparations, it was necessary to use a procedure recently 

described by Bobinow and Marak (1966). The procedure is 
designed to avoid the problems normally caused by the dens 
phase rings around the material. A slide was coated with . 
layer of medium containing 21% gelatin, 1% yeast extrac t a: 

2(6 glucose. This was inoculated with yeast ce]
'ooiii temperature ior four nours. This m e nLi kjc

red in elimination of granular material within she
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which might have obscured the nucleus. After this in cube. tier, 
the slide '.'/as examined with phase contrast.

3- Treatment of. unsynchronized Material 
Slides for preliminary studies generally consisted cl uu~ 

synchronized material and were prepared as foil or/s. A covor- 

slip (No. 1-1/2) v/as coated with a thin layer of Mayor's 
albumin.to which v/as added a thick drop of cell suspension.
; hishout allowing this to dry (it was found that air drying 
.caused considerable cell shrinkage), it was transferred to 
one of the several fixatives used. .Carney1s was used for a 
fixation period of ten minutes, Helly’s for twelve minutes 
and vapors of osmic acid (1%) for two minutes. The coverslip 
was then transferred to 70% ethanol to remove excess fixative 

and then placed in . 17li sodium chloride at 60^C for ten min
utes. The coverslips were removed from the hydrolysis bath 

and dipped in water to terminate the extraction and were then 

placed in either azure A or Giemsa stain for from one and one 
half to two hours. Coverslips were then removed from the 

dye, washed in tap water and mounted over Diaphanc or Per- 
mount. As a control on the specificity of the stain, so tie 

slides wore treated v/ith Dhaso (Cigma) at a concentration of 
1 mg., per ml. in a 0.1M phosphate buffer pH 7.7, for one 

nour at Zf0°C.

d.i. CO 0 C2 S 1 0 di -L, Lr il O dS iL O _L Ia ̂  ii 1 I'/aO o* JL "si O c*.

similarly except that it v/as washed first with sulfite wafer
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aiter staining and then with tap water and nan finally me 
cd over a drop of aceto-carmine.

Acid fuchsin material was fixed in IIelly:s only and 
snored in 70% ethanol until needed. The coverslips wore 
rinsed several times in 1% acetic acid and then stained P  

two and one half minutes. The slip v/as then washed sever: 
times in 1% acetic acid and mounted over the same.

A. Treatment of Synchronised Material
In the case of synchronized material, cells were saho: 

aliquots directly from No* 1 medium. Two methods wc-ro use 

depending on the fixative employed.

V/hen osraic acid vapors were - used, a drop of the cultui 
was withdrawn by pipette and placed on a Mo. 1-1/2 covers! 
which had previously been coated with a thin layer of mayo 
albumin. Without allowing this to dry, the coverslip v/as 
placed in a Coplin type dish in a finger bowl where it was 
exposed to the vapors of osmic acid for two minutes. It v, 
then removed and stored at ij. C until needed for staining.

For Nelly:s fixative, ? ml. of the culture were wither 
ur.d pipetted into a screw capped test tube. The ceils wor 

rapidly centrifuged (lOOOx g) into a pellet and cuichly ro 

suspended in 5 ml. of holly’s fixative. After twelve ninv 
the cells were recentrifuged and the supernatant discarded 
The colls were washed once in 7G% ethanol, twice in tap wa
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and then - concentrated to a volume of .2 ml. 111c was s m  
^ p.j~uxn a g m  p l a c e  ( I .p /o  agoirJ a n a  seorcu a u  mi o unc___ 

staining.

. . , p..‘nun j. og uii ca y ag*.t.r oloLfii.w aoou c pmre were cu c a..w nx 

u oxisj kivXJii on covGf’GXijis coat Off, wish al on uin« :«x vU t, r; •> .;

of the- agar bearing the ceils in contact with the albumin 
the block v/as tapped down and then flipped off leaving an 
imprint of cells on the coverslip.

In either case, coverslips bearing the previousl,y fin 
colls were transferred to 70%  ethanol where they v/ero hop 
for five minutes. They were then transferred to distille 
water for five minutes.

The next step was devoted to elimination of PHA. Co] 

wore first extracted with .1?K sodium chloride and were ; 

hydolysed to specifically release aldehyde groups on Du A, 

hydrolysis v/as carried out in IN HC1 at 60^0 for times vc 
ing from ten to twenty minutes depending on the division 

stage (see Table IV).

An alternative to this was the use of Phase (Sigma). 
This was made as a stock solution containing 2 mg. per ml 

in pil 5*5 saline. For use this was diluted with 0.21] phc; 
phate buffer pH 7*5 to a final concentration of 0.1 mgs, p; 
ml. Coverslips were placed in this solution and digestion 
was allowed to precede for one and one half hours at 3CW ~-.
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T A 1.- L,E IV

T  r o a tm e n t  o i S y n c h r o n is e d  M a t e r i a l  
( a i l  t im e s  in  m in u te s )

S yn c h ro n y  t im e  • I IC L h y d ro ly s is  A 'zu re  A

. 1 V'
10
0

00
40 '
50
60'
70
A0
9 0 bud  d in  g b e g i n s

10 120 :20
10 100

1.3 100 Au
15 100 120'
15 120 100
17 120 100
17 12 0 ,00
13 iOO i 0'0
13 10 0 iOu
17 10 0 Leu

100 D N A  d o u b le s  ^  ^15 u.y

110 15 115 100
12 0 b u d d in g  re a c h e s  p e a k  ^  q ,,q~
1 30
140
1 50
1 60
1 70
1 60
190

2 20 
2 30 
2 4 0

n u c le a r  t r a n s f e r  

end o f  f i r s t  c y c le

17 130 100
20 13 0 100
17 115 100
15 115 1.00
15 10 0 110
17 100 no

15 115 110
“  >JlI b u d d in g  re a c h e s  p e a k  15 115 110
2 1 0 15 130 120

17 130 120
n u c le a r  t r a n s f e r  20 115 120

17 115 120

28
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Corns 'ureatea rn tins way too.: siigntly longer to stain a;:: 
ovon then gave faintly stained preparations. This prcccdu 
resulted in less shrinkage than extraction in sodium chior:

Coverslips were then placed in C-ie-rasa or azure A for a 

u.i.;..es ytveii j_ii lable x y . nl i-ur s Larii-i-ng inio covei'in.i. us wu 

washed several times in tap water, dried by blotting anc. 
mounted over Diaphane.

