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Xaryoiinesis in S. carlsbersensis was studiced using a

o~

newly developed staining procedure on cells from synchroncuc=s

Ly dividing cultures.

~va

An Imprint technique, involving either Helly's or osziua
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 which are stained deeply

blue and an almost colorless cytoplasm.

The staining revealed a pattern of division in which
compact, inter-division nuclel 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
vas formed in which a clear band could be seen apparently
inzicating the space between nuclei. The nucleus closest toO
the bud then proceeded into the growing cell while the other

mained 1n tne mother cell. The duration and timing of this
equence in relation ©to synchronized and unsynchronized

srowith patterns as well as its similarity to mitosis are

cdiscussed.
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CIAPTER I
INTRODUCTION

The study of cytokinesis and karyokinesis during assxzual
reproduction has long been of interest to the cytoiogist.
Recent physiological and bilochemical 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 deokyribonucleic
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 exvansion
of the chromosomes into a diffuse network and the formation
'0f nuclear membranes in both mother and daughter cells.

This mode of division is often considered characteristic

of all eukaryotic cells. Studies on the Tumvcotina (true

(o

fungi), however, especially in the yeast genus Saccharomvces

nave cast doubt on the general validity of such a statement.

These latter organisms are unicclluar Ascomyceies wnich

reproduce asexually by budding during whicn the nucleus

undergoes changes which are difficult to interpret ac mitotic.
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Although genetic data suggest the presence of chromosoues,
‘they have yet T0 be demonstrated unequivocally by cytological

methods. This has led to some debate regarding not only tae

vattern of division shown by these organismsjbut‘also as- to
the very ildentity of the auclear structure.

This problem prompted the study to be described in this
'work in which new'techniquésrwere appliéd to0 supplement the

‘_more.classical approaches to give a clearer result.

In reviewing the literature on the nuclear cytology of
'y;ast, 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 ddta already available regarding DNA, ribo-
nucleic acid (RNA) 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 DNA using a newly developed technique. In add-
ition, staining by the methods of TFTeulgen and Clemsa as well

as the study of the anucleus 1in live preparations were preform-

9]

g

ed as supplemental material. Recent findings revealing an

o

intra~nuclear fibre apparatus prompted the study of this

organelle also.
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Thus, the morphology of the dividing yeast nucleus

t

in a synchronized culture was studied using an original

procedure for staining DNA.
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CHAPTER II
LITERATURE REVIEY

al ot

A

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 permitied many authors to study the cytology

of this organism soon thereafter.

The progress since that time has been reviewed by Winge

ocen

®

and Roberts (1958) and McClary (1964). Also there hav
extensive studies combined with reviews by>Nagel (1946) and

Ganeson (1959).

The yeast cell has been shown to possess a thiclk outer
wall composed of glucan-mannan polymers {(Falcone and Nicker-
son, 1956; Korn and Northcote, 1960; 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; Bartholemew
and Mittwer, 1953; Agar and Douglas, 1955a). Within the cell
is a cytoplasmic membrane wnich 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). The cytoplasm is similar to that
of other organisms and contains an encoplasnic

which may be coatiauous with the cytoplasmic and nuclear

L.
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membranes (Linnanne and Vitols, 1962). IHumcrous granules ars

4]

sent including storage materials such as glycopgen and

'3

r

W
9}

netachromatic volutin (polyphosphate) bodics (Lindeprcn,
1949). lectron microscopy has revealed oval to circular
mitochondria with cristae (Linnanne, Vitols and Nowland,
1963; Agar and Douglas, 1957; lundikur, 1950). The most
prominent structure is a membrane-encased central vacuole
(McClary and Lindegren, 1959) which may contain particulaie

material and is closely associated with the nucleus (see

- Figure 1).

B. The Nucleus

7. Demonstration

The yeast anucleus is a strongly basophilic ocrganelle and
can be demonstrated with dyes such as haemotoxylin, methyl
violet, methylene blue (Nagel, 1946) and even with Grants
iodine (Lindegren, 1949). Such methods are, however, hand-
icapped by the basopnilic nature of the cytoplasm which tends

a1

t0 obscure the nucleus and superior methods involve the use

~

of aucleic acid specific dyes. Margolena (19%2) used a

5

classic Fuelgen technigue but as recently demonstrated dy

Fobinow and Marak (1966), the result is a faintly stained

used on microrganisms LY

Hy

ot

IS

0]

vreparation. Glemsa was i
Robinow (1942) and has since been widely applied to yeast
(Ganeson, 1956; Lindegren, Williams and McClary, 1956; Mcllary

1958; McClary, Williams and Lindegren, 1957). Thc result of
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‘. -Figure l. Diagramatic representation of the typical yeast cell.

1
2., —=-==~ nucleus

CJ—— cytoplasm

4, —eee- vacuole

5. ===~ storage granule

6, ~--e- ribosome

7. —==~- mitochondria

8., ~=wn- endoplasmic reticulum
9., —~mw- cell membrane

(x 2000)
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this stain is red deoxyribonuclilceic acid and purple-niuc
ribonucleic acid. Delamater (1951) rccommended thc uzc of
Thionin or azure A with microcrganisms but these have not
been applied to any extent to ycast, althougn Huebschman
(1952) has applied azure 4 to other fungi. DRoth 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-formzlin
acetic acid, mercuric chloride (Nagel, 1946); Carnoy'’s

(Lindegren et al., 1956); vapors of osumic acid (Delamater,

1951); 1y's (Robinow and Marak, 1966); alcohol-formalin-
acetic acid (Yoneda, 1963%); ocsmic acid-chlorcform (Caneson,

1959); Schaudin's (Widra and Delamater, 1955) and Zenker's
(Ramirez and Miller, 1962) are included but the superiority

of one method over the others is debatable.

The high RNA:DNA ratios (approximately 50:1 as estimated
by McClary, 1964) found in the yeast cell necessitate
rendering the RNA unstainable by hydrolysis in rmal nydro-
chloric acid (Robinow, 1542), extraction with seventecen one-

hundredths molar (.17M) scdium chloride (Ganeson, 1959),

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



wlectron microscopy of the yeast nucleus has revolved
primarily around the use of osmic acid as a combincd fizative
and stain (Agar and Douglas, 1957). Osgmic acid-potassiun
perianganate (Tsukahara, 1963); potassium permanganatc-—
uranyl acetate (Hashimoto, 1958a), and glutaraldehyde (Rob=-

inow and Maralk, 1966) have also been used. A freeze dryiag

@)
=

technique has been developed by Mundkur (1959) in which
alter quick freezing, cells were fixed with alconol vapors
and cross linking proteln fixatives. IHe also introduccd
gallocyanine- chromalum as a specific aucleic acid stain.
Moor and Muhlethaler (1963) developed a freeze drying tech-
nique combined with etching rather than slicing of the snec—
imen. Bartholemsw and Mittwer (1954) used ultraviolet photo-
lysis to render yeast cells transvarent to the electiron beanm

S

and Bradley (1955) has applied & carbon-replicating tech-

nique.

