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-~ COLCHICINE INDUCED ALTERATIONS IN COLONY

DEvaIDPMBNT AND {DIFFBRBNTIATION IN EUDORINA

Ph.D. Thesis submitted by

Bruce Gottlieb 2

.
. Biology Department, McGill University

'ABSTRACT

A detailed study of colony development and

differentiation. in Eudorina elegans Ehrenberg was carried

out at both ‘the light and electron microscope levels. In
) )

untreatpd'coloniea the sequence of events in plakeal
development and inversion were studied. Significant
alterations in these processes were o$aerved when colonies

were treated with a 0.2% colchicine soluéion. These

alterations are discussed as well as the role of micro-

{
tubules, golgi and colonial envelope formation in colony

development . Colchicine treatment also induced a high

level of-polyplo;g{\fn colonies, and following recovery
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in colchicine-free media, haploid and induced stable

L ¢

diploid colonies were found.'
. f

'Differentiation between somatic and generative

cells in Eudorina californica (Shaw) Gbldstein was

‘found to occur following the fourth plakeal -division.

: |
This is the first clear demonstration of the stage in

plakeal development at which differentiation is initiated

in Eudorina californicé.
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COLQHICINE INDUCED ALTERATIONS IN COLONY

N

DEVELOP@ENT AND DIFFERENTIATION IN EUDORINA

]
/

Ph.D. Thesis submitted by

p Bruce Gottlieb

4

_ Biology Department, McGill University_
L} ’ \'
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RESUME

Une étude détaillée du développement et de’ 1a

o

différenc@ation des colonies dans Eudorina elegans

Ehrepberg a été faite au niveau du microscope composé et
dd microscope électronique. On a étudié le déroulement
des événements dans le développement et 1®inversion pla-
kéels dans les coionibs non traitées. On a observé des \
changements significatifs dans ces processus quand on a
traité ies colonies avec une soluFion dercolcpicine a 0.3%.
Il y a2 discussion de ce; changements aussi bien que des

rdles des microtubules, des gdlgi, et de la formation d'en-

veloppes coloniales dans ‘le développement des colonies.

i




e g e e T
Y

Le traitement au ‘colchicine a aussi cré& un niveauy élevé
de polyploidie dans les colonies et, aprds avoir remis la
colonie dans un milieu sans colchicine, on a trouvé de

1'haploide et des diploides stables.. S

Y

On a trouvé que la différenciation entre les cel-

lules somatiques et génératives dans Eudorina californica

" (Shaw) Goldstein s'établit aprés la quatridme division

Ty,
plakéelle. C'est la premiére démonstration nette de 1'étape
dans le développement plakéel A laquelle la différenciation

s'établit dans Budorina californica.

.
\_,‘l ¥ 4
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Golchicine Induced Alterations in Colony

Develapment and Differentiation in Eudorina

Statement of Originality )

"f To the writer's knowledge, the research described

within this thesis contains the following Ofiginal contribu-

' »

tions: ‘

1. The first dgtailed account of the ultrastructure of
- v

nuclear division in Eudorina.

] ]

2. The first-detaildd account of the ultrastructure of

cytokinesis in Eudorina, which revealed the following:

_a. Thq/bresence of cytoplasmic bridges between
plakeal cells.
b. The presence of the “phycoplast” microtubules <

and tﬁeir role in colony development.

3. The first dﬁfailed account of the ultrastructure of

inversion in Eudorina. This skudy revealed the
$

possible involvement in inversion of cytoplasmic

bridges and colonial envelope material.

]
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4. The first observation in Eudorina of microtubules in .

the chloroplasts of dividing and young vegetative

Y cells. -

- i N \
5. The first study of the effects of colchicine on the

Volvocaceae at the light and electron microscope

. ' levels. These effects included:

i rd

a. Formation of projections or 'steliatiqns" at

- ! ~

the cell surface. - .
- ‘ b. Production of extra-cytoplasmic particles.
c. The disorientation and inhibition of cy;o- ) )
‘ - A . . kKinesis. _ ‘ . - A
| . d. The inhibition of inversion.

e. Production of flattened gonium-like

colonies. . ‘ - s

6. The first detailed light microscope observations

of the nuclear cycle of Eudorina, during plakeal

deveizhment. ‘ 5 :

7. The first study to demonstrate the effects of

e wdET D o FE

colchicine on the nuclear cycle of the Volvocaceae.
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10.

fhe first study to clearly demonstrate polyploid

3

production with colchicine in the Volvocaceae, and

%

to isolate colchicine-induced stable polyploids.

a

An investigation into the ability of treated cells

of Eudorina, to recover from colchicine treatment.

The discovery of when differentiation of somatic

and generative cells occurs in E. californica. .

) »
o
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INT!K)DUC'i‘ION AND LITERATURE REVIEW

A

z §ince the time of the Greeks, colchicine has be;n used
for various ﬁedicinal purposes ;nd is mentioned in such terms
bx’Dioécorid;s. However, modern studies pn colchicine were

| not commenced until the garly 1930's. . It was in the labora-

, - 7 4
tories of Professor A. P. Dustin in Brussels, that the effects
N .

of colchicine were looked at for the first time detail

*

' (Dustin, 1934). It was found that colchicine fad an anti-

mitotic effect in both animal and plant cells In fact, in

1938 Levan had al;eady completed a detai tudy on the ¢
effects gf colchicinffgp mitosis in root tips of Allium.

This, and much subsequent work established that colchicine f
was destroying the spindle apparatus and was resulting inn

polyplgidy\of the cells (EBigsti and Dustin, 1955). E

\

» b
Though most of the original effort was concentrated

on the gnti-mitotic effect, it was noticed that colchicine had

. P O
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first to

other effects too. Levan (1942)‘wal perhaps the
notice&Ehat thése effects were not related to the anti-
mitotic effects, i.e.polyploidy. Working with Allium he

discovered th?!m&he so-called colchicine tumours produced
ks V},” B

& \y‘"

on the roots wére*ﬁat due to polyploidy. Soon the literature

on these aspects of colchicine effects became quite profuse,
~

particularly on higher and lower plants and protozoa (Eigsti

and Dustin, 1955).

I. Effects of Colchicine on the Algae
at the Light Microscope Level

Algae as a rule appear much less sensitive to
colchicine treatment than higher plants (Sarma, 1961). 1In
fact, a few species, such as Euglena (Leedale, 1958) and:

Pithophora (Patel, 1971) appear to be totally unaffected by

concentrations of colchicine, many times greater than that
which will kill higher plant cells. it is also 1nterelting’
to note that tke number of algae which have been induced ’to
forii polyploids are few, althgugh in a number of algae,

particularly green algae, the effects of colchicine treatment

’

have been studied. The most intensive study .of colchicine treat-

ment on a green alga has been carried out with the unicellular

e

E
p
d

4
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flagellate Chlamydomonas. Gavajdan and Kobozieff (1938)

showed that colchicine treatment produced abnormalities in

growth and division, and also resulted in the formation of

both polyploids and aneuploids. However, Cornman (1942), .
failed to produce polyploids, and it was left to Wetherall )
and Krauss (1956) to definitely induce polyploidy in

Chlamydomonas. Buffaloe (1957) noted that after prolonged

(Sarma, 1958, 1962). Polyplo}dy has also been produced in

treatment the normal vegetativ€ cells became quite distorted,

-

indicating that the colchicine was not just affecting the

nucleus.

In fact, colchicine treatment has produced changes

in nehrly every part of the algal cell. 1In Spirogyra,
colchicine treatment has produced changes in tﬁe morphology
and distribution of the plasgads (Yyamaha and Ueda, 1940;
Kartoshova, 1945), as well as a aisruption of cross

wall formation (Mairold, 1943). Treatment of

Hydrodioctyon has resulted in swelling which occurs at

s N

the extreme ends of segments, as well as a general thickening

-

of the cell wall (Gorter, 1943, 1945; Sarma, 1962). Further,

a high degree of polyploidy has been observed in this genus,

species of Sphaeroplea (Sarma, 1957), Microspora (Sarma, 1958),
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Drapanaldia (Godward, 1966), Cladophora (Patel, i971). and

Oedogonium (Tschermack, 1942). Both QOedogonium (Gorter,

1943, 1945). and Cladophora (Gorter, 1943; 1945; Mairold,

1943) also underwent a considerable thickening of their cell

walls, though these thickeniﬁgs were limited in Cladophora to
the cross-walls. Henningsen (1963) treated several species

of Oedogonium with qplchic}ne to produce c-metaphase

chromogsomes in order to facilitate karyotyping of the

species. Other green algae investigated have included

Pediastrum (Jakob, 1951), Scenedesmus, (Jakob, 1951) and

Chara (Delay, 1958). all of which showed a disruption in the

normal pattern of growth and’' development.

Other algae, for unknown reasons have appeared to

*

be much less affected by colchicine. Levan and Levring (1942),

[ 4

for instance, found that both Ectocarpus and Spermatochnus

were only very slightly affected by colchicine treatment.

II. Effects of Colchicine on the Alqae
at the Electron Microscope Level

‘

More recently, investigators have turned to the electron

microscope for its higher resolution and have demonstrated a

(4

number of effects at the ultrastructural level, not all of




which are apparently directly related to its effect on the

¢

nucleus.

‘A. Non-Mitotic Effects

i. Effects on Golgi Apparatus and Cell Wall Deposition

In Chlamydomonas, Walne (1967) ‘observed a marked

increase in cell wall material in colchicine-treated cells.

This cell wall material was laid down in layers with

abscissed portions of the cytoplasm between the cell wall

layers. These portions of cytoplasm included pieces of the’
chloroplast, n;itochont‘l;ia. sections of endoplasmic reticulum,
and other cell organelles. Further, Walne talao observed a
considerable increase in the activity of the golgi apparatus
with the release of numerous golgi-associated vesicles. Wanka
(1968) working with/Chlorella, noted that cell wall formation
v}a;ismpted and disorientated. He also observed that the -
golgi apparatus sw ‘an increase in activity following K

colchicine treatment.

a

The effects of colchicine on spermatogenesis in
Nitella (Turner, 1970), resulted in tﬁeqdismption of cell
wall formation. Coombs et al., (1968), showed that colchicine
affef:ted the silica shell formation i:; lavit;ula and

postulated that colchicine apparently affected the golgi

rd

4




apparatus, which is known for its secretory function in many
organisms. (Morré et al., 1967).

It is also interesting to note that in both higher

+

p%ants and mammalian cells, colchicine has been noted' in
certain cases to have similar non-mitotic effects on the cell
fine structure. Pickett-Heaps (1967), on treating xylem
cells with colchicige. noted that the pattern of cell wall
disposition was consideribly disrupted. Robbins and Gonatas
(1964), oﬁ ;xamining colchicine-treated HeLagcells. noted a

build up within cells.of golgi bodies, lysosomes and various

osmiophilic granules.

-]
ii. Other Non-Mitotic Effects of Colchicine

p In Cﬁlamydomonas. Walne (1967), noted a considerable
inc&easewin éell size, as well as in the size of the nucleus:
which also underwent lobing. Further, the amount of ﬁuclear
membrane and endoplasmic ;eticﬁium increased considerably,

the nuclear membrane becoming convoluted. After about 18 hrs.

of treatment with colchicine the cells lost their motility

and eventually their flagella. However, on removing the

! Qreated cells from the colchicine and allowing them to"

‘recover, a number of the distorted cells evéhtually produced

B o o
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' .
morphologically normal cells. Wanka (1968), found a similar
increase in Qhe amount of endoplasmié reticulum in
colchicine-treated Chlorella cells. Finally, Turner (1970)
‘ il 2

found that when sperm of Nitella, were treated with “

colchicine, branched flagella were produced. '

B. Mitotic Effects

Al

It has already been &eﬁtionéﬂ. that unde£ the liqht‘
microscope, colchicine was observed to break down the spindie
apparatus. However, the structure o% some céll‘components.
such as the spindle apparatus, were not resolvable at the

ultrastructural level until the advent‘of.gluteraldehyde as

[N

a fixative (Sabatini et al., 1963). After fixation in glu-
teraldehyde, the spindle apparatus is seen to be made ﬁp of a
number of microtubules of varying length, and with a diameter
of 200-250 8. Borisy and T;}lor (1967 a,b) established, by

’ v
using 3Hzcolchicine. that colchicine bound to the microtubule

-~

sub-unit, now known as tubulin (Feit 2E.El'; 1973: ‘Witman
¢

et al., 1972). The microtuble sub-unit has been found to be

-

a protein molecule of abput 120,000 M.W. (Shelanski and

Taylor, 1967), that contains/: number of specific gites to
| s
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which GTP binds (Adelman et al., 1968). Colchicine treat-
ment thus.rlgults in the disappe ancé'qf the microtubules
that make up tﬁé spindle appavatuél as has been dbserveé in
many drganisms including the alga Nitella (Turner, 1970).
Further,imicrotubuleé are also found widely distributed out-
side the nucleus in the rest of the cell, where they are
referred to as cytoplasmic microtuhles, or in fiagella as .

‘ . ’
flagellar fibres. Slautterback (1963) has reportéd pn'their !
distribution in animal cells whilst Ledbetteﬁhand Porter '

(1963) and Newcomb (1969) have reported on their distribution’ o
/

in plant cells in general.

2

/

C. Effects on Cytoplasmic Microtubules :

~»

Kiermayer (1968, 1970). working with Micrasterias,

5

1
showed that colchicine affected cytoplasmic microtubules
that were possibly involved in the migration of the nuclei

and chloroplasts in dividing cells. Both Werz (1969) and

Al

Woodcock (1971) treated Acetabularia undergoing reproduction, !
and colchicine was found to affect the cytoplasmic microtubules -
.

that were responsible for the anchoring of the dividing nuclei

in the reproductive crowﬁ. Brown and Bouck (1973) found -




o RN

that colchicine affected cytoplasmic ﬁicrotubples that

s |

appeared to control the cell shape of Ochromonas.