Photomicrographs were taken using a Leitz Orthoiax re
search microscope equipped with apochromatic oil immersion 

ectives and either a Mikas 35 mm camera or a Bausch and 
Lorab Model L camera. The film used was Panatomic X.
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RESULTS

A. Synchrony

After preliminary studies to define the staining proced
ure, all slides described were prepared from five synchrony 

runs. Pooled data from the five is presented in Table V and 
Figure 3«

The degree of synchrony reached was slightly less than 
that obtained by Williamson and Scopes (I960) but still was 
satisfactory, varying from sixty-five to eighty percent.
The number of buds (as determined by microscopic count) began 
to exceed the background level at ninty minutes. A budding 
peak was reached forty minutes after, that is at one hundred 

and thirty minutes after innoculation into No. 1 medium; al
most immediately after which a second budding cycle began.

The loss of synchrony in the second division v/as approximate
ly twelve percent and the duration of the cycle was the same 
as the first. This gives a generation time of eighty minutes 
for the population which is comparable with the results of 
Williamson and Scopes (although our lag period was about 
twenty minutes longer). In that this is an average for the 
population, the generation time of an individual cell may be 
slightly different.

An attempt was made to follow synchrony by monitoring

30
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TABLE V

Pooled Data of F ive  Synchrony Experim ents

T im e
(m in .)

T o ta l
Cells

1.0 1.1 2.0 2.1 2.2 Other Perceni
Buds

0 500 478 3 19 0 0 0 0.52
20 300 293 2 5 0 0 0 0.06
40 500 458 5 87 0 0 0 0.05
50 400 381 5 13 0 0 0 1.45
60 500 470 8 22 0 0 0 1.53
70 500 457 8 35 0 0 0 1.49
80 300 267 5 27 0 0 1 1.53
90 500 464 14 22 0 0 0 2.68

100 551 441 90 IS 2 0 0 16.1
110 552 315 207 24 4 2 0 36.6
120 453 179 250 9 10 4 1 55 4
130 504 101 352 29 12 10 0 69.0
140 500 104 283 99 7 7 0 50.0
150 308 57 115 112 7 8 9 31.0
160 398 68 99 198 10 8 15 19.3
170 *331 36 62 194 0 8 5 13.4
180 183 52 38 103 0 oO 1 13.0
190 126 9 16 85 2 6 1 38.4
200 108 9 13 33 1 48 0 55 .6
210 95 4 9 33 1 42 1 52.5
220 120 2 8 45 2 55 2 27.4
230 147 4 15 90 0 27 0 21.0

1.0  denotes a c e ll w ith  bud
1.1 denotes a c e ll w ith  a sm a ll bud
2.0  denotes a double c e ll
2.1  denotes a double c e ll w ith  one bud
2.2  denotes a double c e ll w ith  two buds

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



F ig u r e  3. G ra p h  s h o w in g  the  s y n c h r o n y  c u r v e  as e x p r e s s e d  
in  p e r c e n :  b u d s ,  c e l l  n u m b e rs  (o n e  c e l l  b e in g  any  
u n it o n e -h a  I f  as l a r g e  as a m o t h e r  c e l l  o r  l a r g e r )  
and  t u r b i d i t y .
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turbidity with a Klett colorimeter and the results arc shown 
in Figure 3» As can be seen, variations in the curve are 
perceptible but slight. This nay be due to the fact that the 
cell volumne increases at a relatively constant rate v/hen 

compared to the budding index (Williamson and Scopes, 196a )„

Studies of the division process revealed a similar pat

tern in the first and second divisions and thus only the first 
cycle will be discussed in relation to nuclear events.

3. Observations on Living Cells

Study of live material in the budding process with phase 
contrast gave no indication of the changes undergone by the 
nucleus but some general information v/as gained. A "resting 

cell" (Figure if) shows a thick outer wail and large central 
\racuole clearly. Around the vacuole can be seen a thin dark 
rim of cytoplasm which is most abundant at the apex of the 
cell from which the bud will develop. There is a good deal 

of granulation within the cell. As the bud begins to develop, 
a cytoplasmic bridge between mother and daughter cells be
comes apparent (Figure if). Granulation at this point seems 
concentrated at the center of the cell. The bud grows until 

it is the same size as the mother cell but the two cells re

main attached until they begin to bud. Each then separately 

then repeats an identical cycle.

Observations on live cells prepared by the gelatin tech
nique described by Sobinow and karak (1966) show readily the
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i

F ig u r e  4. A  s e r ie s  o f  p h o to m ic r o g r a p h s  s h o w in g  the  g e n e r a l  

m o r p h o lo g y  o f  the  b u d d in g  c y c le .  P h a s e  c o n t r a s t  

o i l  i m m e r s i o n  o b je c t iv e  (x 9 0 ) .  T o t a l  m a g n i f i c a t i o n  

is  x 7 0 0 0  .
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' ' “he

y?

advantages of unis method* (Sc

ations, the nucleus is clcarl/ visible as is the col 
arid contra! vacuole. Before the bud appears (Figure 5.A) 
nucleus is circular and a. clear central area is visible giv

ing a vacuolar appearance. In the early budding stages, the 
nucleus appears to be rather diffuse (Figure 53) having no 
definite outline. The nucleus then assumes a triangular or 
wedge shape when the bud is about one half the size of the 
mother cell. Close examination shows a faint linear band 
of low nuclear density at an angle perpendicular to the long 
axis of the mother cell. Two similar bands can be seen below
this and at a right angle from it (Figure 53). As the nuc

leus begins trailfer to the bud, a dark area can be seen in
the nucleus in the region closest to the vacuole (Figure pD).
There also is a faint area originating in the isthmus be

tween mother cell and bud and projecting into the nucleus. 