The general problems encountered in all such procedures

were reviewed by Mundizur (i961a).

2. Interpretation

~

The use of various stains and fixatives has led tc some
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issue, McClary (1964) has divided the therorics whilch hove
arisen into three categorics. In the first, the Fuclsen won-
itive structure outside the vacuole iz the nucleus ang divic-—
ion is thought te take place by conventional nmitozis (ecxtrz

vacuolar-mitotic, Swellengrebel, 1905; Delamater,

Ganeson, 1959; and Robinow, 1961). In the sccond category

®
(@)
ot
s
©
H
ct
5
%)
&
»

3
}...
@
O
)
b
1)

this same structure divides by a proc
(extra vacuolar-amitotic,.Nagel, 1946; Mundkur, 19354; Conti
ané Naylor, 195L4; Hashimoto, Conti and Naylor, 1953 and 1959).

inal category, the structure most oiten

iy

and

i_..
e
ct
r5e
@
(‘1‘
,.)
|-
Q,
o

refered to as the vacuole is considered the nucleus; the
Fuelgen-positive siructure adjacent to this is a centriole
and division is mitotic (nuclear vacuole concept, Lindegren

1949 and lindegren et al. 1956).

Iisting the hypotheses of each investigator would lead
to confusion but examination of the drawings and pnotomicro-
4 L

graphs representing these therories permits abstraction of

the general nuclear structure.

Thefe is.general agreement that the nuclear membrance ;s
versistent during the division cycle (Agar and Douglas, 1957;
Conti and Mv1or, 1959; Hashimoto, 1958 and 1959; Moor and
Muhlethaler, 1963; Mundkur, 19560; Robinow and Bakerspiegel,
13585). The nuclear membranes and. the vacuolar membrane are

4

thought by many to be distincti, but tney may be interconnect

ed (Agar and Douglas, 1957;.
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During the inter-division stage, the nuclcus i1z guite
homogeneous (Sinoto and Yuasa, 1941; Nagel, 194L6; Mpur cand
Douglas, 1957; Ganeson, 1958; llasimoto, 1958z,1956h, and

Ramirez and Miller, 1962; HMcClary, Bowers and Miller, 1302;

Ferriera and Phaff, 1959). Delamater (1950) oboerved a

~—
0]
Q)
(%)
7
L3
3
3
g_)
[

nucleolus by light microscopy and Hirano (i1962) saw a sinil

organelle using the electron microscope. Mundkur (1954)

reporied a ”nerlbheral cluster' which may be equivalent to

the nucleolus and Robinow and Marak (1966) have demonstratced

the nucleolus in live cells as well as in stained and eleciron

microscope specimens. Very recently Williamson (1965) has,
;

using a slightly different technigue, interpreted a very

imilar mass of material as chronocsonmes. Verification of

—_——

9]

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

®
&
p
F })

inte orientation on a chromosome but it is related to a fibre

apparatus (Robinow and Marak, 1966).

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

hj

EN}
the cell

indegren (1951) was able to show that the DNA of

-
®

doubled just prior to apvearance of the bud. This fact n
since been coanfirmed by the study of synchronized culturcs

(Villiamson and Scopes, 1960).
S a

Delamater (1951) postulated & sequence of eventis in which

a dcnse homogencous nucleus became less dense, even 1o tno
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such vesicular stages, as has Mundlur (196ib).

Levan (1946) using a squash techaigue on the disnerzcod

siage, saw several chromesomes in metaphase., Scveral workers

o3

have reported nuclei which are composed of two separatec cnd
elongated bodies (Badian, 1937; Declamater, 1951; Ganecson,

1958). These have been intervreted as bveing chromoscmes or

clusters of chromosomes in telophase. Robinow and Maral:
(1966) have demonstrated that this may be in fact due to the

extension of a non-stalning fibre apparatus across the nuc-

leus. Such a fibre is demonstrable

9]

 and by electron microscopy and seems to arise from the centi-
riolar plague which is embedded in the nuclear membrane at
an indentation. Hashimoto (i1953b) has also seen such an
indentation of the nucleus but was unable to demonstrate the
centriolar plaque. On the level of tane light microscope,
Lindegren, Williams and McClary (1956) and Yoneda (1963)
- refer to spindlé fibres which may be the same entity as taac

seen by Robinow and Marclz, for in all cases demonstration is

o

oy an acid dye.

Lindegren (1951) demoastrated with the lignt microscope
that fthe nucleus i1is not »nassed to the bua uatil the iazte

well developed. Conti and Naylor (1959) reached the sanc

_— L . . R . ~ )
concluzion ia a parallel situatioa with I183i0n YyeasSic.
[ ") Vm e - - - LN - an . i ~ . -
ith the light microscope, the nucleus seems o concalin
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ible) at which time no individual chromosomez should de seen
(McClary, Williams and Lindegren, 1957). Such featurss arc
especlally promineant in squashed preparations in which the

wall has been digested with snail gut juice Robinow, per-

sonal communication).

Much of this data is from light microscope worlk., Results
with the electron microscope have been disappoianting bvecause

a lack of techniques and little can be secen with this

i

O

insrunment whicn is not viegible with the lignt microscope.

Several points are quite perplexing. I'or example, Del
amater (1950) describes an carly telophase in which the dud
1s receiving the nucleus from the mother cell and a late telo-
phase where the nucleus is still in division witnin thne moth-
er cell. This is similar to the findings of Ramirez and

Miller (1962) who noted a lack of synchronization between

bud formation and nuclear division. Delanater (1960) and

Ganeson (195L) have both demonstrated centriocles which are

.;“otruSidns on the nuclear outline. These have 1ittle in

common to the association of the centriolar plagues of

Rovinow and Maralz (1966) with invaginations of the mexmbrane.
L

From this Robinow (1555) has abstracted the view

m - s b T de Ae e de ARV P SO T ey~ O A1
"There 1is no doudt taat it (the yeast aucleusz) contains
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hromosomes in some for cau
their cycle of duplication and scparation does not raessmble
the events of an ordinary mitosis™.