QQ ' C} P

D. Cytoplasmic Microtubules

Recently, particular attention haS_beén paid to the
role of the cytoplasmic microtubuleg in the cell. In his ¥

‘revie&\gaper on plant microtubules, Newcomb (1969) discussed .
. ~

\ . - p .
our pregbnt knowledge of microtubules in plant cells.
Firstly, they compose the mitotic and meiotic spindle fibres,

and are involved in chromosome separation. then microtubules

v

have been found to play an important role in the formation of

-
r

& - the phragmoplast of. dividing cells. ?They are p;esent in the
; ’éytoplasm‘next to the growing primary wall and also next to
the developing layers of éhe secondary wall, whe;e they may
ontrol the deposition of éaencellulosic microfibrils. Very
often they occur in the cytoplasm, arranged beﬁbath éhe cell

surface orﬂatrrandom throughout the cell. ‘In Fucus sperm

oy

they are postul ted to be involved i the alignment of eye-

- 4

spot granh}es (Bouck, 1970)-. hqcently, Pickett-Heaps (1972) )

#
!
3
3
:
:
;

has noted that many species of green algae have their -
cleavage furrows ﬂ}rected by a group of cytoplasmic
¥,

. G
- ' [

.
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. microtubules, which he has termed "the phycoplast". Micro-
"tubules aré also, of course, very important compoﬂents of .
' \Fentrioles ?nd basal bo&fes énﬂ constitute the 9 + 2 |
axonemal- elements of tﬁe flage;la. Special microtubule-like
structures have been found in thehchloiﬁflasts of several
green aigal spe;}es (Héffman[ 1967 Browﬁ et al., 1968;
Briten and Lgvlie, 1968; Pickett-Heaps, 1968; Sabnis, 1969;
McBride, 1970; Picﬁétt—ﬁeéps and Fqwke, 1970: Deasonaégd

Darden, 1971; Jacobs and Ahmadjian, 1971; Smith’'and Butler,
’ o

1971; Moestrup and Hoffman, 1973; - Pickett-Heaps, 1973b).

In animal cells and protozoa, the mibrotup‘les that
are distributed in the cytoplasm under the cell surface are
believed to play a promiﬂént role in controlling cell shape,

paré&cularly in developing organisms (Tilney, 1968). How-
[

, ever, as most plant cellk possééﬁ a cell wall, the cyto-
" - “

skeletal function of these microtubules may be less impor-

Nz
tant.

\/ - X N
‘ . There is no doubt from studies on the effects bf

colchicine on the algae and other. organisms, that micro-

tubules do play an imbortant role in the development of.

-
o

plant cells.

M
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M. The Volvocaceae and Eudorina

*

Y

The colonfal gpeeﬁ fl&gellate. Eudorina is one of

a»

several genera belonging to the faﬁily Volvocaéeae in the
green algae (Chlorophyta). The family Volvocaceae which
includes most genera pf,the coloniai green: flagellates is
characterised by a uniéue and ;imple form of multicellulaiu
organisatioé made up of chlamydomonad-like cells. Colony
development results in the formation of plakea, which
undergo inversion to form dauéhtgr colonies, a process
; C ‘
which is unique to the’ Volvocaceae. Though plakeal develop-
ment and inve;sion at the kight microscope level are similag
in all species of the Volvocaceae, it is cléar these develop-
mental processes result in colonies of increasing com-
plexity, and degree of cellular differentiation, culmin;ting
in the most ébmplex genus of the family; Volvox. Colony (
development has been studied with: the light microscope in the
following genera; SGogium (Stein, 1958a), Pandorina (Coleman,

1959), Volvulina (Stein, 1958b; Carefoot, 1966), glatydorina

(Harris and Starr, 1969), Eudorina (Gerisch, 1959; Goldstein,
19642 1967), and Volvox (Starr, 1968, 1969, 1971b; Kochert, .

1968; McCracken and Starr, 1970: Vande:Berj and Staryr, 1971),

!
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‘and at the ultrastructural level in Volvox (Biialpuéra and

@V

Stein, 1966; Deason et al., 1969; Pickett-Heaps, 1970a;

Ay

Deason and Darden, 1971). Houoéer. some of the processes
of colony deve10pmcnt: such as inversion, are still poorly
understood, particularly at the ultrastructural level. To

& : .
date, ‘only the ultrastructure of vegetative colonies and

cells has been studied 1h Eudorina (Lang, 1963; Hobbs,

1971, 1972).

Budorina is of particularx-interest éor two
reasons:
1. The developmental process in Eudorina is
-fhplen than 1in Volvox. and this simplicity may facilitate
an understanding of the general process of colony develep- e ¢

ment as it occurs throughgut the Volvocaceae.

Fgrfher. a comparison of the ultrastructural

details of colony development in Eudorina with Volvox,.
**—

ma& add additional support to the proposed evolutionary

scheme of the Volvocine line (Klein and Cronquist, 1967).

2. " In some species of Eudorina, all the cells are

potentially generative and capable of daughter colony

(4
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formation, while in OthOt’;ﬁggl.l of Rudorina, as in Yélvox
spp.. colony development and diftircntiation results in -
somatic and generative cells in a pattern specific to tﬂe
species. The mechaniam'of the differentiah&on p;ococa is
liétle understood, and its eluéidatlon could be very signif--
icant particularly as the Volvocaceag. and Eudorina in
particular, 'exhibit one of the simplest forms of cell
’differentiation that occurs in nature. Purther, a better
understandingiof such a simple form of differentiation, as
that which occurs in EBudorina, may eventually give some in-
sight into differentiation as it gccura in more advanced

.

plants and animals.

It has already been mentioned how recent studies have
shown the importance of microtubules in developmental pro-
cesses in the algae (Kiermayer, 1968; Newcomb, 1969; Bouck,

1970; WwWoodcock, 1971).

It ﬂhs{ therefore, decided to look at the effects of
colchicine on the colonial green flagellate, Eudorina
elegin . inveitiqating the developmental effects under the

light and electron microscopes. It was felt that the treat-
<

ment of Budorina might reveal the role, particularly of




® - 7
‘ cytoplasmic microtubules, in the cellular developmental
processes, with emphasis &n nuclear division, cytokinesis
. and inversion. Further, the colchicine treatment would also
.enable one to look with greater detail at the nuclear cyto-

logy of a group of organisms whose nuclear cytology has not

been intensively studied (Cave and Pocock, 1951b).

In,examininq the developmental process in Eudorina,
it was decided to adopt a broad néproach. i.:.. to examine
© ' all the various events of cglony development. Thia approach
was decided upon because it w-; felt ¢Bsential to obtain’nn

overall view of development, rather than study a few .
isolated events. Further, this type of approach would llld‘

help in the undarstanding of the relationship of the various

events that make up colony development in Eudorina. - v

Therefore, the broad overall objcctiv;u of this
study were to more clearly elucidate the inherent mcchagiomn
controlling colony development and the patterns of coiony

. differentiation in Eudorina, as well as,to ohgd{liqht on
more general questions concerning cell differentiation and

multicellular development.

) | |
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MATERIALS AND METHODS

I. Isol‘ation. Purification and Maintenance
of Eudorina

A heterothallic strain of Eudorina elegans, 56-1 (f),

56-2 (m), was isolated from a dried mud sample collected by
M.E. Goldstein from a pond just south of Greencastle, Indiana,

on Rt. 41 (6.7.59). The technique for clonal isolation

involved the acquisition of colonies with a micropipette,

washing, and inoculation of single colonjes into soil-water
medium-(Starr, 1964) according to the nethod& of ’Goldstei.n
(1964). Similarly, -the technique for preparing axenjc
cultures in which colonies were washed by centrifugation,
plated out on soil-extract ;ugar (siart. 1*4). and bacteria-

free colonies inoculated into VOlvocacean medium (Starr,

1964) was like that of bold-f.ein (1963).

o

.-
“
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The maintenance of stock cultures and some of the
expetiment;l work was carried out under controlled environ-
mental conditions. The temperature in the culture chambers
was maintained at 20 % 1°C:'.;he light source consisted of

banks of cool-white standard fluorescent tubes (40W.CW) with

illumination of 250-350 ft.c.intensity. The lights were

¥

- automatically controlled by a clock which allowed -16 hrs. of

light and 8 hrs. of dark daily.

The strains were maintained either in half pint
bottles (250 ml) of soil-water medium for light microscopy
or in 250 mL.ﬁrlenmgyer flasks of Volvocacean (Starr, 1964)
or Volvox medium (Starr, 1971a) for electron m;croscopy._
Stock cultures were also maintained on slants of soil-
extract agar. The formulas and methods q§ preparation of
these and ofher media used in this study are given in
Appendix 1. When grown in soil-@ater,pedium. the strains
were transferred every three weeks, while those grown in
either liquid Volvocacean or Volvox medium were t;ansferred

every 10 days. Those strains grown 4n Volvocacean or

Vof5ox agar were transferred every 2-3 months. The newly

tgxansferred strains were placed in bright light (250-350 ft.c.

.

Y
. .

RE e - 3
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intensity) for 7-10 days and then mpved to a place where the.
L]

@
L

light intensity was only 20-60/ft. c.

rd

1I. Coléhicine Treatment

"

Dividing material of both strains of Eudorina was
treated with an 0.2% aqueous solution of colchicine (General

Biochem. Lots 82934, 407671). To obtain dividing material,

colonies from 10-12 day old stock cultures were transferred to
watch glasses qpntaining fresh, soil-water supernatant,
Volvocacean or Volvox medium. A 5% solution of kanco3;%;.
added to the bottom of the petri dish, in which a watch
glass was supporté®d on a glass triangle. The watch glass

. sétup was then placed under illumination of 250-350 f;.c.
about 5 hrs. before the 8 hr. dark period. Then 3 or 4

his. after the onset of the light period, good dividing
~ Mmaterial was nobtained. For light microscope preparations, é

&

' [ the colchicine solution was prepared with sterile soil-

™~
water supernatant whilst for electron microscope prepara-

»

tions, .the colchicine solution was prepared with sierile

Volvocacean or YQolvox medium.
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Dividing material was then pipetted from the watch
glasses into 12 ml. centrifuge tubes and centrifuged for
2 mins. at 3000 r.p.m. The supernatant was p&urad off :nd
the colohies resuspended in an exceasof 6 ml. of an 0.2%
colchicine solution. The suspension was then placed in a
watch glass setup for the period of treétment. At the end

of the treatment, the colonies were washed through a number

of successive changes of distilled water by centtrifugation. (f

A=Y

IXI. Staining Techniques

For the cytological study, untreated dividing colonies
or those treated with the 0.2% colchicine were fixed (except
for aceto-orcein staining) in a 3:1 solution of absolute

alcohol and glacial acetic acid saturated with ferric

acetate (Cave and Pocock, 1951a) and were then stained with

several different stains.

A. Aceto-carmine (Cave and Pocock, 1951la)

-

N ST I RN SO

B. Aceto-orcein (after Darlington and LaCour, 1960)

C. Schiff.reagent (Graumann, 1952/53).

For the recipes of the various stains, see Appendix III.

&
i
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A. Aceto-carmine

For aceto—carnine staining, the method according
- to Goldstein (1964) was used, but instead of ringing the

coverslip with wax, clear na11 polish was found to be more

‘! \
satisfactory. . k\

B. Aceto-orcein

-

The treated and untreated colonies were individually
. picked up using a capillary pipette under the dissecting
. microscope, and then placed on a clean micrbscope slide.

The water was allowed to evaporate until the material was

{ .
almost dry, and then 1-2 drops of the aceto-orcein were

placed on the material. Using a rusty iron -needle, the
material and stain were mixed together on the slide. A cover-

- slip was then placed carefully over the material and the sides -

»

blotted wery lightly between sheets of bibulous paper to
L . ’
remove excess stain. ~ The coverslip was then sealed with

S

colourless nail polish. When the polish dried, the slide was

¢ ) 3 N
ready for observation. .

It was found that this method was particularly useful

. ’ when correlations between the effects of colchicine on the

' ’
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cellular organisation and on the nucleus were studied.

) ' *
Colonies which showed certain morphological effects could
- ) ) be transferred individually to a slide and stained to

observe effects on the nucleus.

C. Schiff Reagent

-~

The Schiff reaction used to stain the treated
material was adapéed by Bowers (1968) from a method devised
by Kapoor and Beaudry (1966) and further modified by the

aythor. The details were as follows:

. , 1. Fixed colonies were concentrated in a pellet by
\ .
low speed centri a and washed through a number of

14 -

successive changes of distilled water.

2. The colonies were hydrolysed in n-HCl for 30 mins.,
at 66°C. the hydrolysis time being dotc;mined by running a
hydrolysis series between 5 and 60 mins. The time chosen
waa‘tﬁaé which gave the highest percentage of differentially

3 stained nuclei.

3. The colonies were washed immediately through 3

B

A
1
*

changes of distilled water.: -

¥
Lo
= R )
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-

\ .
4. Then colonies were stainqd in leucobasic fuchsin

(Schiff's reagent) for 2-4 hrs. Treatment with S50, water

was generally unnecessary.

-

P

5. A small amount of the stained material was then
placed on a clean‘slide and squashed in aceto-orcein by
tapping on the covers}@p followed by moderate digital
pressure. For observation and photography of the chromo-
somal preparations, the coverslip was sealed éo the slide
with colourless nail polish. ) ‘ | N

LY

IV. Preparation of Material for
.the Electron Microscope \

Because of the nature of the problem., two ' approaches

were used in the preparation of the material for the electron

microscope. 1. Fixation and embedding of a large number of
colonies using the standard methods described below.
2. Fixation and embedding of individua#l colonies utilizing

capillary pipettes and a dissecting microscope.‘

For the first method?’colonies were spun down for
5 mins. at 3Q00 r.p.m. in a clinical centrifuge. The mater-

ial was theh washed in the Volvocacean or bolvox medium
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! B

. depending on which was used for growth. Considerable

difficulty was initially found in fixing Budorina.fand a

t "
number of different concentrations of gluteraldehyde were

)

used for varying periods of time at different temperatures.

The main problem appeared to be a‘lack of penetration of
the fixative. To solve this problem, it was\decided to usé

the penetrating agent dimethyl sulfoxide (Rammler and T
|

Zeffa;gih, 1967) as part of the fixation process. The use

of the dimethyl sulfoxide considerably enhanced the degree
‘ s

of penetration of the fixative and therefore the quality of
. fixation.’ _Subsequently, all material was fixed for 30 mins.
in 2.5% gluteraldehyde and 2% dimethyl sulfoxide at pH 7.2

using an 0.05M phosphate buffer.
, .