These may represent respectively, the nucleolus and fibre 

apparatus recently described by Fobinow and Karak (1966). 
Transfer of the nucleus continues (Figure 52) until equal 
amounts of nuclear material are oresent in both cells. The

with complete separation of the two nuclei 
ono remaining in the mother coll and the other in the bud 
(Figure 5F).

Throughout the cycle, little can be seen of she internal 
suructure 01 tne nucleus wiun .cs excepuaon o 1 one aicrc...on— 
tioned faint areas* Instead most of the changes which are
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F ig u r e  5. A  s e q u e n c e  o f  p h o t o m ic r o g r a p h s  s h o w in g  the  n u c le u s  

in  l i v e  c e i l s  d u r in g  th e  b u d d in g  c y c le .  P h a s e  c o n t r a s  

o i l  i m m e r s i o n  o b je c t i v e  (x 9 0 ) .  G e la t in  m e d iu m .

T o t a l  m a g n i f i c a t i o n  is  xoOOO.

A .  V e s i c u la r  s ta g e .  A r r o w  in d ic a te s  c e n t r a l  

v c le a r  a r e a  in  th e  n u c le u s .

B . D i f f u s e  s ta g e .

C . D iv id e d  s ta g e .  A r r o w  in d ic a te s  f a i n t  c l e a r  

l i n e a r  a r e a .

D .  T r a n s f e r  s ta g e .  A r r o w  in d ic a te s  n u c le o lu s .

E .  L a te  T r a n s f e r  s ta g e .

F .  S e p a ra te d  s ta g e .

N n u c le u s ,  V v a c u o le .  T h is  n o ta t io n  w i ld  be u s e d  th r o u g h o u t  

O v e r le a f .  D i a g r a m a t i c  r e p r e s e n t a t i o n  o f  F i g u r e  5.
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diseernable arc in the outline or shape of the nucleus. As 
will be seen5 these changes also occur in stained preparation

C. Study.of Stained Unsynchronized Cells-

Of the three fixatives (HeilyJs, Carnoy»s ana osr.ic acid) 
used in preliminary studios, osmium pave the least satisfac
tory results. Nuclei in cells treated v/ith this fixative 
were generally quite compact (Figure 7A,B,C)» This fixative 
has been critisized in the past regarding its application to 
nuclear material (Pearse, 1961; Siegel, 1964), and such an 

evaluation is not unfounded. Only in rare cases could any 
detail be seen with this fixative; most of the nuclear events 

to be described being obscured by its use. This was true in 

comparison to both azure A and Giemsa stained preparations.
/t

Carnoy’s fixative, though highly recommended in standard 
texts (Pearse, 1961) as a nuclear fixative was not as satis
factory as Kelly*s. Although it resulted in preparations of 

good nuclear detail, the rest of the cell - notably the 
vacuole - was not preserved as well as v/ith Kelly's. Use of 
the latter seemed to result in less cell shrinkage than found 
in Carnoy-treated preparations. Use of Kelly's fixative, 

with hydrolysis in one normal hydrochloric acid followed by 
either Giemsa or azure A staining gave preparations of high 

quality (see Figure 8 , 12 and I 4 ).

Occasional cells showed dense cytonlasmic staining des-
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pi to tiio sexectivi-cy a  z u q  stain, on an effort to alleviate 

this problem, most preparations were also extracted in hi y’X 

sodium chloride even though, tis resulted in some shrinkage. 
'This gave satisfactory results and led to an interesting dis
covery. In some extensively extracted preparations, there- 
appeared a clear area around tho nucleus (Figure SA). This 
might be due to shrinkage of the nuclear material because of 
the ionic environment or removal of SNA at the immediate per
iphery of the nucleus or a combination of both.

SNAase (Sigma) was applied in an attempt to biochemically 
validate the action of azure A. Treatment with this enzyme 
resulted in preparations similar to those prepared using- 

other methods of extraction of ENA. The only noticable diff-
v

eronce was that ENAase treated preparations required slightly 
longer staining times.(Figure 63).

Pretreatment of the cells v/ith DNase (Sigma) before stain
ing v/ith azure A, resulted in cells in which the cytoplasm 
and vacuole could be detected, but no nuclei could be seen 
(Figure 6C).

Application of the Feulgen technique to yeast cells re
sulted in very f a i n t l y  stained preparations (Figure 7D)» The 
nuclei appeared more delicate than in azure A preparations 
but was so faintly stained as to hinder meaningful study.

comparison of the Giemsa and azure
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F igu re  6. A. H e lly 's  fixed , e x ten s iv e  sod ium  ch loride  extraction ,  

ac id  h y d r o ly s is ,  azu re  A sta ined . Note the c lea r  

a r ea  betw een  the nucleus and the cy to p la sm  as 

ind icated  by the a rro w  (x2000).

B. H e lly 's  fixed , R N A ase ex traction , azure A 

s ta in ed  (x2500).

C. H e lly 's  f ixed , ac id  h y d r o ly s is ,  D N A ase e x tr a c t 

ed, azu re  A sta in ed . Note the ab sen ce  of n u cle i .

( x4000).

AnC. Bright f ie ld  o i l  im m e r s io n  ob jec tive  (xlOO).