In summary, the auclear cycle of Saccharomycon seems Lo
progress entirely within the nuclear menmdbranc. The rnuclcus
is quite homogeneous and tne chromosomes when scen, Sesi To
be randomly distributed and present as discrete units thrcugh
out the entire cycle. There is a nucleoclus and a Ffibre
appraratus within the membrane, but little is known counceraniag
thei function. Changes in the density of the nucleus zave
been postulated but definitive demonstration is lacking.

i/ith this 1n mind,
ously dividing cultures

definite sequence of eve

ve found. The advantage
the study of a large nun
stage of division. Also

synchrony enabl

and. protein inc

us

to

cytological data

tne study of the nucleus in syncnron-

was underteaken in the hope tha

nts for the divisional process could

3

o

is that it permi

el

of synchrony,

ver of cells which are in the sane

, available biochemical data on the

At
Y

ed pinpointing of the stage at which

reased and the correlation

Ca @
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U il i P A bl - A -
mediume.  In the past, ariifical proccdurecs

L R ) e T S N - ~ T . et
oGl cuLiure oy &ay GO Sovoerall

producing a stationary or log
metnods including the uze of starvation media. iiliawcon
and Scopes (1960, 1962, and 19(4) developed a oyuachronisaiion
procedurc which included removal of all cells bulbl thooe
particular size group and successive

the culture. Utilizing this proce

o]
iy

study the patterns of synthesis found in

Some of their data arc shown in
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Graph illustrating the biochemical data of Williamson
and Scopes (1961, 1962, 1964) in relation to synchrony
as expressed in percent buds.

Figure 2.
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TABLE I

Cultivation Meodia .

No. 1
peprone - 3.5 gm.
yeast extract - 5.0 gm.
dextrose - 40 gm.
XH,PO, - 2.0gm.
H ZO - 1000 ml.
(C. R. Hebb, personal communication)
A/l'\f

malt extract -

3.0 gm.
ycast extract - 3.0gm
peptone - 5.0gm.
dextrose - .L0.0 om.
HZO ' - 10C0 ml.

(Malt extract medium of Wickerham (1951) )

(2x MY contains twice the weight of cach componcent still
dissolved in 1000 ml. of water.)

W oand S Starvation Medium

KC1 - 0.745 gm. {0.01 M)
CaCl, = 0,200 g, {0.0024 M5
MgCly -611,0 - 0.508 gin. (0.0025 M)

Hy0 - 1000 ml.

(Williamson and Scopes, 1962)
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TABLE II

Fixatives
Carnov's Fixative
absolute ethanol - 0 parts
chloroform - 3 parts
glacial acetic acid - 1 part

his is made immediately prior to use.

Ry T

Helly's Fixative

distilled H,O - 100 gm.
HgCl, - 5 gm.
KyCrq0Oy - 5 gm.

neutral formaldehyde 4 ml. (just prior to use)

(N.B.: The usual NaySO4 is absent.)

Osmic Acid Fixative

vapors of freshly prepared 1% solution in distilled water

o
(@]
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TABLLE IIi

Stains
Ciemsa
iemisa’s stain, powder - 3.8 gm
glycerol, analytical grade - 125 gm.
“methanol - 375 gm.

4 The glycerol is warmed to sixty degrees centigrade at which point tic
stain powder is added and mixed thoroughly. The methanol is added and mixed and

[y

the stain is allowed to stand overnight before filtering.

Gurr's Giemsa Buffer

Na,HPO,  2H,0 - 0.569 gm.
KEH,PO, . 0.594 gm.

1
i

Grind in mortar and dissolve in 200 ml. of HZO’ final pH 6.S. Fina
solution is 10 ml. of buffer plus 10 drops stain.

azure A stain, powder - 1.0 gm.
1,0 - 100 gm.

Water is warmed to aid complete solution and then stain is filtered.
Immediately before use add either 0.6 ml. of IN HCI and 0.6 ml. of K,S,05, or
10 drops of thionyl chloride (SOCly).

-

Basic Fuchsin

basic fuchsin - 1 gm.
I—IQO - 200 gm.
IN HCl1 - 20 ml.
NallS0, - 1 gm.

Water is heated to boiling point and dye is stirred into it. The solutica
is cooled to 30°C and the acid is added. It is further cooled to 25°C and the sodivin

bisulfite is added.

suliurous acid for washing - H,O - 200 ml.
- IN HCL - 10 mi.
- Na28203 - I g,
21
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TABLE I (Continucd)

acid fuchsin, powder
H,O '
glacial acetic acid -

S
[

0.1 gm.
5000 ml.
50 ml.
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fuced at %00 % g in a 15% (w/v) mannitol solution to ell:

oo,

ate small cells from the culture. This washing woas reseacaed

until the supernatant showed little turbidity. The effect
of this i1s to decrease the population frequency of cells 5-§
U in diameter by approximately 50%.

The cell pellet was then suspended in 10 mi. of ¥ mediunm

and aerated as vigorously as possible in & 150 x 15 mm. Test
O q

tube for thirty five minutes at 307 C. (4n antifoam azons

}

was tried in an effort to dncrease bubbling rate but suriocs

P PRy i —- P B fode et ~ A =
active agents seemed to inhibit budding.) At the end of
R QA 51 ~3 M. At P mad Symadd ataly o+t N
tniz period, the cells were centrifuged immediately o0 Ie
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el o e < 4 o] el e . o~ 3 N A B .
g starvation cycle waz repcated on tiarce zmore succoostio

N

e - VAR So SN | 2 - -aY Nl W) b - .
On tne fifth day, & wl. of this culture were sustendol oo
1
ey T~ 1 ~ S - ~ = “n 1 - - o
50 mi. of No. 1 medium in a 250 nl. screw-capsed Tlazic Lo
7

O RS - P . -
o P e . - Nl - (P

R ) T 7 t el B 3 Ty i ey e
vas Incubated at 307C with rapid shaiiing and alfter a lal of

- <t vy A S an s 4. i1 1 N 3 v--
approximately ninety minutes the ce2lls began to bud. Counis
v N Te s o nmand o Y VSTV S gy arne ' o SIS
were made as recommended by Williamson and Scopes (1950,.

2., Study of Live Material

n effort to complement the stalned preparations, 1iv

In

W)

[

material was also studied. Standard phase contrast of water
mounts from young cultures proved sufficent to study the gro

morpnological changes accompanying the budding procoess.