After this first fixation step the colonies were spun

«?

down and washed three times (10 mins. for eaéh‘wachiﬁé) in
0.1M phosphate buffer at a pH of 7.2. This was followed by
oy

a post-fixation with 1% osmium tetroxide in 0.1M phosphate e

buffer at a pH of 7.2, for 30 mina. The fixed colonies

were then centrifuged and washed through two changes of the

buffer, each of 10 mins. duration. The material was then

JUSES

passed through a series of alcohol concentrations (50%,
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70%, 95%, 100%, 100%, 100%) to dehydrate-the cells, each

step of d(ehydratiorﬂ lasting 5 mins. - ) P

To embed in plastic, cells were centrifuged and
suspended in' two series of propylene oxide and plastic
resin (Spurr, 1969) for another 30 mins:' Then the plastic
mixture was spun off and replaced with p{xre Spurr plastic
for an hour. Using a pipette, a small amount of material
was then transferredf‘ to a plastic "Beem” capsule (Diagram

1 B) and further plastic resin added. Subsequently:. the

capsule was topped off with plastic and polymerized at 70°%¢

for 8 hrs. Upon cooling, the capsules were ready for cutting.

'3

The segond technique was developed because it allowed

an;‘ a correiation of the effects of colchicine &t the light
and electron microscope levels. Cf:lonies which had been
subjected to colchicine treatment were observed at differen‘t
.stages of developn';ent under the dissecting microscope. Then,

at increasing time intervals, individual colonies were picked

T “\Yxﬁlvviith a‘c‘:apillary pipette angd plated in spot plates
.1 (Diagram 1 A) for fixing and embedding. In all cases, the
times in the fixatives, alco’hols. and plastics, were the same
A. J as described previouﬁly.\ < The colonies were transferred -

¢

. p
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J

through the various fixationl‘and'haohin;l using capillary

§
pipettes. However, when the colonies were transferred into

the plastic, pipettea were used in which the 1nner sur face
" of the }Qaft had been coated with liquid silicon (Siliclad)

to reduce, surface tension. ~Fina11y. the single colonies

i

were placed in the capsules and oriented, as shown in

Diagram 1B. They were then coqgred with plastic and poly-

merized. \\\\

3 4 ,

.Ultrathin sections were cut using glass-knives, on
a Pérter-alym MT-2 Microtome. <Srhe‘sections were placed on

200 mesh copper grids covered with a 2% formvar film and

\

shadowed with carbon. . '

< L

Staining (see Appendix IV for recipes)

The sections were stained in lead citrate (Venable
B . S ’
and Coggeshal, 1965), for 15 mins., followed by uranyl '
acetate for another. 15 mins. The secpiona were then examined

under a.Philips EM 200.

]
:
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V. Photography

29
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>

Photomicrographs at the liggt microscope level wer;
taken w%th a Kodak Bantam camera on a Zeiss microscope,
using Kodak Plus X and High Contrast Copy film, developed
in Kodak Microdol X and D-19 respectively at 68°c. Agfa

Brovira paper was used for printing.

Electron microscope images were photographed with
Kodak fine Grain Positive film, Ilford Ilfobrom baper was

;sed for printing.

VI. Colony and Cell Structure of Eudorina elegans

To appreciate the effects of colchicine on colony .
development and differentiation, it is necessary to under- °
stand the basic structure of the colony and the vegetative .

cells. The straln of Budorina elegans used in this study

normally contains 16 or 32‘piflage11ate cel}l. arranged in
tfé;: at the periphery of the colonial envelope (Pig. 1).
As seen under the light microscope, each cell of E. elegans
is chlanydo,onad-liko in structure, possessing a pair of

apically inserted flagella, a cup-shaped chloroplast.with an

/
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Fig. 1.

Fig. 2.

Fig. 2A.

5

' Eudorina elegans

A matiure vegetative colony. x 400.
\ .

Ultrastructure of Vegetative Cell of Eudorina

A longitudinal section of a mature vegetative
cell of Eudorina. Note the cup-shaped chloro-~
plast (c) which possesses a number of
projections or lobes (pr). Within the chloro-
plast two of several pyrenaids (p) are ahoun;
surrounded by starch plates (sp). Also appgrent
is the peripherél arrangement of the mito-

chondria (m) and the central location of the

-

e}
nucleus (n). The cell itself is embedded in

the colonial ?Pvelope (ce) which is bounded by

a coloniallboundary (cbn). x 9,900.

Detail of the colonial envelopé which shows its
fibrous nature (arrows). Note also the colonial

boundary. (cbn). x 85, 100".3?
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eyespot, and several pyrenoids. The nucleus is centrally
located and there sre two contractile vacuoles beneath the

points of insertion of the flagella.

The ultrastructure of the vegetative cell of

Eudorina reveals the most coﬁapicuous cell component to be

the chloroplast, which contains several pyrenoids surrounded

by starch plates (Fig. 2)." The pyrenoid (Fig. §) possesses
-~

a number of tubular extensions which arise from the thylakoids

and are embedded in an opaque matrix. The pyrenoid structure

is essentially the same as that described in E. illinoisensis
by Hobbs (1971). Also present within the chloroplast is ;n
eyespot (Fig. 3). The mitochondria are pergpheral in arrange-
ment (Lang, 1963), while the nucleus has a central lo€atioQ
(Fig. 2). The nucleus has a single nucleolus which often
contains one or more light cores (Fig. 11). " The golgi
apparatus (Fig. 42) is Pattially gurrounded by characteristic

extensions of the nuclear envelope, or amplexi, that have

been described previously by Lang {1963).

Each cell contains two apically disposed contractile

~ ¥ ‘

vacuoles with a number of attached vacuoles (Fig. 5I).

5o

ate
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Ultgaatructnre of Vegetative c‘ll.

3 ’

Fig. 3. > An eyespot (ey) present within the chloro-

plast. Note the chloroplast thylakoids (ct).

)
x 20,825.

Fig. 4. A pyrenoid from a mature cell surrounded by
" starch plates (sp). Note the chloropiaat
\ - thx}akoida (ct) running into the pyrenoid as

tubular extensions (te). x 20, 825.

o *

]

Fig. 5. One flagellim within its flagellar canal (fc) *
and bounded by the colonial envelope (ce).

~Note the transitional region (cyn), where the

central microtubules terminate, and the basal

body (bb) forms. x 55,600.
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The flhgella are contained within flagellar canals that are

bounded by the colonial envelope (Fig. 5), and have been

. described by Lang (1963) and Hobbs (1971).

In recent years, another organelle which has been ‘
observeé in many pla;? and animal cells, is the cytoplasmic
microtubule. In Eudorina. there are two types of cytoplasmic
microtubules: flagellar root microtubules (Fig. 6); and
microtubules distributed throughout the cytoplasm, but not
directly associated withhany organelie (Fig. 6). The cyto-
plasmi;\microtubulea have a diameter of 190-230 & and are
primariiy distributed in the peripheral region of the cell

where they are generally associated with the cell surface

(Figs. 7, 7A). Similar observations on cytoplasmic micro-

tubules were made by Hobbs (1971) in E. illinoisensis.

t

The cells of the colony are embedded in an envelope
which appear; to be of a fibrous nature (Fig. 2A). However,
the e;act chemical nature of the envelope is unknown. The
envelope is bound by two membrane-like structures (Fig.2A),

as observed by Lang (1963). ‘ (




Ultmstructure_ of Vegetative Cells

Cytopl Qsmic Microtubules

LY

Fig. 6. An oblique section of the apical portion of
a cell. Note the flagellar bases (flb) and
basal bodies (bb). Also present is a flagellar
root microtubule '(f‘r-) and scattered cyto-

plasmic microtubule (cm). x 40,425.

Fig. 7. A series of c&toplas-ic microtubules (cm)
which run just beneath the cell surface.

Lg

x 44,100.

Fig. 7A. A higher magnification view of the cyto-
plasmic microtubules (cm) of Fig. 13.

x 112,700.
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RESULTS

-

1

I. Light and Elecg;on Microscopy of éolony
Development T

In E. elegans, each.cell of the colony possesses the
potential to divide and form a d;ughter colony, though there
is a slight delay in the onset‘ofkdivision in the anterior
tier of cells (Fig. 8). Cell division usually involves

4 or 5 succes;ive bi-partitions in wﬁich all the planes of
division are parallel to the longitudinal axis of the m;ther

cell. Division results in a curved plate of ls or plakea’

containing 16 or 32 cells (Fig. 8).

L

The nuclear division cycle has beep recorded for the
first time and consists of typiCj}ﬁefpphase (Figs. 10, 11), .
metfphase (Figs. 12, 13, 14), anaphase (Fig. 15) and telo-
phase (Fig. 16) stages. Nuclear divisions in the formation of

a single plakealzée consisternitly synchrohou- from the 2 cell

35/




Fig. 12.

. PFig.’13.

Fig. 14.

Fig. 15.

"Fiq. l6.

T M LTI g T R e
L4 o .

¢

A lateral view of a nucleus yndergoing meta-
pfise with the chromosomes ajigned along the
equatorial plate. Note t;a the fibrous |
nature of the spindle apparatus (sd) can be

clearly seen. Aceto-orcein stain. x 2,000.

Both a lateral and polar view of metaphase

chromosomes. Aceto-orcein stain. x 2,000.

A 2-celled plakea showing metaphase chromo-

somes in lateral view. Notenpho cell membrane

(cmb) dividing the cells. Aceto-orcein stain.

v

x 2,600.

Late anaphase, showing chromosomes, near or

at the pole. Aceto-orcein s$ain. x 2,600.

A 2-celled plakea in late telophase with the
chromosomes starting to uncoil. Acoto—orc‘in

stain. x 2,600.

{
/
/

UL PO

ARt S

ol nod




5

Fig.’ 8.

‘ Fig. 9.

Light Microscopy of Asexual Reproduction ’

2-, 4-, 8-, \%6-. and 32-celled plakeal stages.

Note the lack of synchrony among the plakea,

the anterior tier of cells having und;rgone

. F"\: e ,\ﬁ\
fewer divisions. x 240. Ehe

.—

i

_ Young'daughier gg&onies about to be released

from their maternal colonial qnvelope./ Note

each daughter colony nby has its own distinct

»

colonial envéidpe. x 240. -

[}

Normal Nuclear Division »

Fig. 10.

Fig. 1ll.

(over)

8

An early stage in prophase of a 4-celled

plakea. Note the apparent lack of membranas

. dividing the cells due to the squash

technique. Aceto-carmine stain. x 2,600.

A late stage in prophase of &a4-ce11§d plakea

with greater condensation of the chromatin.

- Cf. with Pig. 10. Schiff reaction. x 2,600.

2 e



v

MDA o e B2 2,

-

v
9




. o 37 ' q .
stage onward)(rigs. 16. 11; 13-16). —Howewg}.‘nucleAt "
divisions and plakeal development in different cells within
a colony are by no means synchronous kGolddﬁein. 19§§).

When division is complete% the parental eyespot is found in
one of the newly formed peripheral plakéal cells, as

dﬁgerved by Goldstein (1964). The two parental flagella

are attached tb peripheral cells on opponite sides -of the
plakea, as reported by Gerisch (1959), or to a single peri-
pheral cell, as observed Sy Doraiswami (1940). The
distribution of the parental flagella is dependent on the
initial plane of cleavage. Upon completion of cell division,
plakeal inversion takes place, (see Diagram 2, p. 50) which
results in daughter colonies composed of a compact sphere \
of bi-flagellate cells (Fié. 9).' At the onset of inversion,
each cell of the plakea produces a new pair of flh;ella. and

a colonial envelope is produced around the C;lli. Depending on
the number of cell divisions in plakeal development, the whole
process of daudhter colony formaktion takes from 2-4 hrs.,

with each nuclear division taking from 20-30 miql. Following

daughter colony formation, the maternal colonial envelope

~

3 L

breaks down and the daughter colonies are released. The no@&t>
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daughter colonies wiil enlarge o%gr a 3 day period, and then

divide to form the next generation.

. &
Under the electron microscope, a number of additioral.
structures and events have be;h observed in plakeal develop-
@ ment, beginniné with nuclear division. At the start of

division, the interphase nucleus (Fig. 17) moves. close to the

- 4

cell surface (Fig. 18); fhis movement does result in some

reorganization of the- cell components, but not of the cyto- '

plasmic microtubules which remain peripherally orientated
(Pig. 18).

&« .
Upon entering prophase, the chromosomes begin to

-

condense and the nucleolus disappears (Figs. 10, 1l1). The
\

¢ 'chromoaomeQ then become fully condensed and align them-.
selves along the equatorial plate at the start of meta-
phase k?igs. 12-14). The nuclear membrane is present |
around the metaphase chronoso;es (Fig. 19), and remains

-

, intact throughout division. The chromosomes are aasociatgg\ g(
with the microtubules of the nuclear spindle (Fig. 19a),
- which radiate from the nuclear poles (Fig. 19B). However,

special points of attachment of microtubules to the -

Y

.- chromosomes (i.e., kinetochores) were not cbserved. At the

-
.




Ultrastructure of Asexual Reproduction

]
P

Fig.' 17. A typical interphase nucleus with single

nucleolus (nl), which contains two light
-cores (lc). The nucleus is surrounded by a

typical double nuclear membrane (nm) containing

¢
numerous pores (np). x 20,825.

t « . Yoe

3

Fig. 18. A nucleus (n) with nucleolus (nl) just prio;\\

to entering prophase. Note that the nucleus
has moved to a position next to the cell

surface. Further, the cytoplasmic micro-

, tubules {cm) are stillzperipherally orientated. .

x 49,000.
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Fig.

Fig.

Fig.

19,

19A.

Ultrastructure of Asexual Reproduction

*

A 2-celled plakea, undergoing division. .The nucleus
(n1) is of a polar view of metaphase, looking down
on the chromosoneQ\(ch) aligned on the equatorial
plate. It can be se;§ that the nuclear membrane

{ nm) reﬁains intact daring nuclear division. The
nucleus (n2) is of the metaphase chromosomes in
lateral view. Note the incomplete furrow (f)

with the cytoégasmic bridges (cb) connecting the

cells. x 14,350.

A more deFailed view of part of nucleus nl (Fig.

19). Note the presence of part of a chromosome

3

(ch) and numerous spindle microtubules (sm).

i

x 78,400.

19B. A more detailed view of the polar region of

nucleus n2, (Fig. 19). The spindle microtubules
can be seen radiating from the pole, where there
is an opening (arrows) in the nuclear membrane

(nm). x 37,050.