A l l  rem ain ing photom icrographs w ere  taken  

with this ob jec tive .

O verleaf. D ia g ra m a tic  rep resen ta tion  of F ig u re  6A.
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F igu re  7. A. O sm iu m  f ix e d ,  ac id  h y d r o ly s is ,  azure A sta in ed .

The n u c le i  are  com p act and hom ogeneous (x4000).

B. O sm iu m  fix ed , ac id  h y d ro ly s is ,  G ie m sa  sta in ed .  

Note the d en se  com pact n u c le i  (x3000).

C. O sm iu m  f ix ed , ac id  h y d r o ly s is ,  Gi e m sa  sta in ed .  

(x 6 000).

D. H e lly 's  f ixed , ac id  h y d ro ly s is ,  F eu lgen  sta in ed .  

This i l lu s ta te s  how w eakly  F eu lgen  p o s it iv e  the 

y e a s t  n u cleus  i s .  (x9000).
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A preparations shows that the latter are more delicate than 
those of the former, but still retain enough depth of stain
ing to make detailed study possible. Giemsa preparations 
often appeared uniformly dense and did not show as much out
line detail as did azure A stains. Also, the cytoplasm of 
Giemsa stained cells was colored deeper than that of azure A 
preparations. Thus it seemed that azure A was a more suitable 
stain for studying the yeast nucleus since it stained more 
intensely than Feulgen techniques and yet showed more detail 
than Giemsa. Reviewing this fact in the light of the work of 
Sachs and Hartman (1965) and Delamater (1951)> it was decided 
to use azure A as the main stain with Giemsa serving only a 
secondary role.

D. Study of Stained Synchronized Cells
In studying the nucleus in synchronized cell populations, 

it was found that several morphological changes occured.
From time 0 through time 30 (times refer to minutes after in- 
noculation into No. 1 medium) the nuclei were compact and 
rounded (see Figure 0). The position of the vacuole could 
be seen and the cytoplasm was faintly stained, but no detail 
was visible in the nucleus. Projecting from the homogeneous
ly darkly stained nucleus were thin elements of what appeared 
to be nuclear marerial. There were as many as three such 
protuberances (Figure 8D), but often there was only one. In 
some cases the projections terminated in granule-like bodies
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Figure 8 Helly's fixed, sodium chloride extraction, acid hydrolysis, 

azure A stained. Synchronized material at time 0. Note 

the rounded small nuclei and the integrity of the vacuole.

A. (xlOOO)

B. Arrow indicates double projection of the nucleus 

(x2000)
C. Arrow indicates long nuclear projection ending 

in a granule (x3000)

D. (x3500)

E. (x2000)

Overleaf: Diagramatic representation of Figures 8B, 8C and 8D.
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F igu re  9. Drawing to i l lu s tra te  the cap on the nu cleu s  which

often sta in ed  d eep ly  with a zu r e  A at e a r ly  synchrony  

t im e s .  It is  not a lw ays or ien ta ted  p ro x im a l to the 

v a c u o le .
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(Figure SC)-which are similar to the centioles of Delamater 
(1950) and Ganeson (1999). Isolated nuclei Showed" tis pro
jection to be doubled (Figure 8B). A-cap of nuclear material 
was sometimes seen which stained more intensely than the rest 
of the nucleus. In the light of the specificity of azure A 
for DNA, this cap is not believed to be the nucleolus describ
ed by Robinow and Marak (1966) (Figure 9).

At time 30> the nucleus often assumed an elongated cres
cent shape and seemed to be located very near the central 
vacuole. It was not determined whether this represented an 
exaggerated state of the projections or a configuration diff
erent from this. The nucleus then assumed the shape of a 
holow sphere or vesicular body (Figures 10A and 5B). This 
figure was most prominent from forty to forty five minutes 
after the start of the synchrony experiment.

Beginning at time 60 and reaching a maximum frequency at 
time 80, the clear central areas disappeared and the nuclei 
decreased in their staining intensity. It appeared as if the 
nuclear material was spreading out or becoming more diffuse 
(Figures 10B, 10C and 11 A). The clearly defined edges of the 
nuclei became indistinct and the diameter of the nuclei in
creased considerably. Some cells showed chromosome like bod
ies. At the same time the cytoplasm began to stain more 
densely and ther often appeared a single large, dark central 
area (Figure 11B).
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Figure 10.

O verleaf;

H e lly 's  f ixed , sodium  ch lor id e  ex tracted , ac id  h y d ro 

ly s i s ,  a zu re  A sta ined.

A. V e s ic u la r  s ta g e .  Synchrony t im e  45. (x3000)  

(x30000

B. D iffuse  s ta g e .  Synchrony t im e  70. (x3000)

C. D iffu se  s ta g e .  Synchrony t im e  80. (x5000)

Note the faded edge and in c r e a se d  s i z e  of 

the n u c le i .

D rawing to i l lu s tra te  F igu re  10A, B andC
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F igu re  11.

O verleaf:

H elly 's  f ixed , sodium  ch lor id e  ex tra cted , acid  

h y d ro ly s is ,  azure  A sta ined .

A. D iffuse  s ta g e .  Synchrony t im e  85. (x4000)

B. D iffuse  s ta g e .  Synchrony t im e  85. (x4000)  

L arge  c en tra l  dark staining a r ea s  are  

v is ib le  and are  indicated by the a rro w s .

D iagram atic  i l lu stra t io n  of F ig u re  11B.
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At time 90 the cells began to bud. The nuclei at this 
stage reassumed a condensed configuration but did not become 
as dense as seen earlier in the experiment. The staining in
tensity reverted to its original state but the nuclei were 
slightly larger than at time 0. The nuclei then became or
iented quite close to the bud. In a few cases, the nuclei 
could be seen at oppisite ends of the cell from the bud but 
in such cases it was not possible to determine if nuclear div
ision and transfer did in fact occur.