. P e de? N - N 4 .- - —~ 1 o e e T a
nrevaratlions, 1T was necessary To ugSe a4 proceacurce recently
P b Ty m In S N I A mrem e e r (22 ™ - - S
described by Robinow and Marak (1966). The »drocedure is

I g P 2 T UL VO NI e . ] cemad A 3 oA
GeB3iznocG TO avold tne prooiems norm il}/ caugseld 2y vhal aonoe
HESSa YIS ar wad trhe matoridal A 219480 vwan e ) e
DNLLS rAngs arocund vne llactcrldl. A SLLAC Was coaurot WilloU
T o £ o mAs e ntainine~ 2‘1(:/ T Sy TE7 armmy e e A e e 2
Laycr o nediun contalinang Vo Selatlill, v YyealSUl eXTIlac o il
EOM Y o This was inoculated witi cast ST T m ey eS e s
Fapy) L,.l.“COuue L WA Ll niataa WLEtn y asT Celils GO L Ciiole

A e o mya A myyeom ey Aoy s ~ o 1 N il N N s

Sl L0 OO0 vemperavure Ior iour aourlsS. FAls incupntidnl rSo-

wy T - - TS yas 4 Ea ~ —~ - N -3 da
sultaed in elimination of granuwlar material with
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vne slide was examined with Dnase conitrast.
B i c of Ungsynchronized Matewria
e pe aii e -uJA.CIA.«. nNLZC i v a
Nas R = =g doya S o - - - P - o e
2L lGCE LOT prelimilnary stUULes genercally consisioct o un-

~

PSR S PO 4 = 3 o, Y D T N "
gynchronized material and were prepared as Follows. A

ransferred to 70% ethanol to remove excsss fivetive

3
T
c
N
o
o
oF

and then placed in .17M sodium chloride at 607C for ten min-

N

utes. The coverslips were removed from the hydrolyszsis bath

JO SRR LI 're da Ao mmpns - a4 A P S S I e g
and aipped in water to terminate the extraction and wers thcn
a9~ R IR ) 3 5 el Fapes - - ~
nlaced in elther azure A or Giemsa stain for from one and one

Tam T AL T ~ ~ - in -
half to two hours. Coversilps were then removea from the
- ' Yomsd S e mom  wrpem e -~ 1y F 3 - . ey
ayc, vashed 1n tap water and mounted over Diaphane or rer-
o l the sneed el bty & the skogn ~
controi On Tne SRECLILCLTY 01 Tiag Soaln, c
1 ", apet L D Vom0 ayna PR, SO -
yith DNaze (Sigma) at a concencration ¢l
- . Y .. —- LI A P S S T o S ATT r Is D .
SAome. per mle in & 0074 phosphnate buffer pid 7.7, for onz
aour at LOTC.
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Leny ~ ~ L ovaT iyt A Mhao o145 vr e 4 e rrey e m o oo e
CWO ana one nali minuces. lne sl1ip wa Lnen Waznel Zovorlris

tincs in 1% accetic acid and mounited over the saznc.

In the case of synchronized material, cells were talzcn o
aliguots directly from No. 1 medium. Two methods were uzad

ending on the fixative employed.

lhen osmic aclid vapors were-used, & drop of the culiurc
was withdravm by pipette and placed on a FNo. 1-1/2 coversiin

A ]

wnich had previously beecn coated with a thin layer of Mayer's

then removed and stored at L C until needed for staining.

- L o . P o - .
und pnipetted intc a ccerew capped test tubc. ho ocnolls werc

o on, S < r s .0 3 N N U h S : .- - -
ranidly centrifuged (1000x g£) into a pellet and guiclily ro-
. S Y S e o B Sl B 4 O v e EaRN e - P
cusvended 1n 5 ml. of Lellyis fixative. After twelve ninutcos

- 3 e . 3 - 3 AT A - o~ J -y -
RSN ~ o~ TEANYS R eyl 41 T e s NS ot htn) WY ™y A ey Y AT A e .
ohe cells were recentrifugecd and the sunernatant discardod.
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imwprint of cells on the coverslip.

for five minutes. They were then transferred to distilled

water for five minutcs.
The next step was devoted to elimination of RiA. Cclls

were first extracted witn .17 sodium chloride and werc than

hydolysed to svecifically relcase aldehyde groups on DL,
o)

Hydrolysis was carried out in 1N HCL at 60°C for

from Lten to twenty minutes depending on the division

P

An alternative to this was

usze of

ci
bt
,_..

- PO R A oy ~T S, ™ = N | -~ AT vl v o T R
In pll 5.5 saline, For usce this was diluted witn C.2il anco-

Lo ErgE by B e - DT 5 PR S o~ L,
er pi 7.5 to a final concentration ol 0.1 7.

~ -~ - - o -~ - - - 2~ - B i T e -~
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Y
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TALLE 1V

Treatment of Synchronized Material

(all times in milnutes)

‘Synchrony time - HClhydrolysis Arzure A S
. 10 120 26
w 10 100 P20
U 13 100 P
v 5 160 20
Y 15 120 ;
U 17 120
Ou 17 120 »
‘) 13 100 SG U
30 , o ) . _ . 13 10¢ iU
90 vox‘lddmg begins 17 100 o
100 DNA dqubles 15 15 {50
Lo 15 115 160
120 budding reaches peak 15 110 Loc
£30 17 130 106
:::Ij nuclear transfer 20 130 ")U
~ 17 115 100
160 1 of first 15 s 100
170 end of first cycle > -
15 100 110
90 17 100 116
L00 15 115 110
200 budding recaches peak 15 115 11
- ’ 0 15 130 12
22 17 130 126
;3! nuclear transfer 20 115 120
240 17 115 120

™
oo
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CoLil lreaced 1n this way toolr sligatly longor to cilolin oo

-~ . 4.3 Fad S b - ~ 3 oda 2t [P 4 .

b foksl sk o T IoRibs ~ TS O b ey Pivem o ™" SRS RS

cveon tnen gave faintly stained DrePATACLONs,. LOLE Lol
!

N -

ted in less shrinilage than cxtraction in sodium chlorida.

Coverslips were then placed Cunt
Ciises pdven In Yable IV,  Aftor Sr
washed several times 1n tap water, dried by blotiing anc
nmounted over Diaphane.