Fig. 20. A latéxal view of a nuclear pole at metaphase.

The spindle microtubules (sm) appear to radiate

from a special region (mc): x 60, 125. -
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I

nuclear poles are openings or fenestra in thé nuclear
envelope (Fig. 19B), into whiéh the spindle microtubules
pass. The area, from which the microtubules radiate, is
visible at the extreme poles of th? nucleus, and appears ?ore
densely stained (Fig. 10) than the nucleoplasm. This area
may possibly be similar to the Microtubule Organizing Centre
’(MTOC). described by Pickett-Heaps (1969). Of note is- the
total lack of association of bashl bodies or centrioles with
the spindle microtubules. 1In fact, when basal bodies or
centrioles are observed in plakeal development, they are

always at the periphery of the cells (Fig. 21), and are

never found in close association with the nuclear poles.

At anaphase, the daughter chromatids separate and

proceed to the poles (Fig. 15), where they uncoil during

telophase (Fig. 16). Following telophase, .the daughter
nucleoli fo;p (Fig. 22). Subsequently, an elaboration of the
persistent nuclear membrane results in the formation of the
daughter nuclear envelopes. Often associated with newly
formed daughter nuclei are parallel bands of internuclear‘

ER (Fig. 23). Following the gompletion of nuclear division,

the daughter nuclei remain close together, near the periphery

of the cell (Fig. 24) until the onset of cell cleavage.




Ulzga-ttucturo of Asexual Reproduction ' i
_ :

Fig. 21. A centriole (cn) is present at the surface of : ST
a plakeal cell. Note the nucleus, which is not
viaiﬁle”}n this micrograph, is located some "~
distance from the centriole. Also shown is ; .

cytoplasmic bridge (cb) and cleavage furrow (f)

[

between the two cells. x 42,466.

Pig. 535\\ A nucleus in late telophase showing the two
’ |

daughter nucleoli (nll and nl2) which have just

formed. x 51,450.

LY

N
Fig. 23. Two recently formed daughter nuclei (nl and n2)
are shown together with bands of endoplasmic

reticulum (er) gbtwaeh the daughter nuclei.
¢ ' /
x 46,550. '

I . Ed

N

Eame e NI LY

\ !

Fig. 24. Two‘daughter nuclei (nl and n2) prior to cyto-
) »
kinesis. Note that the daughter nuclei remain

)
closely associated. x 24,225.
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Cell cleavage is discontinuous and results in a
furrow interkupted by cytoplasmic bridges which join
sadjacent daughter cells (Fig. 25). These bridges often

contain ER, but are never seen to contain mitochondria or

4 \ ©

portions of the chloroplast as observed in Volvox
(Bisalputra and Stein, 1966). Closely agsociated with the
61eavage furrow are portions of ER (fi;{’:SA) as well as
cytoplasmic mi?roiubules of the phycoplast (Fig. 26), which
may direct the\orientation of the plane of cleavage.

Not reported before in BudoriAa la the preaenc; of
distinct microtybule-like structures in the chloroplast.
These are onlyJ;vident in actively dividing plakeal cells
(Fig. 27) and cells of newly formed daughter colonies. ‘The
microtubule-like structures are 250-300 g in" diameter.
Chloroplast microtubules usually occur in groups (Fig. 28),
which may contain up to 15 individu;i microtubules.” In
crosa-aection.'thé microtubules are made up ot sub-units
(Fig. 28); while in longitudindi section, they possess a
distinct bandinq (Fig. 29). These bands occur at regular

intervals of about 250—270 §A\\? reported by Hoffman (1967)
L .
in Oedogonium.

-
oy
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Ultrastructurs of Asexual chroduction >

»

!

cﬁtokinesis

Fig. 25. The cellxhau just completed cytokinesis, the
incomplete cleavage fu}ro; (f) results in the
production of cytoplasmic bridges (cb) bétwoen
the plakeal cells. At this early stage, the

furrow is narrow and the bridges EE;‘broad. {

x 29,600. py /

Fig. 25A. A portion of the cleavage furrow (£), from Pig.

25. Note theé band of endoplasmic reticulum (er)

lying close to' the furrow. x 75€850.

3

Fig. 26. A cleavage furrow showing the phycoplast micro-
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Ultrastructure of Asexual Reproduction -

&

Chloroplast Microtubules - ~ s

Fig.J27. Chloroplasts of plékeai éella which contain a
number of chloroplast microtubules (chm) in | :
cross-section. Note the cytoplasmic bridge
(cb) connecting two of the cells. x 34,200.

¥

Fig. 28. A section of the chloroplast from a young

~

daughter colony with a typical group of

méhloroplas_t microtubules (chm), seen in cross-

4

section. Note the microtubulez?appear to be -

* " made up of a number of sub-units (sb). x 115,150.
- -+ .

L ’
o . Thea

Fig. 29.° A lateral view 6f"a group of chloroplast micro-
- v . {
tubules (chm). .Note the distinct bands or gyres

BN

of the mierotubules. x 109,600.
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Chloroplast division occurs during cytokinesis, in a
manner similar to that roportcdzby Goodenough (1970) in
Chlamydomonas. The replication of the pyrenoids, however,

J

was not obaserved, although plakeal cells are often ncoﬁvgo

contain more than a single pyrenoid (Fig. 30).
y 3

One organelle that shows’ considerable activity during Vn

N

!
-~

the development of the plakea is the golgi apparatus. This

Lw activity involves the production of a large number of )

—_— s

vesicles. These vesjicles are -m§p1 (35-70 mu* in diameter)
.
with electron opaque contents (Fig. 30A). v
. 7
7Au s00n as nuclear division and cytokinesis are

1"}\‘ - °
complete, the’gkgteal cells commence inversion (Diagram 1),

which leads to the formation of the daughter colony.

&

Inversion, as seen under the iight microscope, has already

been described by Gerisch (1959) and Goldstein (1964).

{:y. there is

g with
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Fig. 30.;~This'p1akea has just completed its 3rd.div1§ion 3
and is in the 8-celled stage. The.cleavage

furrows (f)  are narrow, while the cytoplasmic .

bridges (cb) areubroad; Note the two pyrenoids . )

(p) within ont\fiakeal cell. x 12,000.

o ’ ) . \,
Fig. 30A. A golgi apparatus (g) from a typical plakeal cell

(Fig. 30). Note the numerous opaque ;spioles [

(vm) associated with the golgi. x 27,000.

\J

‘Fig. 31. A ﬁlakea just prior to inversion. A separation of
the plakeal cells has taken place. Note the
elongation of the cytoplasmic bridges (cb) and

the broadening of the furrows (f). x 11,500. ¢

- ' -
J , S AN

Pig. 32. "An 8-celled plakea just prior to inversion show- :

- ing considerable cell separation. DNote the

< stretched cytoplasmic bridges (cb). x 9,900.

\ . - o ~
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material (Fig. 31). This separation of the plakeal cells
results in an elongation and narrowing of the cytoplasmic

bridges (Fig. 32).

The Qytopla-mic bridges, however, do not occur at
random. An axaminatiqn of many -octgon-. both before, and
Qapecially during inversion (Fig. 33), indicates that the
cytﬁplalmic bridges are most numerous in the region of the

posterior facets of the.plakeal colil (see Diagram 2).

f 1

N
Peripheral pf;kealtggfz- start inversion movement
which results in a reorientation of the convex ang concave
surfaces of the pl?kaa (nee Diag}am 2). A 16-cel ed plqk;a,
*GX:i: has undergona partial inversion, is illuptrated (Pig.
33) mnd an equivalent stage in development is shown in
Diagram 2C. At this stage, the anterior facets ofnthe

plakeal cells now form the convex surface of the partially

inverted plakea (see Diagram 2C).

At the completion of inversion, the cells form a
]
compact sphere of usually 16 or 32 cells, that constitutes
the young daughter co£;R§. The cells then completely

separate and the cytoplasmic brigges disappear. ﬁTth is

[
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Ultrastructure of A}\oxual" Heproduction
N .

Inversion {
’ i v
Fig. 33. This section is of a partially inverted 16-celled
' plakea. Note the cytoplaqlc bridges (cb) are ’ e
numerous between the central. pyl‘akcll cells (cc).

However, there are few connections between the )

peripheral cells (pc). x 19,800.

Fig. 34. A young daughter colony that has just been
3 released from the maternal envelope. Note that

it now has its own \coloninl envelope (ce).
{ . ) <

x 4,400.

-
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_ partly due to a considerable expansion of tﬁo colonial

.envelope, and al-osfo the stress created between cells
during inversion. The young daughter colony is soon

X released as a result of the breakdown.  of the maternal

envelope (Fig. 34).

Ir. . Colchicine Alterations in Colony Development

A. Short-Term Effects (0-5 hrs.) on Cells
«- Initiating Division ’

So far as it can bée determined, short-term treat-

ments (0-5 hrs.) with a 0.2% solution of colchicine have no

e

apparent visible effect at the light microscope level on

, non-dividing cells of Eudorina. Only cells which have
Y

ainitiated cell division or are actively dividing are visibly

altered by colchicine treatment. (See Diagram 3, p. 71).

The first structural (non-nuclear) effects of col-
chicine on cells which have initiated their first division,
" are viaibie in live cells after 90 mina. of treatment (Fig.36).
Compared with the non-dividing cell (Fig. 35), the treated
cell no iogger has a smooth surface, but possesses distinctive .
separate short (a) and long (b) projections g. 36).

Under the electron microscope only the long projections




.

)

o,

]

1

o

.

A

W
<
H

.PFlg. 39.

* 'Pig. 40.

Fig. 41.

o

Colchicine treatment: 2 hrs. A stellats cell.
Note that the flagella (fl) still appear to be

v

normal. x 860.

Colchicine treatment: 2 1/2 hrs. The
atellafio; (st) has become ccéaiderably A
expanded and can be seen to contaig po;tiopt
‘of cytoplasm and the chloroplast. x 1,700.

2 . o
Coléhicine treatment: 2 1/2 hrs. A
stellation (st) under the electron nictoucope;
Note that it contains mitochondria (m),
yacuoles (v), part of‘the chloroplast (c),g
and profil;s of the endoplasmic ¥et1cu1u-

(er). x 27,075.
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. ﬁhg;t-wagg Effects of Colchicine on Cells .

' Initiating Division

Fig. 35, A mature vegetatiye cell not treated with

colchicine. x 2,240.

Fig. 36. Colchicine treatment: 90 mina. Thé cell
initiating division shows 2 types of projections.
Small stout projections (a) and longer, thin

‘projections (b). x 2,000.

Fig. 37. Colchicine treatment: 90 mins. A long, thin

"b* (as in Pig. 36) projection as seen under the

electron microscope, with an expanded basal
portion containing cytoplasm (cy), and' a long,

; '-_.\\ thin membrane-bound extension (1b). x 35,075.

Fig. 38. Colchicine treatment: 2 hrs. The short "a" (as

in Fig. 36) projections or -tellatioﬁs (st) have

considerably expanded and elongated. Note the

<j“\\‘¥/\\\ siz®e of the divihing cell (dc) compared with the

. unaffected vegetative cell (vc) to the left.
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are visi#ble. The -hort'projectionl are difficult to locate,
due to the fact that the cell a;rface becomes lomewhat'
distorted during fixation. The long (b) gfojectiéna

(Fig. 37) consist of an expanded basal péition céntaiﬁing kﬁ;

cytoplasm and a continuous, long, thin, cytoplasmic

_ext;nsion bound by a membrane. The contents of the treated

cells appﬁar normal eicept for the total absence of cyto-
plasmic microgubuleo. which are no longer present after

30 mins. treatment, in both dividing and non-dividing cells.
Further, the spindle microtubulgs are also not present ~g
after 30 mins. of treatment. The short (Q)ﬂpiojectiona in
cells initiating divi;ion expand and elongate.,and‘are more
readily visible (Figs?\ea, 39) follow;ng 2 hrs. of colchicine
treatment. These expanded projections give the célla a
stellate appearance (Fig. 38) as compared to unaféected

vegetative cells (Fig.’38). //

'

Afggr 2 1/2 hrs. of treatment, the continued elonga-
\ \
tion and expénsion of the projections or stellations

draméticalfy alters thé'appearanée of the dividing cells

- (Figqg. 40{. Under the light microscope, cytoplaym and portions

3
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7

of the qploroplast are evident in the stellations and with
" the.electron microscope, mitochondria, profiles of the endo-
plasmic reticulum, ribosomes, and even vacuoles are evident

8

(Fig. 41).

<

In addition to the above short-term effects observed
with the light and electron microscope, there are a number
of other éffects visible only with the electron microscope.

One of these effects is on the golgi apparatus. After treat-

ment for 1 hr., the golgi appear quite normal, as in untreated

dividing cells (Fig. 42). However, after 2 hrs. of colchicine

treatment, there is an increase in the number of golgi- i

associated vesicles (Fig. 43). These vesicles are small,
opaque (35-70 mu in diameter) and similar to those in un-
treated cells (Fig. 42). The vesicles become more numerous

b4

with longer exposure to colchicine.

'Following 2 hrs. of treatment, effects on the nucleus
are "also observed. One such effect is the presence within
the nuclei of both a nucleolus and condensed chromatin (Fig.
44). PFurther, the presence of 2 nucleoli and areas of *

condensed chromatin within a single\ nucleus also occurs "

(Fig. 45).

1)
#5]
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Short-Term Effects of Colchicine - ’

) . . f

Fig. 42.; A golgi ‘apparatus (g) partially surrounded by‘

<o ~

characteristic exézhaions of the nuclear

-

envelope known as amplexi (am). Note the e

!

vesicles (vm) associated with golgi lamellae. “gﬁ <

X 56:350. R

I
P

Fig. 43. Colchicine treatment: 2 hrs. The golgi bodies

,§§) gre:prodﬁéiné small opaque (vm) vesicles.

: !
- ’ % 41,825.

Fig. 44. .Colch;cine treatment: 2 hrs. A nucleus that
can be seen to contain both a nucleolus:(nl) and

b 5
4 condensed chromatin (ch). x 46,473.