Diamond-shaped nuclei could be seen 110-120 minutes after 
the start of the experiment. After, there appeared a dark 
band stretching across the nucleus while the remainder of the 
nuclear material stained faintly and was outlined*(see Figure 
12A). Other figures could be seen during the same period in 
which a faintly staining area began to appear between two 
denser areas of deeply staining nuclear material,(Figure 12B).

During the next interval of about twenty minutes (time 
120 to 1̂ -0), the nuclei assumed a wedge shape with the tip 
of the wedge quite close to the bud. In many nuclei, a faint
ly staining band covering an area which was perpendicular to 
the long axis of the mother cell could be seen (Figures 12C, 
13A and 13B). This is very similar to the case described 
earlier for gelatin embeded material (Figure 5C).

At time lifO to time 160, transfer of the nucleus across 
the isthmus between mother cell and bud took place. A very
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F ig u re  12.

O verleaf:

H elly 's  f ix ed , sod iu m  ch lo r id e  ex tracted , ac id  

h y d r o ly s is ,  a zu re  A sta ined .

A . D iam ond4ike s ta g e .  Synchrony t im e  110 

(x3000).

B. Diamond-like s ta g e .  Synchrony t im e  120

(x5000).

C. D iv ided s ta g e .  Synchrony t im e  125 (x6000)  

A rrow  in d ica tes  lin ear  unstained a rea  

a c r o s s  the n u cleu s .

D iagram atic  r ep resen ta t io n  of F ig u re  12A, B andC.
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F ig u re  13.

O verlea f;

H elly 's  fixed , sod ium  ch lo r id e  ex tracted , acid  

h y d ro ly s is ,  azure. A sta ined .

A. Divided s ta g e .  Synchrony t im e  130

(x3500). A rrow  in d icates  a rea  unstained.

B Divided s ta g e .  Synchrony t im e  130

(x3500). A rrow  in d icates  a rea  unstained.  

Note that a thin ex ten sion  of the nucleus  

has en tered  the bud.

D iagram atic  rep resen ta t io n  of F ig u re  13A and B.
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F igu re  14.

O verleaf.

H elly 's  f ixed , sod ium  chlor ide  ex tracted , acid  

h y d ro ly s is ,  azu re  A stained.

A. T ra n sfer  s ta g e .  Synchrony tim e 150 

(x5000).

B. T ra n sfer  s ta g e .  Synchrony t im e 150

(x5000).

D iagram atic  rep resen ta tion  of f ig u re  14A and B.
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thin lightly staining thread first progressed into the bud 
(Figure U|.A). Soon a largo bulb of nuclear material appeared 
in both the mother cell and bud, the tv/o being connected by 
a thin thread (Figure U(.B). In some cases the thread appear
ed to consist of alternating light and dark areas suggesting 
the involvement of particulate material (see Ramirez and 
Miller, 1962). The thread was usually quite straight through 
out its length but in a few cases was straight for only short 
segments (Figure 16D).

At times 160 to 170, the nuclei could be seen as complete 
structures in both cells. These bodies were quite dense and 
stained evenly and at time 180, the cycle was repeated for 
the second division.

The study of synchronized material with Giemsa gave re
sults in close agreement with those found using azure A.
Again the nuclei were compact initially (Figure l^A) and then 
changed from a rounded to an elongated shape. Often a cres
cent was observed on the nucleus which was slightly different 
in color from the rest of the organelle. The vesicular nuc
lei seen with azure A were not seen in Giemsa preparations, 
possibly due to non-specific staining within the central area. 
The diffuse stage was clearly visible and again some cells - 
showed chromosome like bodies (Figure 15B,15C). The nuclei 
became slightly more compact (Figure 16A) and then assumed a 
wedge shape (Figure 16B). The clear areas seen in azure A
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F ig u re  15. H e lley 's  f ixed , sod iu m  ch lor id e  ex tracted , ac id  

h y d r o ly s is ,  G ie m sa  sta ined .

A. Com pact s ta g e .  Synchrony t im e 20 

(x3000).

B. D iffuse  s ta g e .  Synchrony t im e  80 

. (x6000).

C. D iffuse  s ta g e .  Synchrony t im e  90

(x6000).
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F ig u re  16.

O verleaf.

H elly 's  f ixed , sod ium  ch lo r id e  extracted , ac id  

h y d ro ly s is ,  G ie m sa  sta ined .

A . Compact s tage  fo llow ing D iffuse  s ta g e .  

Synchrony t im e  100 (x3000).

B . Wedge shaped n u c le u s . Synchrony

tim e  125. A rrow  ind icates  vacuole  which  

se e m s  to be m igratin g  to the bud. (x4000)

C. T ra n sfer  s ta g e .  Synchrony t im e  150 

(x4000).

D. T ra n sfer  s ta g e .  Synchrony t im e  150 

Mote the short length of the straight

se g m e n ts .  (x4000).

D iagram atic  rep resen ta t io n  of F ig u re  16A and B.
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preparations are not evident in Giemsa stains probably for 
the same reason mentioned for the vesicular stage. Transfer 
of the nucleus proceeded according to the pattern described 
with azure A stained material (Figure 16C,16D).

It is interesting to note the position of the vacuole 
during division. Quite often in the bud several small vac
uoles could be seen which later seemed to merge into a single 
vacuole. However, at times what appeared to be the vacuole 
could be seen moving intact across the isthmus (Figure 16B).