Prnotomicrogravhs were talken using a Leltz Ortholius roc-

3 T

searcn microscope equipped with apochromatic oil immersion

]

objectives and elther a Mikas 35 um canera or a 3ausch and

I3

Lomb Model L camera. The film used was Panatomic X,
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CEAPTER IV

ESULTS

A, Synchrony

After preliminary studies to define the staining proccd-

3
3}
ix]
©
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ki
H
O
)
p
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o

ure, all slides described were prc syachroay

Table V and

[}
e}
s
®
n
®
]
<t
o
£
} N
o]

runs. Pooled data from the five 1

Figure 3.

that obtained by Williamson and Scopes (1950) 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. A4 budding

N

veak 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 was approximate-
ly twelve percent and the duration of the cycle was the sane

as the first. This gives a generation time of cighty minutes

for the population which 1s comparable with the resulis of

Lo

e}
O,
&
0
0
[ 8]
O
o
<

Williamson and Scopes (although our lag peri
twenty minutes longer). In that this is an averaze for thne
population, the generaticn time of an individual cell may te

slightly different.

An attempt was made to foilow gsyanchrony by monitcring

50
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TABLE V

Pooled Data of Five Synchrony Experiments

Time Total 1.0 1.1 2.0 2.1 2.2 Other  Percciat
(min.) Cells . Buds
0 500 478 3 19 0 0 0 0.52
20 300 293 2 5 0 0 0 .00
40 500 458 5 37 0 0 0 0.93
50 400 381 5 i3 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 18 2 0 0 16.1
110 552 315 207 24 4 2 0 36.6
120 453 179 250 9 10 4 1 58 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 S 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 3 1 13.0
190 126 9 16 85 2 6 1 3S.4
200 108 9 13 33 1 48 0 55.06
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 cell with bud
1.1 denotes a cell with a small bud
2.0 denotes a double cell
2.1 dcnotes a double cell with one bud
2.2 denotes a double cell with two buds
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Figure 3. Graph showing the synchrony curve as expresscd
in percent buds, cell numbers (one cell being any
unit one-half as large as a mother cell or larger)
and turbidity.
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Surdidity with a Xlett ccolorimcicr and the resulis arc ciown
b 4 - b
in rigure 5. As can be seen, wvariations ia the curve arc
perceptible but slight. This may be due to the fact trnot thc
cell volumne incre s at a relatively coactant rats when
COMOQwew 1. t}‘c’ PRSI, g S an £ors 15 amamr and @ . " T
mnoa a TO0 e PDuGGlLng indeXx (WiLillamzon ank ocones,;, 1Y5ci,.
Studies T the division orcoccess reveslied a sSimilaor ot e
[ le 01 g IV1ision p.s.ubbqu rTevealie a S1nilar FES Y
+ N 4 1n A - g I N
cern in the first and second divisions and thus only the fir

cycie will be discussed in relation to nuclear eveants,

B. Observations on Living Cells

Study of live material in the budding nrocess vi
contrast gave no indication of the changes uncdergon

nucleus but some general information was gained. AL

cell” (Figure L4) shows a thiclk ocuter wall and large
»

vacuole clearly, Around the vacuole can be seen a

rim of cytoplasm which is most abundant at the apex of

cell from which the bud will develop. There is a g

of granulation within the cell. As the bud begins
h

a cytoplasmic bridge between mother and daughter ce

comes apparent (Figure L4). Cranulation at this poi:

concentrated at the center of the cell. The bud &
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Figure 4. A series of photomicrographs showing the general
morphology of the budding cycle. Fhase contrast

oil immersion objective (x90). Total magnification

is %7000 .
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Figure 5. A sequence of photomicrographs showing the nucleus
'in live ceils during the budding cYc‘le." Fhase contrast
oil immersion objective (x90). Gelatin medium.
Total magnification is x6000.

A. Vesicular stage. Arrow indicates central

clear area in the nucleus.

B. Diffuse stage.

C. Divided stage. Arrow indicates faint clear

linear area.

D. Transfer stage. Arrow indicates nucleolus.

E. Late Transier stage.

N = nucleus, Vo= vacuole., This notadion will be usced throughout,

Overlcaf., Diagramatic representation of Fi
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cory results. HNuclel in cells treated with tnis fizative

detail be seen with this fizxative; most of the nucliear evenis
to0 be described being obscured by its usc., This was true in

comparison to both azure A and CGlemsa stained prernarations.

A

Carnoy's fizative, though highly recommended in stancard
texts (Pearse, 1961) as a nuclear fixative was not as satis-

factory as Hellyis., Ailthough it resulted in vdreparaticns of

good nuclear detail, the rest of the cell = notably the
vacuole - was not preserved as well as with Helly's, Use of

Ner

witin hydrcolysis in one normal hyarochloric acid follcowed by

~ —~ A 1N o T - - ] 2 TA N
¢ither Gliemsa or azure 4 staining gave preparations ol zizh
P IR ( “ P PR ]
cuality (see Tigure 8, 12 and 1L4).
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Figure 6. A. Helly's fixed, extensive sodium chloride extraction,
acid hydrolysis, azure A stained. Note the clear
area between the nucleus and the cytoplasm as
indicated by the arrow (x2000),

B. Helly's fixed, RNAase extraction, azure A
stained (x2500).

C. Helly's fixed, acid hydrolysis, DNAase extract-
ed, azure A stained. Note the absence of nuclei.
(x4000).

A«C. Bright field oil immersion objective (x100).

All remaining photomi_crogra.phs were taken
with this objective. |

Overleaf., Diagramatic representation of Figure 6A.
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'UNSTAINED AREA

BETWEEN NUCLEUS
AND CYTOPLASM
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Figure 7. A. Osmium fixed, acid hydrdlysis, azu're _AA 'st..ained.
| "The nuclei are compact and ’;iomogeneous (x4000).
B. Osmium fixed, acid hydrolysis, Giemsa stained.
Note the dense compact nuclei (x3000).
C. Osmi'um fixed, acid hydrolysis, Gi.emsa stained.
(x6000).
Helly's fixed, acid hydrolysis, Feulgen stained.

This illustates how weakly Feulgen positive the

yeast nucleus is. (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 O through time 30 (times refer to minutes after in-
noculation into No. 1 medium) the nuclei were compact and
rounded (see Figure G). 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,

B.

(x1000) .