¥

Fig. 45y . Colchicine treatment: 2 hts. A nucleus with

2 nucleoli (nll and nl2) and condensed chromatin
. ) \.? * . v :‘
(Ch) « X 41' 825. i . ¢ v
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B. Long;&erm Effecta (5-70 hra.) on Cells
»Initiating Division ' 3

k) - j L

After about 5 hrs. exposure to coLghiclne. the

-~

stellations b?qin to disappear and numero;n cytoplasmic s
particlos start to form a ring around the treated c‘ll

(Fig. 47). Unde; the eloct;on microscope, it is difficult

to observe the form;tion of these extra-cytopiaqmic particles.
However, light microscope observations indicate that the
particles aéppar to ‘re;ult frém the abacissionof the

elongated projections, or ptellaeioql (Fig. 46). Under the

{

electron microscope (Fiq. 48),‘the particles consist of
membrane-bound portions of the cytoplasm, parts of the
chloroplast thylakoids, sta;ch grains, and mambrane‘protilel.
These extr;;cytoplasmic particles are a‘donliltent feature

" of cells treated for 5 hrs. or more (Figs. 47, 48), and are

persistent for up to 50 hrs. of colchicine treatment.

14
-

External to the particles, the colonial envelope is
observed to be altered in structure. The env;iope appears to

have a distinct lamellate appearance in certain areas (Fig.

48A) which is never observed in-untreated cells (Fig. 2A).

]




Fig. 47.

‘' Fig. 48.

Long-Term Effects of Colchicine

N

Colchicine treatment: 5 hrs. A stellation.(st)
in the process of "breaking off", which talulta-
in the ‘production of cxtra-éytoplalmic particles

(ep). x 2,500.

Colchicine treatment: 5 hrs. A typical treated

" cell with numerous extra-cytoplasmic particles

(ap).around the ougiyide of ‘the now smooth cell
N

surface. x 1,060.

Colchicine treatment: 12 hrs. A cell which has ~ .
. R N
produced extra-cytoplasmic particles. This

particular cell has a number of small particlés ,
and a few larger ones (gp). fhe cell itself

appears to have a normal chloroplast (c) and

.the usual type of mitochondria (m). Unusual, ' ; *

however, are the large numbers of opague vesicles

(vm) and vacuoles (v) present within the cell.

x 17,325.

‘ F]

A more detailed view of the colonial envelope of

Fig. 48. Note the numerous “lamellar" structures

(lm). x 37,950.

»~
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The long-term treatments (5-70 hrs.) also result in

‘changes in a number of the organelles within the cell. These
! - [

changes, however, are not exclusively lim}te& to cel¥s
. initiating division but are also observed in cells at varioul.
stages of plakeal development. There is a further increase

‘in the number of shmall golgi-ausoci&ted vesicles (Figs. 49,

50). whose presence throughout the cell is especially evidont“;
after 12 hrs. of treatment 4}19. 48). The number of non-
contractile vacuoles also increase throughout the cells

(Fig. 48). 1In addition, there are numeroﬁs membranous

‘structyres clo?ely associated with contractile vacuoles (rig.

v

52).

“

[}
After 24 hrs., certain cells have nuclei which are

quite irgggular in appearance, with the nucleoplasm ﬁeing

. more fibrillar gﬁan granular (Fig. 53). Also, the two mem-

. branes of the nuclear eﬁvelope appear to separate in céttain
regions (Fig. 54). “In addition, a number of membrane-bound -
inéiusions are evident in the nucleus afge; 24 hrs. of treat-
ment (Fig. 55), and these may well represent & lobing ;f the

nucleus or nuclei.
< ]
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- - long-Term Effects of Colchicine T

Fig. 49. cColchicine treatment: 24 hrs. Note the numerous g

i

\1,.opuque vesicles (vm) associated with the golgi.

9.

x 30,000.

4 B

Fig. 50. golchiclneitreatmentt 24 hr-;' dblqi (9) K
) surrounded by numerous opsque vesicles (vm).

- X 460 550.

»

Fig. S1. A typical contractile vacuole (cv), surrounded

by numeroug attached vacuoles (v). x 46,250,
‘ ' r

Fig. 52. Colchicine treatment: 24 hrs. The contractile

vacuole {cv) with a number of associated-
~ k3 .’ :
@embranous structures. x 61,250,

-
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Long-Ters Effects of Colchicine - ?

Fig. 53. a/%bICHICine treatment: 24 hrs. The nuéIQOplalm .
(npl) appears fibrillar and the double nuclear

membrane (nm) can be seen to have separated.

The nuclcolunl(ﬁl) appears normal. x 20,625.

)Fig. 54. Colchicine treatment:; 24 hrs. K The nucleoplasm
(nply aﬁpaari to have a_tibrillar structure and

v the double nuclour'ﬁombrana (tm) has lnpafatod

|

(arrow). x 19,600. '

Pig. 55. Colchicine treatment: 24 hra. The nucleus
contains a number of membrane-bound structures
(nx), which may be indicative of a lobing of

¢ the nucleus. x 18,025. T
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Within the cell, however, some of the organelles
. 1

?ppeag to be little affect?q by prolonged colchicine treat-
ment. One of these organéllea is the chloroplast, which
appears to have no unusual internal structural alterations
(Fig. 48). The thylakoids, pyrenoids, and chloroplast

- ‘microtubules are unaltered and persist even after 24 hrs.
of treatment (Fig. 56). The mitochondr;a also show little
structural change (Fig..48). Unalt;red«both structurally

- and functionaily ;ppear to be the flagella of vegetative

colonies, even after 50 hrs. of colchictine treatment. In

¢ cells that are visibly affected by colchicine, the flagella

may persist during the stellate stage (Fig. 39). However,
with the production of .extra-cytoplasmic particles, the

flagella disappear.

.Eventually, after 70 hrs. of treatment, all cells

that initiate division die (Fig. 57). The dead cells are

.
Ca characterised by a thick, wall-like structure, that surrdunds

a cytoplasm apparently devoid of organelles. Non-dividing
I H
cells are observed to die after the same treatment time, and

; ¢hey also have an appearance similar to the treated dividing

cells (Fig. 58). However, apme non~-dividing cells may still
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Fig. ' 56.

»

Lone-Torm Effects of Colchicine

o

Colchicine treatment: 12 hrs. Numerous
extra-cytoplasmic particleé (ep) are present.
The chloroplast microtubuies-(chm} appear -
str&c;u;ally unaltered, bug cytoplasmic micro~“
tubules are not present. Note that the rest

of the chloroplast inqlﬁding the  pyrenoid (p)

Also appears unaltered. x‘g?.ooo. X i o
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Fig. S8.

[

\ , .
Long-Texm ngtocta of Colchicine

4 “

>

colchicine treatment: 70 hrs. The cells .

)

are dead, with a loss of cytoplasm and a

thick wall-like structure (Q). x 340. )

3
s

Colchicine treatment: 70 hrs. Vegetative
‘colonies that have died. Note the thick

wall-like structure around the co}lo.
) “

*

X 960‘1.
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ippear to h* a fairly normal cell atructure, ‘even after

' 70 hrsi of treatnent..

’

¢. Short-Term Bffects (0-5 hrs.) on Plakeal Stages

: > )major effects of colchicine treatment on the
plakeal [stages of Budorina arg the disorientation and
inhibition of‘cy't,okiqesis. Based on observations of cells

N . un‘de‘rgoinq first and second cleavage, it appears that dis-

«
!

orientation of the cleavage plane precedes inhibition of

L4

° cytokinesis.

The effects on cytokinesis are first observed soon °
) . .

after the onset of coléhicine treatment (see Sec. 1IVA,
p. 73) . However, they oniy. become evident i;'x unstai;:aq cells
after 2-3 hrs. of treatment. The discorientationh of cyto-

. kinesis results in unequal div}sion of the‘ plakeal cells '

(Fig. 59).° The inhibition Of cytokinesis results in \

"semji-divided" (Fig. 60) and highly irreqular plakeal cells
A N .
‘(Fig. 61). This is especially evident after 5 hrs. of treatment.

| After that time, the treatment with colchicine results

’

in the production of plakea that possess a highly unusual '

[4
o
.
- .

u . L ‘©




Fig. 64.

/

Fig. 65.

’ Fito §6 -

Fig. 67.

Colchicine treatment: 5 hrs. A 6-celled

plakea. x 1,050.

-

-

Colchicine treatment: 2 hrs. An unequally
. .o

divided plakea.’ Note the small stellations

(st). x 960.

tolchicine treatment: 2 hrs., An 8-celled |

plakea. Note the small stellations (st).

x 960.

Colchicine treatnoq}: S hrs. A 4-celled

plakea. Note the extra-cytoplssmic particles

}

(arrows). x 1,050.

» -
'

)
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hort-Term Effects of Colchicine on Plakeal Stages

8 3cts of Colchicine on “lakxeal Stages

Fig. 59.

Fig. 60.°

s

Fig. 61.

FPig. 62.

Pig. 63.

(over)

Colchicine treatment: 5 hrs. A 2-celled
*

plakea that is the result of unequal division.

]

x 1,050.

+

)

— A\

Colchicine treatment: 5 hrs. A plakeal cell

with incomplete division due to an inhibition -
%

of cytokinesis. Note the small extra-

cytoplasmic particles around cell. x 1,200.

-~

‘Colchicine treatment: 5 hrs. A 2-celled

plakea whose second divilion\hal been inhibited.

r

x 750. .

Colchicine treatmaﬁf: § hrs. .A 3-celled

®

plakea. x 960.

2

Colchicine treatment: 5 Hrs. A 3-coI$QQ\

plakea surrounded by extra-cytoplasaic

particles (arrows). x 1,050.

‘{1‘ "
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, !
number of cells such as 3 and 6 (Figs. 62-64). These types

of plakea are never observed in uﬁtreated cells because of

“an
LS

the apparent synchronous nature of plakeal divisions.
However, in these cases, one or more of the plakeal cells
has failed to divide, which indicates that the colchicine

either has a differential effect on the plakeal cells, or

disrupts the 'synchrony 6f plakeal divisions. «

All of the above affected plakea exhibit steilations
after 2 hrs. of ;reatment (Fig. 65), although they are always
much smaller than stellations of‘cella initiating division
(Figs. 38-40). After 5 hrs. of treatment, these ‘stellations
also give rise to extra-cytoplasmic particles (Figs. 5?, 60,
63, 64). Many normal appearing 2-, '4-, and 8-celled plakea

are also observed to produce small stellations (Fig. 66) and

o
subsequently, extra-cytoplasmic.farticles (Fig. 67).

Often, treated plakea exhibit an abnérmal separation
of cells which is never observed in untreated plakéh (Figs.
68-70) . The separation' of plakeal cells bécomes very evident

“

following 5 hrs. of treatment (Fig. 69). Th

in all stages of plakeal development (Figs. 68, 69)/ and

henomenon occurs




P

Short-Term Effects _of Colchicine on Plakeal Stages

; . .

f. Pig. 68. Colchicine treatment: 5 hrs. Separation of

1

cells occurs in all stages of plakeal development.

Note tl/\'alt the vegetative colony (vcl) is

; : ' \
{ .
.
| Pig. 69. ‘Colchicine treatment: 5 hrs. The separation

A% !

is very apparent together.f with an increase in

d : _unaffected. x 350. ¢ ’

i

. envelope material between the cells (arrow).

/  x 480. ' :
/ .
"
! ' 5
'd

Pig. 70." ~Colchicine treatment: 5 hrs. ) Note that plake/al
cells have become slightly disorientated.

’ , x B50. » : ‘

-
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Gonium and they remain o for at least-one generation when

68

results in the inhibition of .inversion. ther, there

appears to be an increase in colonial envelope material

L

between the plakeal cells (Fig. 69). The appearance of

these plakea is quite similar to the flattegid colonies of

!

’

placed in colchicine-free medium. Subsequently, these
gonium-like colonies become free-swimming and give rise —
\

to typical colonies of Eudorina (see Sec. V, p. 83).

Cytoplasmic particles are sometimés associated with
/

:;farated plakeal cells (Fig. 67). while in {Qilar treated

plakea, the extra-cytoplasmic particles/are absent (Fig. 70).

Examjnation of many treated plakea reveals that only plakeal

cells that form stellations (Fig. 66) prgduce cytoplismic

»

particles.

Oneeyfurther aspect of plgkeal development affected by
c&lchicine treatment, was tbaf of flagella develongnt. As it
has been described previously in Section I, (p. 37), the
flagella are produced in plakéﬁl cells just prior to inversion.
Examination of numerous late-plakeal ;tages reveals an absence

of flagella developnant,guring colchicine treatment:

o -
%ﬁm\,x = o
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At the electron microaﬁope level, plakeal cells,

aftér 2 hrs. of treatment, aré commonly found to contain

2 nuclei (Fig. 71), a sltuatiqn that occurs much less
frequently in untreated cells. This binucleate -tondition
appears to result from an inhibition of cytokinesis. A very

peculiar situation was observed where apparently 4 nuclei

were found within one plakeal cell that had been‘treated

with colchicine for 2 1/2 hxs. (Fig. 72).

Y

D. Long-Term Effects (5-70 hfsl)non Plakeal Stages -
= .

After 7 hrs. of treatment, the separpted plakeal
cells become disorientated (Fig. 73). With 48 hrs. exposure
to colcp1c1ne? the cells of the dlsorientated ‘Plakea extrude
their cytoplasmic contents and degenerate (Fig. 74). |

Eventually, after 70 hrs. of exposure, these colonies are

& f

killed by colchicine.

25

-
Diagram 3 is a pictorial representation of the -major

T e

effects of colchicine on éells of Eudorina'in various stages

b1

1

o
<
s
N

of development. This diagram puts into perspective all the

L4

different .effects of colchicine mentioned above and will be

discussed later.
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\ . Fig. 71. Colchicine treatment: 2 hrs. A plakeal
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Fig. 73. Colchicine treatment: 7 hrs. Plakea are

!

considerably disorientated with the cells

arranged at' random. Note the blu;;od'awimmi&g\\

vegetative colony unaffected i& cblchicine

< ’

predtment. x 240. ‘ ' S '
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T Fig. 74. Colchicine traatment: 48 hrs. - Some plakeal
\ ¢
‘ ! cellschave extruded their cytoplasmic contents. o
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>

T1I. Colchicine Alterations in the. Nuclear Cycle

.