Using the method of storing fixed material on agar sur
faces described previously, it w a s >found that acid fuchsin 
preparations had crenated vacuoles and often stained poorly. 
Because of this, unsynchronized material was studied using 
the size of buds relative to the mother cell for determining 
the sequence of events. This stain is suggested for demon
stration of the nucleolus and the fibre apparatus as describ

ed by Robinow and Marak (1966). The nucleolus occupies the 
periphery of the nucleus on the side proximal to the vacuole 
with the centriolar plaque and fibre rodlet being directly 
oppisite. This configuration remains until the nucleus 
assumes the wedge shape. At this time, the fibre apparatus 
rapidly stretches across the nucleus to the nucleolus. The 
fibre results in clear areas in azure A preparations which 
are parallel to and extend into the isthmus between mother 
cell and bud. The fibre projects into the bud before the
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F ig u r e  17. H e l l y ' s  f i x e d ,  a c id  f u c h s in  s ta in e d .  U n s y n c h r o n 

iz e d .  N o te  th a t  th e  n u c le u s  in  s o m e  ca s e s  is  

s ta in e d .  (x 4 0 0 0 )

N e  = n u c le o lu s  

C. P .  = c e n t r i o l a r  p la q u e  

F . A .  = f i b r e  a p p a ra tu s  

O v e r le a f .  D ia g r a m a t i c  r e p r e s e n t a t i o n  o f  F i g u r e  17.
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nuclear material as reported by Robinow and Karak (1966) a 
would be at aright angle to the clear area mentioned to ex 
at this time (Figure 17A,17B).
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CHAPTER V 
DISCUSSION AND CONCLUSIONS

As indicated in the literature review, there is a diver
sity of opinion on what constitutes the most advantageous 
combination of pretreatments and stains for the yeast nucleus.

Osmic acid is widley used as a fixative and stain in 
electron microscopy, but its use as a nuclear fixative in 
light microscopy has been criticized as it tends to render 
the nucleus structureless unless a pH of 6.1 is maintained 
(Pearse, 1962; Siegel, 196k] Kellenberger et al. 1958). In 
vapor fixed material it is impossible to maintain this con
dition and our experience has shown that this fixative leaves 
the nucleus quite compact and homogeneous appearing. Since 
osmium was unsatisfactory, the use of Carnoy's was attempted. 
Although Pearse (1962) strongly recommends Carnoy’s as a 
nuclear fixative and some microbial cytologists (Lindegren et 
al., 1996) have found it satisfactory, Nagel (19^6) and 
Yoneda (1963) have found it to be of little use with yeast 
in that it caused shrinkage of the cells. We also experien
ced this and thus found Carnoy's unsatisfactory also.

Helley's fixative minus the sulfite was found to give 

both nuclear detail and vacuolar preservation. Mundkur (log!) 

feels that the latter is an important criterion for judging 
artifact abscence. It was thus decided to use this in the

82
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study of synchronized material even though it resulted in 
some coll shrinkage.

Lindegren et al. (1956) recommended use of perchloric 
acid rather than acid hydrolysis to remove ENA from the yeast 
cell, claiming that the latter destroyed the vacuole. This 
v/as shown to be false when Helley's fixative was used (Fig
ures 3 and 10) and thus the vacuolar collapse experienced 
by Lindegren may have been due in part to his use of Carnoy's,

There would appear to be no simple explanation of the 
fact that optimum hydrolysis times during the synchrony cycle 
did not follow exactly the gradual increase in ribonucleic 
acid. The concommitant changes in cell size and amounts of 
bound RNA may account for this discrepancy. However, the 
general pattern was an increased hydolysis time for increased 
ENA concentration.

The fact that extensive sodium chloride extraction re
sulted in a non-staining area around the nucleus indicated 
that the nucleus may be contracted away from the cytoplasm 
by this treatment (Whitfield and Murray, 1955)* An equally 
likely possibility exists that there may be a rim of ENA 
(the nucleolus ?) on the nucleus and its removal results in 
the clear area.

The comparison of Feulgen, Giemsa and azure A staining 

indicated that the latter was useful in studying the yeast

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



nucleus. In that it stained more in tensely than b a d e  f cou
sin avid more specifically than Uiomsa, its use has obvious 
advantages. (It might be noted that the dye used v/ac not 
entirely pure and therefore slight cytoplasmic staining may 
have been due to contaminant dyes of a similar structure 
such as methylene blue.) Certainly, the main problem in this 
and any similar study is to find a stain and staining condit
ions which develop enough depth of color in the object stud
ied and yet doesn’t obscure details by overstaining. The 
use of azure A has resulted in the observation of the various 
stages of karyokinesis described in the results section and 
the use of synchronized cultures has permitted the arrange
ment of these stages into a sequence. This led to the follow
ing hypothesis for nuclear division during asexual reproduct
ion.

In Figure 18A is seen the interdivision nucleus. It Is 
visible at synchrony times O-4O but in a young nonsynchron
ized culture it lasts only five or ten minutes. The duration 
of its prescence was prolonged during the synchrony run due 
to the lag period. The nucleus at this stage was compact and 

rounded with the nucleolus occupying a position upon the nuc
leus proximal to the central vacuole. The centriolar plaque 
is directly opposite near the apex of the cell. This is seen 
in Figures 8A-D, 15A and 17A. The nucleus then elongates 
slightly as shown in Figure 183. It is unclear whether this
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reflects a change which alv/ays occurs or is due to the lag 
period. In any event, the duration of this stage is short.

Beginning at synchrony time ZfO and lasting for between 
ten and twenty minutes, a Vesicular Stage was observed (Fig
ures 7 3C, pA and TOA). It is thought that this reflects the 
beginning of a dispersion of chromatinic material. At approx
imately synchrony time 80, this dispersion is complete and 
the Diffuse Stage becomes visible for a period of twenty min
utes (Figures 18D, 10B-C, 11A-B and 15 B-C). These larger 
lighter staining forms are seen immediately prior to and 

during DBA synthesis as measured by Williamson and Scopes 

(I960) and postulated by Lindegren 0  9 5 0 .  Therefore this 
change may indicate an unfolding of chromatinic material to 
facilitate the replication of DBA.