Arrow indicates double projection of the nucleus

(x2000)

Arrow indicates long nuclear projection ending
in a granule (x3000)

(x3500)

(x2000)

Overleaf: Diagramatic representation of Figures 8B, 8C and 8D.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

50



DOUBLE PROJECTION

SINGLE
PROJECTION

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



52

Figure 9. Drawing to illustrate the cap on the nucleus which
often stained deeply with azure A at early synchrony
times. It is not always orientated proximal to the

vacuole.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- DEEPLY STAINED
NUCLEAR CAP

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



St

(Figure 8C) . which are similar to thebcentioles of Delamater
(1950) and Ganeson (1959). Isoldtea nuclei showed tis pro-
jection to be doubled (Figure &B). A -cap of nuclear material
was sometimes seen which stained more intensely than the rest
of the nucleué. 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 thelr staining intensity. It appeared as 1f the
nuclear material was spreading out or becoming more diffuse
(Figures 10B, 10C and 11A). The clearly defined edges of the
nuclel became indistinct and the diameter of the nuclel in-
creased considerably. Some cells showed chromosome like bod-
ies. At the same tine 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. Helly's fixed, sodium chloride extracted, acid hydro-

lysis, azure A stained.

A. Vesicular stage. Synchrony time 45. (x3000)

(x30000

- B. Diffuse stage. Synchrony time 70. (x3000)

C. Diffuse stage. Synchrony time 80. (x5000)
Note the faded edge and increased size of

the nuclei.

Overleaf: Drawing to illustrate Figure 10A, B andC-
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DIFFUSE NUCLEI
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Figure 1l. Helly's fixed, sodium chloride extracted, acid
hydrolysis, azure A stained.
A. Diffuse stage. Synchrony time 85, (x4000)
B. Diffuse stage. Synchrony time 85. (x4000)
Large central dark staining areas are

visible and are indicated by the arrows.

Overleaf: Diagramatic illustration of Figure 11B.
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At time 90 the cells began to bud. The nuclei at this
stage reassumed a condenéed configuration but did not becone
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 O. 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-shéped 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 140), the nuclel assumed a wedge shape with the tip
of the wedge quite close to the bud. In many nuclel, a faint-
ly staining band covering an area which was perpendicular to
the long axis of the mother cell could be seen (Figures 12C,
134 and 13B). This is very similar to the case described

earlier for gelatin embeded material (Figure 5C).

At time 140 to time 160, transfer of the nucleus across

the isthmus between mother cell and bud took place. 4 very
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Figure 12. Helly's fixed, sodium chloride extracted, acid
hydrolysis, azure A stained.

A. Diamondvlikestagg. Synchrony time 110
(%3000). |

B. Diamord-like stage. Synchrony time 120
(x5000).

C. Divided stage. Synchrony time 125 (x6000)
Arrow indicates linear unstained area
acro‘ss the nucleus.

Overleaf: Diagramatic representation of Figure 12A, B andC.
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Figure 13. Helly's fixed, sodium chloride extracted, acid

hydrolysis, azure. A stained.

A. Divided stage. Synchrony time 130

(x3500). Arrow indicates arca unstained.

B Divided stage. Synchrony time 130

(x3500).

Arrow indicates area unstained.
Note that a thin extension of the nucleus

has entered the bud.

Overleaf: Diagramatic representation of Figure 13A and B.
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Figu;e 4. Helly's fixed, sodium chloride extracted, acid
hydrolysis, azure A sftained.
A, Transfer stage. Synchrony time 150
- (x5000).
B. Transfer stage. Synchrony time 150
(x5000).

Overleaf. Diagramatic representation of figure 14A and B.
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thin lightly staining thread first progressed into the bud
(Figure 14A). Soon a large bulb of nuclear material appeared
in both the mother cell and bud, the two being connected by

a thin thread (Figure 14B). 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 154) 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 Giliemsa 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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Figure 15. Helley's fixed, sodium chloride extracted, acid
hydrolysis, Giemsa stained.
A, Compact stage. Synchrony time 20
(x3000).
B. bﬂfuse stage. Synchrony time 80
(x6000).
C. Diffuse stage. Synchrony time 90

(x6000).
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Figure 16. Helly's fixed, sodium chloride extracted, acid
hydrolysis, Giemsa stained.
A. Compact stage following Diffuse stage.
Synchrony time 100 (x3000).
B. Wedge shaped nucleus. Synchrony
time 125. Arrow indicates vacuole which
seems to be migrating to the bud. (x4000)
C. Transfer stage. Synchrony time 150
(x4000).
D. Transfer stage. Synchrony time 150
Note the short length of the straight
segments. (x4000).

Overleaf. Diagramatic répresenta.tion of Figure 16A and B.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16A

16 &

16 16D

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

75



DEEPLY STAINED !
PARTICULATE MATERIAL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Yal4

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 deécribed previously, it was . . found that acid fuchsin
preparations had crenated vacuoles and often stained poorlye.
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 plague and fibre rodlet being directly
oppisite. Tnis 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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Figure 17. Helly's fixed, acid fuchsin stained. Unsynchron-
ized. Note that the nucleus in some cases is
stained. (x4000)

Ne = nucleolus

C.P. = centriolar plaque

F.A. = fibre apparatus

Overleaf. Diagramatic representation of Figure 17.
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NUCLEOLUS
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nuclear material as reported by Robinow and Maral (19465) znd
would be at aright angle to the clear area mentioned to exici

at this time (TFigure 174,17B).
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CIHAPTER V
DISCUSSION AND CONCLUSIONS

As indicated in the literature review, therc is & diver-

H

sity of opinion on what constitutes the most advantagcous

combination of pretreatments and stains for the yeast nuclcus.

Osmic acid is widley used as a fixative and stain in
clectron microscopy, but its use as a nuclear {ixative in
light microscopy has been criticized as it tends to render
the nucleus structureless unless a pl of 6.1 is maintaincd
(Pearse, 1962; Siegel, 1964; Kellenberger et al. 1953). 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 appecaring. DSincc
osmium was unsatisfactory, the use of Cafnoy's was attempted.
Although Pearse (1962) strongly recommends Carnoyls as a
nuclear fixative and some microbial cytologists (Lindegren et
al., 1956) have found it satisfactory, Nagel (1946) 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

.
NG
[
—_
S~

both nuclear detall and vacuolar preservation. unditur (

. T o -~

fcels that the latter is an important criterion for judsgins

riifact abscence. It was thus decided to use this iz the

82
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study of synchronized material even though it resulted iz

some cecll shrinkage.

Lindegren et al. (1956) recommended use of perchlioric
acicd rather than acid hydrolysis to remove RNA from the ycasi

Maig

cell, claiming that the latter destroyed the vacuole. Thi
was shown to be false when Helley's fixative was used (Fig-
ures 3 and 10) and thus the vacuolar collapse cxpericnced

by Lindegren may have been due in part to his use of Carnoy's.

There would appear to be no simple explanation of thc
fact that optimum hydrolysis times during the synchrony cycle

id not follow exactly the gradual increase in ribonucleic

o

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

RNA concentration.