A. Short-Term Effects (0-5 hrs.) of Colchicine

Al

The fi;'st noticeable alterations in the nuckear cycle
;’;e evident after. 15-20 mins. of treatment and result'; in
typical c-metapl;ase configurations of chromosomes (Fig. 75).
Unlike the normﬂall metaphage configurat‘ion (Pig: 13), the
chromosoues‘. are wi ély spaced as a result of the breakdown
of the spindle apparatus. In addition, chromosome doubling
occursJ(Pi.q. 75). Subsequently, the sister, chromatids A
. separate at random. ‘Phen the nucleus enter; interphase
which may last up to 15 mins., even‘ tﬁough cytokinesis
appears to be inhibited. Following the prolonged interphase,
the nuclei i/;—enter' prophase with a diploid complement of
chromosomes, at 40 mins. of treatment (Pig. 76). At 45
“O‘nins. of treatment (Pig. 77), a diploid cc-plenefxt of
c-metaphase chromosomes is appar'ent and at 50 mins. of treat-
ment, the chm-o{onu double once aéain (Figs. 78.‘ 79). The

Pigures show chromosomes at two optfcal levels in.the same

nucleus to illustrate t}to diploid number of chromosomes.

o

~.

® A S

. e

e
.
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Fig.'eo.

Fig. 81.

Fig. B2.

Fig. 8§>

Y

‘Colchicine treatment: -80 mins. A cgll with a

Colchicine tr;atment: 80 mins. The same cell as

mlchicine treatment: 50 mins. Same cell as
. ) !

in Fig. 78, but. at different focal or optical . .~
level to illustrate diploi% complement of

chromosomes. Aceto-carmine stain. x 2,400. . —_ !

*

Colchicine treatment: 75 mins. A cell with a
tetraploid complement of 56 chromosomes. Aceto-

carmine stain. x 2,000.

7

N
tetraploid complement o0f.chromosomes that are

starting to- double. Aceto-carmine stain. x 2,400.

’

in Pig. 81, but at a different optical level.

1

Aceto-carmine stain. x 2,400.

£y

Colchicine treatment: 95 mins. Cell with large
. I'd .
chromosome complement (octoploid?). Aceto-

carm stain. x 2,400. *

o




Short-Term Bffects of Colchicine on Nuclear Division

‘ Fig. 75.

Fig. 76.

) Fig. 77.

Pig. 78.

(over) -

L

SAPMLL
Y

b Y

Colchicine treatment: 20 mins. A typical i C <vj
c-metaphase chromosome configuration with

widely separated éhromosomes revealing 14 ’
distinct chromosomes (unmarked arrows, point

to 3 chromosomes at a slightly lower optical

level). Also note the doubling of the

chromosomes (x). Schiff reaction. x 4,160.

’

Colchicine treatment: 40 mins. A cell —

t

entering prophase again, but with a diploid

nunber of chromosomes. Aceto-carmine stain. . |
x 2,200. °

L ' ,
Colchicine treatment: 45 mins. A cell in \

c-metaphase with a diploid complement of 28 , ¥

-

chromosomes. Aceto-carmine stain. x 2,226.

I

®

Cb;chicine treatment: 50 mins. The chromosomes

R

L ~ 1
" iodt o e .
ke Bt T i L S L

are seen tosbe doubling again. Aceto-carmine

stain. x 2,400Q.

e
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- Therefore, it appoaia that even £hough tho‘aptﬂﬁle
apparatus has Sgen rendered nonfunctional,' chromosome 5
replication continues to take place and the phaséu in th;
nuclear division cycle are limiteg to interphase, c-prophase,
and c-hetaphase, with normal anaphasé and telophase stages - -
being absent. Further\treatment (75 mins.) results in tetra-
ploid nuclei’i?ig. 86). which und;rgo chromosome doubling
at 80 mins. of treatment (Figs. 81, 82). Subsequently,
chromosome doublin; occurs again at 95 mins. (Fig. 83).

Additional ‘stages in chromosome doubling a;e more difficult
to follow, due to the large number of chromosomes to be
surveyed. However, it is dlear that furthe; doubling dQoes

occur in the sequence described (see Table 1).

The normal nucle;r cycle is compared to:the‘'colchicine-
\affected cycle in Table 1. It s?yuld be noted that thg /%
lengths of e#posure to colchicine and the resulting cyto- '
logical changes refer only to mother-;ell nuclei. Daughter
nuélei. arisingifron nucI;at division prior to colchicine.
treatment, appear to feapond similarly, but give rise to
polyploid complements containing fewer chromosomes, a fact

which will be discussed later.
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TABLE 1

Comparison of Wuclear Division Cycle in Untreated

and Colchicine-Treated Cellal

UNTREATED CELLS

L

TREATED CELLS

]

Time in Nuclear Time in Nuclear '
Division ' Division
minutes Division Cycle , minutes Division Cycle
(1] Interphage 0 Interphase '
. 9 .
5 1st Prophase 5 1st Prophase
10 . Metaphase 10 Metaphase
;1% Anaphase c-Metaphase,
. Telophase 15 chromosomes
. appear double -
20 Cytokinesis 20 Separation of
. 2-celled chromosomes at
plakea v random
25 Interphase 25 Interphase
30 2nd Prophase , 30 Interphase
O
35 Metaphase 35 Interphase )
40 Anaphase 40 2nd .Prophase-diploid.
Telophase - number of
chromosomes
C 5/
A

lpivision cycle in treated material refers only to <
chromosomes within a msother cell nucleus.

Ll
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TABLE 1 (Continued)

UNTREATED CELLS TREATED CELLS

) m‘-
Time in Nuclear Time in ’ Nuclear
Division . Division
minutes Division cycle - minutes Division Cycle
45 Cytokinesis 45 c-Metaphase
4-celled . -+ chromosomes
plakea . appear double
50 Interphase 50 Separation of
' . c¢hromosomes
at random
55 3rd Prophase 55 Interphase
60 Metaphase’ 60 Interphase
65 Anaphase 65 Interphase '
Telophase ' .
70 Cytokinesis 70 3rd Prophase - tetri
* 8-celled . ploid number of
plakea . chromosomes
75 . ' Interphase ‘715 c-Metaphase,
chromosomes

appear double

" ] -

| : 80 - 4th Prophase 80" ) Separation of ,
= . chromosomes at :
random :

N : 8? Metaphase 85 - Interphase .
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3 4

In daughter nuclei of plakea, it is difficult to
pucerﬁnin the exact degree of polyploidy produced because the
squash technique results in an aggregation of the separate

v chromosome complements.

B. Long-Term Effects (5-24 hrs.) &f Colchicine

-

Distinct from the production of polyploidy. and other
/ R .

;>;hort— rm effects of Qolchicine. further nuclear cytological
effects\ were oblerQed at the light and the electron microscope
‘ 1evé1¢ after more prolonged col¢hicine treatment. After 12
hrn.: densely stained nuclei appcar'in tregted celll‘(Fiq.
84), and certain single cells appear to contain a numgor of
de wly stained nuclei (Fig. 85). Often, these nuclei
appear to be‘interconnepted in a similar way to that observed

1

in Chlamydomonas (Walne, 1966). These Eonnectionu between

b nuclei appear to be ‘present in many cells that have been

treated for 12 hrs., or more, and perhaps indicate a lobing

*

of the nucleus. As an example, what ‘appears to be 5 "nuclei”

W P PSRN, s M PRea R B TS T A e T
Ris { PR ol
-]

seen in Figure 86, could be the eﬁuivalcnt of 4, 3. 2, or :

only.1l highly lobed nutleus.
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‘ Fig. 88. ' Colchicine treatmenti 12 hrs. A 3-celled ‘
plakea, with heavily stained nuclei. Note that

one nucleus is much larger than the other two.

Aceto-carmine stain. x 2;,500. iR

Fig. 89. Colchicine. treatment: 12 hrs. A typical
multi-lobed nucleus, thf ;rrOWs‘pointinq to the

lobes. Aceto-c&?mine stain. x 3,375.
"

a
- Y

Pig. 90. 001chi§ine treatment: 12 hrs. Photograph of a

) typical heavily stained nucleus, to bring out
w ,the nuclear structures. Note that the nucleus
apparently consists of numerous condensed " chromo-

somes. Aceto-carmine stain. x 4.000.'
\ .
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s Long-Term Effedts of Colchicine on Nuclear Cytology

Ve

< ~
Fig. 84. Colchicjne treatment: 12 hrs. A single plakeal

cell containing a nucleus with heavily stained:

condensed chromatin mate;iaf. Aceto-carmine stain.

L x 3,375. .
Fig. 85. Colchicine treatment: 12'hrs. A single plakéal :
cell containing two nuclei with heavily stained roA

.. condensed chromatin. Aceto-carmine stain. -

X 20000.

Fig. 86. Colchicine treatment: 12 hrs. A .single plakeal

a

cell with either 5 nuclei or 1 highly-lobed

nucleus. Note the arrow pointi/;osa connection

AN

.. —_ ’ between 2 "nuclei”. Aceto-carﬁine stain. -,

. N \N. e
x 2,500. . ‘Q?;?K/,

Fig. 87. Colchicine treatment: 12 hrs. A 2-celled plakes,

each cell containing a heavily stained nucleus.

; '  Aceto-carmine stain. X 2,500.
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.®%_(Pig. 87) as do-3-celled plakea (Figi’88).

M v

' { =~

\ . . et
Two-celled plakea, with separated cells following:

colchicine treptment, also possess densely stained nuclei

'

In the latter

case, the size difference between the nuclei appears to

L

relate to the difference in cell size (Fig. 88),; The lobed
' (8

nature of the nucleus is clearly '.1F (Fiq.'89!. as well as

Sy

the large relative volume of the nucleus, as compared to

-

‘the nuz\iua in a normal cell. ' )

A

The nature of the heavily stained nuclei ;ll
fortuitously resolved when it was found (cf., nuclei
Figs. 89, 90), throu;h careful dodging of the"photoqraphl.
‘that éhetden:e material consisted ofip large number of
;ﬁparantly condensed chromosomea. The large numbers of
chromosomes pre’cnt seemed to in@icatn a high deg;oo of

polyploidy and were ‘most ob§$pu; in mother-clells and in 2-,

3-, and 4-celled plakea. ' T
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IV. Recovery cycle " . L
The ability qf divlding cells. of Eudorina to -recover .;

from colchiciﬂe treatment varied greatly, even when the cells
s ; v .Y
were~ subjected to the same period of treatment.. In the

-

study undertaken on the recovery cycle, thga variation
produced complex re.ulgn. To facilitate the underatanding
of the main events of ‘recovery, a Diagram (4) has been

drawn to illustrate these major events in chronolqg@cai

4
-

order.

4

Cells treated for 20 mins. to-4 hrs, were 'elowed to

recover in colchicine-freo medium for up to 10 day-. It

LN

should be noted that coloniel Were only treated up to 4 hrs.
sincehJonger treatment re-ulted in very distorted colonies,

whose recovery was -difficult to assess. However, colonias o

" oa

- f
treated for periods of up ta 8 hrs. did show some degree oY

-~

refovery. “ . i
», s

Y

[N -

o
+! _ Certain plakeal cells undergo a number of unequal *

%

divisions soon aftet remeval from colchicino. These dis-
torted plakea are caIlod plakqll “tragnentn'. and always

degenerate and die after about 5 days of recovery (Figs”




: .
3 |
§
% Fig. 96.
3
» / Fig. 97.
o4
Fig. 98.
\
2

¢

Colchicine treatment: 4 hrs. Recovery time:

76 hrs. A flattened uninverted 32-celled
. . 4
plakea, #showing less separation of the plakeal

cells. x 220.

4 ﬁ;s. Recover& time:

AR A f]

Colchicine treatment:
96 hrs.. An uninverted plakea commenciné to
div;d;. Note that some of the cells appear to be
dividing nomally‘ (arrow) . x 270.

’ , ' . L ) -
Colchicine‘t:eatméntz 4 hrs. Recovery time:

. §
96 hrs. An uninvértedgplakea commencing to

+

divide. Note that some cells appear to be

forming ‘plakeal fragments (arxow). x 270. _— -

v

s




rig. 91.

rig. 92.

l"'ig. 93.

-

rig. 94.

rig. 95.

(over)

S

3

Recove cle: ,

hY
v

Colchicine treatment: 60 mins. Recovery time:
6 hrs. Distortion of color{i;i envelope and

formatiion of plakeal fragments (arrow). x 220.

Colchicine treatment: 90 mins. Recovery time:

76 hts.

from the llaterqal envelope. x 300.

A plakeal fragment fplloying release

Colchicine treatment: 20 mins. Recovery time:

110 hrs. Plakeal fragments degenerating and

dying. x 220.

Colchicine treatment: 20 mins. Recovery time:
’
-
26 hrs. Typical separated plakeal cells and
A ' ’ .

plakeal fyragncnu present.~ However, some plakea

do invert (arrow). x 220. \

Colchicine treatment: 2 hrs, Mvoq times
26 hrs. BHNote the coyuidorable“_a:paraéion of

plakeal cells. x 250.

-
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91-93). The deqerLerating fragments bear a striking similar-
. ity to the n@nviable polyploid progeny that resulted from ' ¢

interspecifig hybridiza'tion in Budorina (Goldstein,

1964).

At the other extreme, a number of plakea, partic-
ularly 16- and 32-celled stages, treated for only 20 mins.
i appear to be little affected. These plakea often invert

normally to form typical daughter colonies (FPig. 94).

Most of the plakea are observed to undergo a
. separation of their cells and to pr flattened gonium-
like plakeal colonies (Pigs. 95, 96). The degree of cell
separation can vary considerably (cf., Figs. 95, 96).
Generally, however, plakea that ha\ve undergone a greater
number of divisions before 'colcllxi'cine treatment show less L
sepa;ation of plakeal cells (FPig. 96). These l&parated
pla)éea never invert and, when released from the maternal
er;velobe. often develop flagellaﬂand motility. Eventually,
these flattened colonio; divide again, some normadly, to

. produce typical dsughter colonies (Pig. 97). Others appear

{
Wi e Y

to undergo unequal division to produce fragments (Pig. 98).

. 'rhe,c fragments eventually degsnerate and die.

x
R
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B
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1

6ccaaionally, the flattened plakea give rise to very

¥
peculiar colonies. For example, colonies which appear to, be
made up of cells closely appressed to each other, much like

colonies of Pandorina (Fig. 99); or colonies which remain

within their maternal envelope and divide yet again to form
colonies containing é;o generations of cells (Pig. 100).
Both of the above c;ses ;;re at first thought to be pos-
sible muEants. However, when their progeny were released,

they formed perfectly normal colonies.