Bear synchrony time 100, the nucleus again appears com
pact (Figure 18E and 16A). Close observation during this 
ten minute period indicates a slight increase in size of the 
nucleus and this is taken as a sign of completed chromatinic 
replication and the consequent increase in DBA.

A diamond-like figure becomes apparent between synchrony 
times 110 and 125 as shown in Figure 18F (see also Figure 12 
A-B). The shape and position of the nucleus at this time 
when the nucleic acid has completed replication and the fact 
that a divided nucleus is seen immediately following, support 

the hypothesis that such a figure indicated separation of
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the nuclei. Also, although between twenty-eight and chlrzy- 

two chromosomes would be expected (MeClary et a l . , 1957; 
Ganeson, 1959) it was not possible to resolve anything re
sembling this number of discrete units. This was not unex
pected in that the diameter of the nucleus is less than one- 
micro n in stained preparations. Most past authors have not 

postulated division of the nucleus to occur until much later 
in the cycle when the nucleus has completely moved to the 

bud. Here this later stage is recognized only as the termin
us of the nuclear migration and not nuclear division. It 

would then be at approximately synchrony time 120 that actual 
mitosis occurs.

In Figure 18G, a wedge shaped nucleus is showrn which is 
oriented quite close to the bud. Such a figure was apparent 
at synchrony time 125 and lasted less than twenty minutes 
(see Figures 5C, 12C and 13A-B). When one examines this fig

ure closely, a clear linear area can be seen at an angle per

pendicular to the long axis of the mother cell. This Divided 
Stage is thought to represent the two separated daughter 
nuclei which have just been formed witin a single intact nuc
lear membrane. The non-staining area represents the inter
space. Such separation of the two nuclei witin the mother 
cell has been postulated by Ramirez and Miller (1962). Al
though such an interpretation may be premature, Williamson 
(1966) has shown an electron micrograph of a nucleus which
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F i g u r e  IS. D ia g r a m a t i c  r e p r e s e n ta t io n ,  o f  the  m o r p h o lo g i c a l

p a t t e r n  o f  k a r y o k in e s i s in  S. c a r l s b e r g c n s i s .

A . S y n c h ro n y  t i m e  0. C o m p a c t  S tag e .

B . S y n c h ro n y  t im e  20. E lo n g a te d  S tage .

C. S y n c h ro n y  t i m e  40 . V e s i c u l a r  S tage .

D . S y n c h r o n y  t i m e  80. D i f f u s e  S tage .

E . S y n c h ro n y  t i m e  90 . D u p l ic a te d  S tag e .

F . S y n c h ro n y  t i m e  115. D ia m o n d - l i k e  S tage .

G. S y n c h ro n y  t im e  125. D iv id e d  S tage .

H . S y n c h ro n y  t i m e  135. E a r l y  t r a n s f e r  S tage

I. S y n c h ro n y  t im e  145. T r a n s f e r  S tage .

J. S y n c h ro n y  t im e  160. S e p a ra te d  S tag e .

K . S y n c h ro n y  t im e  180. C o m p a c t  S tage .
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is generally similar and may be considered as cofirmatory.

However, it must be noted that Robinow and i-iaralc 0  9C1) 
have demonstrated a similar band and described it as being 
due to finger-like projections into the nucleus. Such in
dentations indicate the location of the centriolar plaque. 
Resolution of the question as to whether these stucturos are 
identical will likely depend on future electron microscope 
studies.

It is during this period that the fibre apparatus begins 
to elongate away from the centriolar plaque. This takes 

place quickly and by synchrony time 135 it is extended from 

a position within the bud to the nucleolus within the mother 

cell. As the fibre elongates, it seems to carry a small a- 
mount of chromatin with it into the bud, but the bulk of the 
nuclear material is left behind. It is important to see that 

while this fibre apparatus is extending between the mother 
cell and bud, the clear area between the separated nuclei is 
visible at an angle perpendicular to it (Figure 133). Thus 
it would seem that the fibre cannot account for this latter 
faint linear area.

Figure 181 shows the movement of the nucleus progreeing 
quite rapidly into the bud. This occurs at approximately 

synchrony time 145 a^d takes ten minutes to complete (Figure 
lij.A-3.and 16C-D). The fibre apparatus is still extended 

across the entire nucleus but the clear area is no longer
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visible. This may be due to a movement of nucleolar material 
such that the area is covered.

The role of the fibre in the movement of the chromatin 
is unknown. The centriolar plaque and fibre apparatus may 
act as asters in determining the poles of the nucleus and 
thus determine contraction of the nuclear membrane in the reg
ion bc-tv/een nuclei. This would be similar in concept to the 
astral relaxation theory of mitosis postulated by IVolpert 

0  960). The chromatin would then be passively dragged into 
the bud by the nuclear membrane. It is possible, on the other 
handthat the chromatin attaches directly to the fibre appara
tus and it than acts as a spindle for transfer of nuclear and 
nucleolar material. An intranuclear spindle has been found 

in other fungi, notably Allomvces (Robinow and Marak, unpub
lished) and Basidlobulus (Robinow, 1963)* It is also possible 
that since the nuclear membrane remains intact, the chromatin 
may become attached and the membrane would act as a spindle.
A further possibility is autonomous chromosome movement as 
found in protozoa (Grell, 1953; Leadale, 1963) especially in 
the light of the similarities between the yeast and protozoan 
nucleus.

Often the cleavage furrow in the membrane has been re
fer ed to as existing close to the bud side of the isthmus 
(Ilashimoto, Conti and Naylor, 1958), but it is difficult to 
visualize how, at this stage when both cells are nearly equal
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in size, one could determine which is the bud in a thin sec
tion. Thus, it is equally probable that the iurrow exists 
near the mother nucleus as shown -in Figure 13J.