The fact that extensive sodium chloride extraction rc-
sulted in a non-staining area around the nucleus indicated
hat the aucleus may be contracted away from the cytoplacn

by this treatment (Vhitfield and Murray, 1953). An equally

LS TNT R

likely possibility exists that there may be a rim of R4
{the nucleolus ?) on the nucleus and its removal rcsulis in

tne clear arca.

L4

The comparlson of Feulgen, Clemsa anrd azurc 4 staining

indicated that the latter was useful in studying the yeas:t
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nucleus.  In that it stained more intensely than basic fuch-
sin and wore specifically thoan GlLemsa, Lt wse boes chvious
advantages. (It might be noted thal the dyc uscd was nob
ntircly pure and therefore slight cytoplasmic staining may
have been duc to contaminent dyes of a similar structurc

such as méthylcno bluc.) Certainly, the main problem in thin
and any similar study is to find a stain and staining condlb-
ions which develop enough depth of color in the object stud-
ied and yet doesn't obscure detalls by overstaining. The

use oI azure A has resulted in the observation of the various
stages of karyokinesis described in the results section and
the use bf 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 0-~40 but in a young nonsynchrcn-—
ized culture it lasts only five or ten minutes. The duration

ics prescence was prolonged during the syachrony run due

(o]
]
i.!

ag period. The nucleus at this stage was conmpact and
(o) w2 “

ct
O
ct
jay
9]
[

rounded with the nucleolus occupying a position upon the nuc-—~
Leus proximal to the central vacuole. The centriolar placue
is directly opposite near the apex of the cell. This is scenxn
n Figures 8A-D, 15A and 17A. The nucleus then elcngates

zlipgntly as shown in Figure 183. It is unclear whether this
(&) &)
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lects a change which always occurs or ig due to the 1oz

Py

H

c

neriod. In any event, the duration of this stage is chort.

Beginning at synchrony tiwme 40 and lasting for betwcen

ures 18C, 5A and 104A). It is thought that this reflecis the
beginning of a dispersion of chromatinic materizl. At aporox-
imately synchrony time 80, this dispersion is completec and

the Diffuse Stage becomes visible for a period of twenty nin-
utes (Figures 18D, 10B-C, 11A-B and 15 B=-C). These larger
lighter staining forms are seen immediately prior to and
during DNA synthesis as measured by VWilliamson and Scopes
(1960) and postulated by Lindegren (1951). Therefore this
change may indicate an unfolding of chromatinic material to

facilitate the replication of DNA.

Near synchrony time 100, the nucleus again appears com-
pact (Figure 18T and 16A). Close observation during this
ten minute period indicates a slight increase in size of the
nucleus and thié is taken as a sign of completed chromatizic

replication and the consequent increase in DNA.

A diamond-like figure becomes apparent between syncnarony
times 110 and 125 as shown in TFigurc 18T (see also TFigjure

A-B). The shape and position of the nucleus at this tine

~

hat such a figure indicated sevaration cf
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the nuclei. Also, although between twenty-eisht and thirty-

two chromosomes would be expected (McClary el al., 1957;
Ganeson, 1959) it was not possible to resolve anything re-

T r

sembling this number of discrete units. This was not unci-
pected in that the diameter of the nucleus is less than one
micron in stained preparations. Most past authors have not
postulated lelolon of the nucleus to occur until nuch later
in the cycle when the nucleus has coumpletely moved to the
bud. Heré this later stage is recognized only as the teruin-
us of the nuclear migration and not nuclear division. It
would then be at approximately synchrony time 120 that actual

mitosis occurs.

In Figure 168G, a wedge shaped nucleus is shown 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 134-B). 'hen one examines this fis-
ure closely, a clear linear area can be seen at an angle ver-—
vendicular to the long axis of the mother cell. This Divided
Stage 1s thought to represent the two separated daughter
nuclei which have just been formed witin a single intact auc
lcar membrane. The non-staining arca represcents the iatoer-
space. Such separation of the ftwo nuclel witin the wmo
cell has been postulated by Ramirez and Miller (1982). il-
tnough such an interpretation may be premaﬁure, Williiamson

(1965) has shown an electron micrograph of a nucleus which
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Figure 18. Diagramatic representation of the morphological

pattern of karyokinesis in S. carlsbergensis.

A. Synchrony time 0. Compact Stage.
B. Synchrony time 20. Elongated Stage.

C. Synchrony time 40. Vesicular Stage.

D. Synchrony time 80. Diffuse Stage.

E. Synchrony time 90. Duplicated Stage.

F. Synchrony time 115. Diamond-like Stage.
G. Synchrony time 125. Divided Stage.

H. Synchrony time 135. Early transfer Stage.

I. Synchrony time 145, Transier Stage.
J. Synchrony time 160. Scparated Stage.

K. Synchrony time 180. Compact Stage.
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Figure 18
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Figure 18 cont.
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is generally simllar and may be considered as cofirmatory.

However, it must be noted that Rovinow and lMarcl: (19055
have demonstrated a similar band and described it as beins
due to finger-like projections into the nucleus. Such in-
dentations indicate the location of the centriolar plagquce
Resolution of the question as to whether these stucturcs arc
identical will likely depend on future electron microscopec

studies.

It is during this period that the fibre apparatus begins
to elongate away from the centriolar plaque. This tales
nlace 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 snall a-
mount of chromatin with it into the bud, but the bulk of the
nuclear material is left behind. It is important to sce that
wnile this fibre apparatus is extending between the mother
cell and bud, the clear arca between the scparated nuclel ic
visible at an angle perpendicular to it (Figure 138). Taus
it would seem that the fibre cannot account for this latter

linear area.

ct

Tain

e
L

gure 18I shows the movement of the nucleus progreeing

}.J

culite rapidly into the bud. This occurs at approximately

synchrony time 145 and takes ten minutes to complete (Figure
14A-8 and 16C-D). The fibre apparatus is still extended
acrocs the entire nucleus buft the clear area is no lounger
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visible., This may be due to a movement of nuclecolar

such that the area is covercd.

The role of the fibre in the movement of the chromalin
is uanlknovn. The centriolar plaque and fibre apparaius mnay
act as asters in determining the poles of the nucleuz and

1

thus determine contraction of the nuclear membranc in the roeg-

L .
C wac

[

ion between nuclei. This would be similar in concept

stral relaxation theory of mitosis postulated by Volpert

o

(1960). The chromatin would then be passively dragged into
the bud by the nuclear membrane. It is possible, on the otner
handthat the chromatin attaches directly to the fibre apvara-
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 Maral:, unpub=-

lished) and Basidiobulus (Robinow, 1963). It is also possible

may become attached and the membrane would act as a spindliec.
A further possibility is autonorious chromosome movement as

found in protozoa (Grell, 1953%; Leadale, 1963) especially in
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in size, one could determine which is the bud in a thin zoo-

vion. Thus, 1t is equally probable that the furrcw cuictis

9]

near the mother nucleus as shown in IMigure 15J.