‘ ' One aspect of the recovery cycle studied with

congsiderable interest, was the production of permanent pbly-

ploids. As has already been illustrated, colchicine produces
' 4

quite a high degree of polyploidy.

4

To find out if permanent polyploids were produced,

\
individual colonies, which had been t}agted for 20 mins.

. — up to 4 hrs. and formed flattened plakea, were isolated

following 7 days of recovery. Within 3 weeks, clonal’ ,

populations were produced and then dividing colonies were s

fixed and stained to ascertain their chromoiome numbers. Exam-
)
ination of a number of these clonal isolates revealed a few

‘ Ulyploidl with a maximum of 28 chromosomes (Fig. 101). The [

7

P
4

} ‘
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rig. 103.

rig. 104.

-

a

Al

Colchicine treatment: 40 mins. A polar view

"of metaphase chromosomes.  Note a hnploid

nusber, i.e., 14 chromosomes. Aceto-carmine

stain. x 2,800,

>

€

Colchicine treatment: .2 hra. A polar view
of metaphase chromosomes. Note a haploid
number, i.e.., 14 chromosomes. Aceto-carmine

stain. x 3,600,

”




Pig. 99.

Pig. 100.

rig. 101.

rig. 102.

(over)

e cle
Colchicine treatment: 4 hrs. Recovery time:
10 days. A group of pandorina-like daughter

colonies just being released. x 256.

B

Colchicine treatment: 4 hrs. Recovery time:
10 days. Two generations of daughter colonies
all 'within the original maternal colonial

°

envhlapo. x 220.

Coléhicine Polyploids

¢

Colchicine treatment: 20 mins. A polar view
of metaphase chromosomes. Mote a diploid
nusber, i.e.. 28 chromosomes. Aceto-carmine
stain. x 2,800. *

™~
Untreated colony.. A polar view of metaphase

thromosomes. MNote that there are 14 éhro-ougnaa.

Aceto-carmine stain. x 3,600.
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.b . normal untregtod cell contains a conplcnon‘t of 14 chromo- §
somes (PFig. 102). 'rhnoﬁ'ntable polyp’lo:l.d-' arose only "‘
- from divi&iné colonies treated for 20 mins. Colonies which s
C oy had been subjected t.c; long'e;‘ periods of colchicine treat- b:
S ment were found to contain a normal haploid complement of ”;
) . chron-\oaomu (Figl{., 103, 106). .
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DISCUSSION )

s N

I. Structural Alterations Induced by Colchicine

In the one previous detailed study of colchicine's
effects on the cell.form and ultrastructure of an alga

(Chlamydomonas, Walne, 1966, 1967), the first effects of

colchicine treatment, visible upder the lighl microacobe

occurred after about 6 hrs. of tre?tmeqt. However, Walne
(1567)‘did report effects on the golgi apparatus after 2-3 hrs.
;nd transitory effects on the mitochondria after 4-5 hrs. 1In
contrgpt, the first structuralﬁeffecta visible under\the light
microscope in Eudorina occurred aftgr only 90 mins. of treat- :f
ment, even though the same conceﬂfration- of colchicine were

used. Walne (1966, 1967),  in her studies on Chlamydomonas 3

. .
did not differentiate between non-dividing and dividing cells.

This may wgi)-account for the apparent discrepancy between

$ R

the treatment times, so that this would not appear to be

significant. ) PS
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A. Stellations -

. .
ks

‘The most spectacular‘morphological response to
colchicine is the production of stellations, which to my
knowledge, have never been produégd in any other organism
treated with colchicine. However, in response to prolonged

- \
colchicine treatment, grasshopper neuroblasts were observed

T

f to produce small blebs at the cell surface (Gaulden and ;

Carlson, 1951).

)

The stellations are primarily produced. in cells

that are initiating division.  The most dramatic event
during the initial stages of division, is the pre-prophase

)
migration 6f the nucleus from the center to the periphery

off;ho cell, which must result in a considerable reorganiza- *
tion of the cci! components. During pre-prophase, peri-
pheral cytoplasaic microtuiulgl are most evident and may ﬁ;
responsible for maiﬁtaininq the amooth shape during the
roo;ganization at this stage. Therefore, the ab-;gco of
these nicrotubglol could possibly result in the formation of
stellations. Further .the actual form of the stellations

., could be a reflection of the fact that the chloroplast's
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‘ exterior surface does not appear nmooth,,}}:t rather consists o

[y
*

of a number of! -projeci;ions (Fig. 2). ThQse projections are

N
vis;ble (in the light microscope as striations‘of the chloro-
plast (G;Idste;n. 1964, Fig. 4, p. 31) and have also been
observed in Pandorina (Coleman, 19“5\9). The movement of the
nuclei during subsefuent ‘pre-prophase thg;a is minimal, since
the nuclei are already at the’cel'l surface (Fig. 19).
Congequently, only very‘ small stellations are produced in

cells entering their second, third, fourth, and fifth

‘!ivisions .

‘ . The question then arises as to why Chlamydomonas, <

which appears to have pre-prophase nuclear migration and a

-

similar arrangement of cytoplasmic microtubules (Johnson and

¢

' Porter, 1968), does not produce stellations.. A.possible

. explanation may be that the pretencae of a cell wall in

RES

"Chlaxﬁydomonas results in the reatr;lction of the stellations.

L}

In conclusion, the production of the stellations
would appear to indicate that the peripheral cytoplasmic
e ““microtubules have an important cytoskeletal function during

Fhe pm—}mophue cellular reorganization. A cytoskeletal

i function has also been alcril;ed for cytoplasmic microtubules

k]

. | in Ochromonas (B;'own “and\nouck. .1973).
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"B. Production.of Extca-qytoplaahic Particles

<

L3

Following about S hrs. of colchicine treatment, the

¢

stellations are cbserved to rupture. Thii results in cells

surrounded by numerous extra-cytoplasmic particles.

Chlamydomonas (Walne, 1966, 1967} was also observed to be \\
aurfounded by similar tybekparticlen.rfpllo&ing colchicine

o
treatment. 1In Chlamxgomonau) Walne (1967) postulated that

e 'y
a continuous synthesis of cellular components resulted in
an abscission of portions of the cytoplasm, which formed

the cytoplasmic particles. . . o

o

S
“0 . /4;—E;;orina. the abscission of the stellations may
be due to the excessive stretching of the cell”membrane of
the elongate stellations. The evidence then seems to
iﬁdicate‘that the production of éﬁe cytoplasmic
partiélea may be an indirect response to the colchi- AN
cine treatment. A somewhat similar production of extra-
cytoplhsﬁic particles has been obaervedvin cells that
were both fnjug;d (Clegg, 1964) and dyinqm(ﬁookerjee and
- ’Gaﬁgluly, i9é5). The propduction of extra-cytoplasmic

‘particles in Eudorina and Chlamydomonas may also be ‘the

12
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result of an injury or indirect response, rather than a

. specific response tp the colchicine treatment.

. -C. Colanial lﬂv;lo 0
]
. .;, . “ N
“A major structural change caused by the colchicine
L .- treatment was the abnormal expansion of the colonial
o envelope around the plakeal cells. Bimtlnriy. in her study

on Chlamydomonas. Qal&(\i}Qﬁ?) reported a connidcrahli

. . increase in cell wall material. The question arises as

»

2

to how the colchicine treatment is affecting the ptoduction

- °

'. of envelope Zp;atoriul.

Examination of the cell components durihg the
expanbion of the onvoldbo reveals that the only organelle

that shows any increase in activity is the golgi apparatus.

Walne (1967). reports a similar increase in golgi activity in -
N e . /
Chlamydomonas after colchicine treatment. N

In Budorina, this activity primarily consists of _%

. the production of small (35-70 mu in diameter) opaque

&

vesicles, similar to those found in the untreated cells of
4 b ] .

. plnioa and young daughter colonies but in much greater nusbers.

» 8,
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{ .
y The evidence then suggests that the colchicine treatment

fﬁ-ulés in an increase of golgl-a-nqciated vesicles, and
that they may possibly contain the envelope materjal. A
similar origin for the envelope material has &lso been

postulated in Volvox by Bisalputra and steih §1966) and

Deason and Darden (1971).

An important point that.could either support or
. refute this hypothesis concerns the nature of the envelope
material. If ‘the envelope is of a carbohydrate nature, as

suggested by Lang (1963) in Eudorina and by Deason and Darden

(1971) in vVolvox; then, it is quite possible that qoip%
vesicles may contain envelope material since golgi are
associated with synthesis of carbohydrat;; (Whaley et al., o
1966; -Robards, 1970). However, some workers claié that the

envelope in Volvox (e;ga‘ggiherc. 1968) is proteinaceous in

nature. Kochert (1968) was able to break down the envelobe by
using a number of proteolytic enzymes. In contrast to carbo-
hydrates, proteins in the aléae do not appear‘to be

Tassociated with the golgi.

, The exact reason for the increase in the colonial

envelope is unclear. However, the evidence seems to indicate

.
.
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L

« a correlation between the increase in colonial envelope
¥ - N .

material and golgi activity.

e

\
D. Contractile Vacuoles

contractile vacuoles -bpoar to be affected by more
prolonged periods of éolchicinu treatment. The same was
noted by Walne (1967) in Chlamydomonas. A possible explana-
tion for th; large number of membranous and vesicular
particles that are associated Qith the vacuoles, is that
‘ - the contractile vacuoles may be “ptz;nping out” the colchicine
\

from the cell. A similar situation has been reported in

Paramecium (Pickett-Heaps, personal communicntion)..

E. Nuclear Morphology ; R

. } After the production of polyploid nucloi; lﬁnqor
colchicine treatment ‘12 hrs. or more), produced a number
of very heavily stained nuclei. The staining intensity was
thought to be due to & large number of condensed cgrono-ouon.
which were not expected at this time in the nuclear cycle.
Upon completion- of chromosome J{iicion. in colchicine-treated

cells, the chromosomes appeared -to unéoil and enter interphase.
N\

T T e o v

e -
Y
it



eventually 1eads to the Presence of clumps of basiophilic

95

The chromosomes were not expected to condense again until
the treated cells were about to enter th&ir next series of :
divisions, i,i.. approximately 3 days after the initlal /f

treatmont. Yet chromosomes appeared to be condensing afteg:x

only 12 hrs. of colchicine treatment.

.

These apparent highly polyploid nuclei also
exhibited a degree of lobing and irregularity of form, not
' ~he
found in normal untroa;:a\nuclei.) The lobed nuclei were seen
under the light and the electron microscope and appeared very
9

similar to the nuclei dcné:ibod by Walne (1966, 1967) in

Chlamydomonas. The electron microscope examination of thgio
lobed and heavily stained nucioi in EBudorina revealed a
fibrous nucleoplasm rather than their qor;nl granular appear-
ance, but the nucloélul appeared normal. This fibrous nature
of the nucleoplasm may account for the condensed nature pf
the stained nuclei (Figs. 84-90). 1If this is the case.

it would tend to disgount the possibility of the lobed

nuclei containing condensed chromosomes. Dustin (1947) has

reported that followihg prolonged periods of treatment of

mouse intestinal tissue with several mitotic poilonp. there

;
k
E
L

is a degeneration of chromosomes. This degeneration

t
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material which stain with- Schiff's reagent. It is poasible,
th;refore, that the heavily stained nuclei actually con-
tain degenerating nuclear material and the ultrastructural

evidence would tend to support this hypotheaid.

~

Further, the nuclear membranhe also undergoes

. { ’ ‘c
considerable change as the two plembranes expand and come

| X ]
apart (as seen in Chlamydqmonas;, Walne, 1967). A similar

. response was produced in colqﬁ{;ine-treated ascifes tumors

/

(Guerritore et al., 1967). (fhe nuclear membrane reaction
appears:' to be similar to evektl in cells undergoing
degeneration (Mollenhauer et al., 1960). It

\
thetefore, that the more prolonged tteatments of colchicine
elicit a nonspecific response in the nucleus, rather than a
specific one, such as that due to its effects on the spindle

microﬁuhules. ,

F. Flagellar Microtubules
v -
s

Another interesting aspect of colchicine treatment
in Eudorina was the ability of thé flagella to fynction

normally when treated up to 50 hrs. In contrast,|Walne

/

(1966, 1967) found that flagella in Chlamydomonas yere’

affected after only 18 hrs. of colchicine treatment. 1In

. 37 |

e
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A8

Chlamydomonas, when cells enter division tﬁey normally

lose their flagella. Walne (1966, 1967) was working with
cells that appeared to be entering division during col-
hicine treatment, which may explain why shorter treat-

ments resulted in a loss of the flaqella.

In Eudorina, one interesting facet of colchicine's
—_— P

effect on the flagellar apparatus was its ability to
inhibit the formation of flagella. Similar colchicine

effecta have been observed by Rosenbaum et é&. (1969) on

regenerating flagella of Chlamydomonas. Thus, the indica-

tioqs from the present study and others (Tilney and Gibbons,
1968)~are that flagella are less readily affected by col-:
chicine except when regeneration of elongation is occurring.

”

G. Cﬁloroplaat Microtubules

¢

This is the first observation of chloroplast micro-~
tubules in Eudorina and adds Eudorina to the growing list of
members of ihe green algae in which they have been observed

(see Table IV, p. 120).

*
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Chloroplast microtubules, from the gbservations of

their distribution in EBudorina cells, seem to be almost
}

exclusively associated with the chloroplasts of differentia-
ting and r;apidly growing cells (i.e., the plakea and young
daughter colqniés). This distribution is similar to that

in other gr;en algae, as noted by McBride (1970) and
suggests that the chloroplast microtubules may be involved

in chloroplast division and expansion. * /

5

The colchicine treat?ent has no apparent affect on
the chloroplast microtubules, even after 24 hrs. These
results indicate that chloroplast microtubules are distinct
ffm cytoplasmic microtubules and confirm the‘ obsef:vatiohs

of Pickett-Heaps and Fowke (1970).