The exact position of the centriolar plaque in the moth- 
er cell and the degree of fibre elongation at this Separated 
Stage is unclear. This is a difficult stage to study because 
of its short duration and the drawing (Figure 1oJ) is intend
ed as a reminder of the existence of this structure and not 
its specific arrangement.

The division process terminates as the daughter nucleus 
moves entirely into the bud and both nuclei (one in the 

mother coll and the other in the bud) assume a configuration 
similar to that seen in Figure 18K and 18A.

The nucleolus can be seen as a dim gray crescent in live 
cells using phase contrast and gelatin embedding (Figure pD) 
and can be demonstrated in fixed preparations with acid fuch

sia. Although it has often been seen (Iienncberg, 1915;
Uagel, 1946; Lindegren et al., 1996; Robinow and Marak, 1966) 
its acceptance is only now becoming wide spread. It is in
teresting that such a structure, presumably composed of 1TA- 
protein was not more easily recognised in Giemsa preparations. 
It has been our experience that Giemsa slides prepared from 

early times in the synchrony experiment show a crescent of 

slightly different color than the rest of the nucleus. This 

has also been reported by others (ilagel, 19^6; Lindegren et
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a l . }  19 3 6 ; Yoneda, 1 9 6 3 ) *  Wo have unexpectedly s o o n  such a  

figure in azure A  preparations (Figure 9 ) .  T h i s  raises e r e  

point of whether ail these structures are the same structure 
It v/ould seem possible that they are not in that their oriel
ation in respect to the vacuole is inconsistent. Perhaps 
the crescents seen in azure A  preparations are early phases 
in the change of the nucleus to an elongated shape.

The Vesicular Stage during the division cycle is partic
ularly interesting (Figures 5A and 10A). This was most often 
seen during the first division but other workers.such as 

Yoneda (19o3)> Ferriera and Phaff (1939) and Delamater ( 1 9 3 0 )  

have reported similar figures in randomly dividing cultures. 
Such a figure may also be similar to the hollow spindle of 

Levan (1946).

The bluish color of the large central areas seen in the 
cytoplasm of azure A  and Giemsa preparations at a time eighty 
minutes after the start of the experiment is indicative of 

large amounts of R I T A ,  possibly in the form of ribosomes (Fig
ure 113). Biochemical data show at this time the P F A  consent 
of the cell is increasing. The fact that such areas resisted 

hydrolysis and sodium ciii.oi-i.de extraction further suggests 
that the L T T A  is in bound form and these dark areas may be 
identical to the "chromatin" seen by Lindegren c-t al. (1935) 
witin the vacuole. A  cytochemical study is needed to deter

mine the composition of this material with certainty.
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During actual transfer of the nucleus there is lit Lie 
detail to be seen (Figures 1 AA-B and 16C-D), but this sight 
be expected if division had already taken place within the 
r.:o th or coll and only one mi cl one was involved. Tin; s.i.f.i - 
car.ee of the denser particulate bodies seen with Giemsa in 
some nuclei during the transfer process is unimown, If the 
previously mentioned dark rim in Giemsa preparations was in 
fact the nucleolus, this cou3.d be nucleolar material.

The demonstration of chromosomes in the yeast nucleus 
has chiefly involved the use of squashed preparations. Our 

experience with such preparations was limited, but we found 
it to be most successful when applied to the Diffuse Stage. 
It is difficult to accept the prescence of discrete chromo
somes when the nucleus is diffuse and the D M  uncoiled to 
permit replication. Thus, it is thought that such figures 
do not really represent chromosomes but rather loops or ex
tensions of nuclear material (Figures 10B-C and •5B-C), for 
even the counts reported by various authors vary greatly and 
are not entirely compatible with genetic data.

It is apparent that there are several points of diffi
culty in applying the term mitosis, in a classical cense, to 

asexual reproduction in yeast. First, the entire process 

occurs within the nuclear membrane while in mitosis the 
membrane is broken down at an early stage. The centrioles 

which determine the area of cleavage and the swindle fibres
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connecting then with the chromosomes arc .'Lacking (a.i.etcugh 

there ic an in t ra-nu cl car cpi nolle of uncertain function).

In fact there is even lack of conclusive evidence for the 
presence of chromosomes. Finally, there is a nucleolus but 

its position in the nucleus is quite different from that 
found in tissue cells.

Although many feel that the small size of the yeast nuc 

leus is at fault for the lack of progress in revealing the 

divisional pattern, it is more likely that a lack of new tec 
niques has been the primary problem. Although the literatur 
is fairly extensive, it consists of a great deal of replicat 
ion. Acid fuchsin staining, azure A staining and new method 
of electron microscopy including glutaraldehyde fixation hav 
recently given indications that resolution of the division 
nrocess is imminent.
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CHAPTER VI 

SUMMARY

This study has shov/n that azure A has definite adv; 
ayes over both Giemsa and Feulgen techniques for studying 
the yeast nucleus. It results in preparations which are 
stained deeply enough for easy observation and yet is spec
ific in its action for deoxyribonucleic acid. Its applicat
ion to synchronized cellular material has resulted in the 
delineation of a pattern for karyokinesis v/hich receives 
considerable support from the literature. The result of 
combining this method v/ith the biochemical data available 

on synchronized yeast cultures has lent even further support 
to the hypothesis.

The nucleus changes from compact to diffuse thereby 
facilitating the replication of DNA. Quite soon after dupli

cation is completed, the two daughter chromatin bodies are 

separated while still remaining enclosed within a single 
membrane within the mother cell. Cue nucleus then migrates 
into the bud which is almost fully grown and the cycle is 
completed. During the process, the several successive stages 

of Compact, Elongated. Duplicated, Diamond-like, Divided 
Transfer and Compact can be distinguished.

96
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