)
-

Tne exact position of the centriolar plague in the no

er cell and the degree of fibre elongation at this Scparated

g
P

Stage is unclear., This is a difficult stage to study because

o,
|

of its short duration and the drawing (Figure 18J) ic inten

ed as a reminder of the existence of this structure and »o:

[

s specific arrangement.,

The division process terminates as the daughter nucleus
moves entirely into the bud and both nuclei (one in the
mother cell and the other in the bud) assume a configuration

similar to that seen in Figure 18K and 184.

L

The nucleolus can be seen as a dim gray crescent in live
cells using phase contrast and gelatin embedding (Figure 5D)

and can be demonstrated in fixed preparations with acild

n. Although it has often becn scen (Ilenneberg, 1915;

—
vl

[

Hagel, 1946; Lindegren et al., 1956; Robinow and Marak, 1085)

its acceptance is only now becoming wide spread. It is in~
tveresting that such a structure, presumably composcd ol Iill-
nroteln was not morce easily recognized in Glemsa preparaticas.

It has been our experience that Gicmsa slides preparca Iron
rily times in the synchrony experiment show a crescent of

ak

tly different color than the rect of the nucleus. Thics

has also been reported by others (Masel, 19463 Lindegren ot
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4
al., 1955; Yoneda, 1963%). ile have unexpectcdly sooh ouch o
figure in azure A preparations (Figure 9). This raiccos tho

It would seem possible that they are not in that their oricai-
ation in respect to the vacuole 1s irnconsistent. Perhaps
the crescents seen in azure A preparations are carly »hascs

in the change of the nuclcus to an elongated shape.

The Vesicular Stage during the division cycle is partic—

vlarly interesting (Figures 54 and 10A). This was most often
-~ "

seen during the first division but other workers. such ac

1T
,

Yoneda (1963), Ferriera and Phaff (1959) and Delamater (1950

A

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

Levan (1946).

Tne blulsnh color of the large central arcas seen in the

~ e O R L B S
at a eime eilgnly

2}

cytoplasm of azure A and CGlemsa preparation

-

minutes after the start of the experiment is indicative of

’

e amounts of RNA, possibly in the form of ribosones (Fiz

ure 11B). Biochemical data show at this time the RITA coantent

of the cell is increasing. The fact that such arcas recicicd
s ey g Do e S I hloride cxiraclion el Ty ey gt s
u‘/(,(‘.f O LYy oaiis Qi LOGLUm CcnLorL P DALITAC LN auruer U REIEE

~ svner e

t the RNA is in bound form and these darl: arcas may o
identical to the "chromatia' seen by Lindegren ct al.

witin the vacuole. A4 cytochemical study is nceded to doter-
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Juring actual transfer of the nucleus there is Litilc

ctail to ve seen (Pigures 14A-B and 16C-D), but this ai-nt

o,

be cexpected 1f division had already talen place wiithin L5
mother cell and only one nucleus was dnvolved.  Uhe oioni li-
cance of the denser particulate bodies scen with Ciemsa in
sonec nuclel during the transfer process is unimown. 17F the

previously mentioned dark rim in Giemsa preparations was in

fact the nucleolus, this could be nucleolar material.

The demonstration of chromosomes in the yeact nuclcus
has chiefly involved the use of squashed preparationsz. Our
experience wWith such preparations was limited, but we found
it to ve most successful when applied to the Diffuse IJiagze.
It is difficult to accept the prescence of discrete chromo-
somes vhen the nucleus is diffuse and the DITA uncoiled <o
vermit replication. Thus, it is thought that such figures
do notv really represent chromosomes bult rather loops or ex-~
tensions of nuclear material (Figures 10B-C and 15B-C), for
even the counts reported by various authors vary greatly cand

arc not entirely compatible with genetic data.

It is apparent that there are several points of diffi-

~
}_
w3
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(@]
=
%)
0
8]
[
(@]
€
]
0)
el
<
O

culily in apnlying the term mitosis
asexual reproduction in yeast. Iirst, the entire proccss
occurs within the nuclear membrane while in mitosis the

wombrane is broken dowm at an ecarly siage. The caoy

wrind P, QP SR R ~ - - ~- <
icn determine the area of cleavage and ©
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[ R IS NS O D I TR T o s . . . [
weeiing then with the chromosomes are lacizing (aliiousy

2t o B v o yad 3y . . ey ey 1 [
cnere is an intra-nuclear spindle of unceriadn fuacllion).

In fact there is 1 laciz of conclusive evidence for tho
oresence of chromosomes. Iinally, there is a nucleolus nut
its pogition in the nucleus is quite different from that

Although many feel that the small size of the ycast nuc—
leus is at fault for the laclz of progress in revealing thc

divisional pattern, it is more likely that a lack of

niques has been the primary problem. Although the literature
fairly extensive, it consists of a great deal of renlicat-
ion. Acid fuchsin staining, azure A staining and new methods
of electron microscopy including glutaraldehyde fixation have
recently given indicatlons that resolufion of the division

process 1s lmminent.
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SHAPTER VI

SUMMARY

This study has shovn that azure A has definitc advart-

-

echnic

ct

ages over both Giemsa and Feulgen
the yeast nucleus. It results in preparations which arc

stained deeply enough for easy observation and yet is spcoc—

ific in its action for deoxyribonucleic acid. Its applicab-—

p,
j
o]
ck
o)
o

ion to synchronized cellular material has resulte
delineation of a pattern for karyoliinesis which receives
considerable support from the literature. The result of
ombining this method with the biochemical data available

on syanchronized yeast cultures has lent even further support

to the hypothesis.

The nucleus changes from compact to diffuse thercby
facilitating the replication of DNA., Quite soon after dunlii-
cation is completed, the two daugnter chromatin bodicc are
separated while still remaining enclosed within a single
menbrane within the mother cell., OCune nucleus then migrates

into the oud which is almost fully grown and the cycle is

)

connicied. During the process, the several succescive ctajes
of Compact, IElongated, Duplicated, Diamond-lilie, Dividcd

-1

Irancier and Compact can be distingulshed.
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