In view of their structural and functional differ-
ences with respect to cytoplasmic microtubules, the

alternative name of “plastotubules” for these structures is

)

suggested. Further their possible taxonomic significance

h in the algae will be dealt with later in the discussion

(see p. 118). ‘ " .
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% II. Recovery Cycle

L One of the most interesting questions to be asked

in relation to the effects of colchicine on Eudorina is the
degree of reversibility of the effects. Walne (1966)
-— R Y

* placed colchicine-treated cells of Chlamydomonas in

colchicine-free medium and then allowed them to recover.
She reported that cells underwent a number of successive
unequal divisions that resulted in some recovered vegetative

\ cells which ultrastructurally appeared normal.
AN
‘ In the present study, numerous treated plakea were
allowed to recover, and cells were found to be affected both
reversibly and irreversibly. The irreversibly affected cells

eventually formed plakeal fragments; while the reversibly

affected cells eventually formed non£;1 colonies.
i

The normal colonies arose both from invgrted plakea
and from plakeal colonies which fai}ed to undergo inversion
(see Diagram 4). The plakeal fra;iéntm occurred at two
different stages of the recovery cycle (see Diagram 4). The
first occurrence was immediately following the Lolchiciqp

treatment. These plakeal fragments appear to arise from

® ' ,

\ -
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plakeal cells that undergo  a disorientation or inhibition

of cytokinesis during and following colchicine treatment

§

(see Diagram 4). The -ocond'occuﬁrcnco was at the start ;}L/

. division of the flattened uninverted plskea. In this case,

the results lugéolt that the fragmentation occurs as a

result of chromosomal imbalance due to the unequal distribu-
tion of chromosomes at division. The fragmentation may
represent an attempt gy the cells to re-establish their norm,l
chromosome complement. .Therefore, the ability of the
flattened plakea to form normal dsughter colonies would appear
to be dependent on the degree of ploidy of the cells. {urthor.
the cytological evidence indicates that cells with 9toa§or
than a diploid number did not recover. It was not clearly
established, however, if the polyploid cells were able to .
successfully reduce their chromosome numbers or not. It o

would appear though, that this was not the case as unequal 3

divisions always appeared to result in the production of

plakeal fragm,nﬁl which diﬁd.

It appears then that the treated cells do not recover

if cytokinesis is affected. However, if inversion is affected,

the cells may recover depending on their level of ploiady.

4

R
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IIXI. Nuclear Division

o

A. Normal

/

From the present results, it appears that nuclear
division in Eudorina bears a considersble similarity to the
same process in both Chlpmydomonas (Johnson and Porter,

1968) and Volvox (Deason and Dard;n.f1971). ﬂThio is in many
ways expected, as the cell structure of all three organisms

are clearly related. The similarities are listed in Table II

'(-oo Features 1-5), together with a number of features (6-8)

not observed in Eudorina, and some fcaturzn (6-11) only

observed in Eudorina. The features (1-8, Table II)

previously observed in Volvox and/or Chlamydomonas, have

already been discussed in previous studies (Johnson and

Porter, 1968; ason and Darden, 1971). Thdr‘foro. emphasia
will be placed only on those features which appear exclusive

to Budorina (9-11, Table 11).

One feature is the formation of the daughter nucleoli

‘prior to the formation of the daughter nuclei. This appears

to be different to the situations in both Chlggzdgggélu

(Johnson and Porter, 1968) and Volvox (Deason and Darden,
‘\ -

(
ﬁ\

1
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1971) where the nucleoli form following the formation of

I3

the daughter nuclei.

¢

»

Another feature concerns the presence of darkly
stained areas at the nuclear poles from which the g}cro—
tubules appear to radiate. Ig’is tentatively sugg;sted in
the results that these areas might correspond to the,uicro:
tubule Organizing Centers iMfOC), described and defined by
Pick;tt-neaps (1969). If this area is the MTOC. it would
tend to support the hypoth;sia that basal bodies and cen-

trioles are not involved, in the organization of the spindle

apparatus.

3

A thifd—featgge‘gf Equrina is the pres¢nce Of'Bi;
between the newly formed daughter nuclei, in tinct bands.,
A possible explanation for the internuclear ER is that it is
merely thegreshlt of an excessive elaboration of the nuclear
envelope during daughter nuclei formation. (This feature

will be further discussed in the Saction on cytokihesis

(s{i gec. IVa, p.108).

R 4




103

TABLE II

Some Features of lm/cloar Division of Chlamydomonas

Volvox, and Eudorina

©

W

Feature Chlamydomonas Vojvox Eudorina
1. Nuclear envelope remains intact
throughout. except for two , + + +
polar fenestra . .

2. Kinetochores not associated
with chromosomes

3. Basal bodies/centrioles present ‘ \ .
at periphery of cell, not + + PN
associated with nuclear poles
or spindle microtubules

4. Daughter nyclear envelopes
flormad through an elaboration of + + +
the persistent nuclear envelope

S. ER present between newly Srmed

daughter nuclei + + +
6. Metaphase band of microtubules + .
present -
7. Extra-nuclear sheath of micro- -
tubules radiating from the basal - s + -
bodies 0 v
il
S

e

iy ’a_i'&;m«z_ﬁ:‘ ! %ﬁ;}— oo
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. ' . TABLE 1I

{Continued)

Feature

e
:
AR,
" . i
N *,
.

>~

Chlamydomonas Volvox Budozrina

-

8. Internuclear microtubules )
between newly formed daughter + : - -
nuclei - ) . .

<
.

‘'

5 9. Formation of daughter nucleoli ' .
prior to the formation of.the - - +
daughter nuclei . . (

. 10. Microtubule Orgarufing Centers - L +

I (MTOC) may be present - . L.

11. Presence of internuclear ﬁ ’ . . _
ER (Peature 5) in distinct - - +

bands ,

Ay
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». léhicine atment

The effects of colchicine on nuclear division in

§udogfga result in considerable alteration to the nuclear

> s
division cycle (see Table I). These alterations appear to
be the result of the continued repliciﬁion of the chromosomes

following the breakdown of the spindle.microtubules. This

"continued replication of the chromosomes is only at a'ulightly

reduced rate from nor;al (see Table Ii. and is still rapid
enough to result in a very high degree of ploidy after
relatively short exposures to colchicine. This uitgation has
not been reported before in the algae. PFurther, the dégree of
polyploidy exhibited within each cell appears to be directly
related to their stage of p;akonl dnvilopmene prior to’ col-

chﬁcine treatment. Y t

b
7

N

Budorina is the first algal species in\which c-mitosis,

_including c-metaphase, has been induced by short (15-20 mins.)

treatments of colchicine at cohc.neratiopn of only 0.2%.

The only other genus in ;hich c-metaphase has been observed
is ODedogonium (Henningsen, 1963) but then only with prolonged
t;-atmontu ,nd at higher concentrations of colchicinc. The

spatial separation of chromosomes at c-metaphase is of

o

L | Ly

o
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particular value in Budorina, where flattened squash - :
p;epaﬁationn of chromosomes are not possilble, due to the -

nature of the colonial envelope. 1In view ofotheie results,

it is now possible to consider a dctqiled éytotaxonqgic
investigation of Eudorina, to define more clearly spéeciation

in the genus (Goldstein, 1964).

N

Another significant effect of colchicine on £ucloar
division in Eudorina is the production‘ot permanent poly-
ploids, as a result 6f aﬁort-term (20 minl:) treatment with
0.2% colchicine. This is Oof extreme interest bec;u-e
perm;;ent polyploidy is questionable in Chlamydomonas
(Buffaloe, 1957). In the given algal species in which
polyploidy has been obae?ved (Godward, 1966), it oécur- »

ohly after more prolonged ttoutﬁ‘htt. using higher con-

2 S

-

1)

centrétionp of colchicine.

Coldnies treated for longer periods, give rise to

cells Jigp a high degree of polyploidy' (see Table I),

.but these polyploid cells have never been recovered. This

‘evidence suggests that wifh a greater than diploid number

of chromosomes, the chromosome complement is unbalanced

and the cell is unstable, which results in poor viability ‘;>
~« -

and death. ‘ Co \7 )

)
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IV. Cytokinesis '

‘A. Normal

In all three tﬁciel.‘glmdmnan, Buflorina and
Volvox, a E:roninent feature of normal cytokinesis is the’
presence of the phycopl;st system of microtubules. These
microtubules’ appear to dlir?ctgz_the {orientation of the
cleavage furrow between the closely associated dadqhter P
nuclei. Pickett-lleapl\'and Marchant (1972) consider the
;:resence or absence of a phycoplast a highly significant .
feature of the green algae, .and have devised a phyletic
scheme baked upon its presence or ab-er;ce.. In both Volvox
(Deason and Darden, 1971) and Budorina, the ph;copla-t

appears to contain fewer microtubules than in Chh-yd;:nonaa

{Johnson and Porter, 1968).

A most significant obsexvation in Eudorina is the
formation of a discontinuous furrow with cytoplasmic
bridges between adjacent cells as in Volvox (Deason and ~

Darden, 1971), but distinct from the continuous furrows of

Chlamydomonas (Johnson and Porter, 1968). Unlike Gmiun;"

(Stein, 1965) and Volvox (Darden, 1966), the cytoplasmic
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bridges are not cvido?t irf colonies under the light
microscope. This is the first report of their existence in
. the genus.  In view of the significance of these bridges |
for inversion (to be discussed below), and the fact that
inversion is a characteristic process of the Volvocaceae,
this evidence would éond'to lngoot their existence in all
members of this family. In fact, there has al}oadylbcon a

”»

brief mention of their presence in Pandorina (Lefort, 1963).

Present exclusively in Eudorina are bands of ER
associated with the cleavage furrow. It is poan@blo that
this ER plays a role in cleavage furrow formation. PFurther,
orientation of the i;ternucloaf'band- of ER along the
prooumptivo pl{pe of clcav?qo. suggests a possible connoction.
between the two sets of bands. However, fu;thor studies

will be necessary to establish the above hypothesis.

B. Colchicine Treatment

' Colchicine treatment of cells that are undergoing
cytokinesis results in two striking e¥fects: (1) the dis-
1

orientation, and (2) the inhibition of cytokinesis.

-

L
"
..
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It has been suggested by Pickett-Heaps (1972) that
phycoplast microtubules direct the orientation of the
cieavage furrow. Iﬂ’the preseni study, ahbrt-tbrm colchicine

treatment of dividing cells results in the breakdown of the”

- phycoplast. The disorientation of the cleavage furrdw. which

results in unequal divisions could be explained in terms of
the breakdown of the phycoplast, thus supporting the hypo- ,

thesis of Pickett-Heaps (1972).

The subsequent complete inhibition of cytokinesis /
would auégest further that the phycoplast could possibly
be involved in the actual formation of the furrow. This

may turn out to be an interesting hypothesis as it suggests

‘an additional role for the phycoplast. It may be, therefore,

that the phycoplast plays a dual role and is éssential for
bos? the direction and the formatioﬁ of the cleavage furrow
in Eudorina.

Another possible explanation for the complet; inhibition
of cytokinesis is that the colchicine is di¥ect1y inhibiting
membrane elaboration for the formation of the furt?w. but at

present, evidence in the literature does not support such a

hypothesis. -
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V. Inversion
A. Normal
r

The examination of inversion in Eudorina, under the
electron microscope, reveals a number of features not

. observed under the light microscope. The only other

c?lonial green flagellate in which inversion has been
studied at the ult;altructural level, is Volvox kPickett-
Heaps, 1970a). Ther; appears to be agnumber of similarities
in the inversion processes of the two species, though they
(difter in colony complexity. Most obvious, is the presence
and arrangement of cytoplasmic bridges in the region of

the posterior facegs of the plakeal cells (see Diagram 2).
The bridges appear to hold éhe cells together, ;hile acting
as "hinges", as reported by Piikett—ﬂeapl.(1970a). Also
.present in both genera are peripherally orientated micro-
tubules. In Volvox these microtubules may be involved in
the cell elongation that occurs just prior to invcrlion
(Pickett-Heaps, 1970a). Found excluliv‘ly in Volvox.are
.triations\ﬁn the plasmalemma around the cy¥0p1a.mic bridqog

(Pickett-Heaps, 1970a). ‘ [

i
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With regard to the actual process of inversion,
Pickett-Heaps (1970a) postulated that some coordinated
contractile nn;ﬁanent of the cell membrane around the cyto-
plasmic bridges, together with other factors; such as cell

elongation, may be responsible for inversion. ™

In Eudorina, neither cell elongation nor striations
on the cytoplasmic bridge membranes are Sﬁserved in inverting
plakea. Rather, the most prominent activity during inversion
is the expansion of the colonial envelope around the plakea.
To understand hqg this expans;on may result in inversion,
let us examine the uninverted plakea (see D{%qram 27), and §g§
note that the cells are mainly connected at their posterior

. . -
facets. Upon expansion jof the envelope, considerable
pressure is likely to be created within the plakeal cup.

In response to this pressure, the cells tend to separaté:
but they cSn only move apart at their.anterior facets, due
to the position of the bridges. This, then results in move-
ment that begins with the peripheral cells and results in
tke formation of a sphere of cells (iﬂg..~daughter colonies) .

This formation of a sphere is a natural tendency of objects

that are pushed apart while attached at only one end. This

ot

ol . . N -
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is because a sphere allows for the gteate-t'-cparatian
of the cells at their unattached ends. Therefore, it may
be that inversion is simply the result of pressure created
w§%rin the plakeal cup by the expansion of the colonial

envelope between the plakeal cells. ’

A

This hfpothesis sﬁgqesta that plakeal cells are
p;lhed apart and move passively in inversion, in
contrast to their active role in plakeal inversion in
Volvox, postulatéd by Pickett-Heaps (1970a). It is felt
that fhis difference may be reflected in the muchwaimpler
nature of inversion in Eudorina as compared to Volvox.
However, the author feels that inversion in VOlvax may
also involve a similar expansion.of the colonial en;elope.
\This hypothesis also lends additional functional signif-
iéance to the arp&nqe;ent of the cytobla-uic bridges. It
will be interesting to see if bridges’are aéranged in
Gonium in a ﬁ;;ner linilar’to that db-erve& in Eudorina

and Volvox, as Gonium does not undergo complete inversion.

e

&
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o B. Colchicine Treatment ;

Colchicine treatment completely inhibits the process
of inversion. The most obvious explanation would be to
consider the involvement of microtubules in the normal

inversion progess of Eudorina. -

Peripheral microtubules are present in plakeal cells
) and could possibly be involved, as has been suggested for
volvox (Pickett-Heaps. 1970a). However., in Eudorina cell

elongation normally does not take place during 1nvor¢*on.

' . ' Inversion appears to be inhibited by the breakage
of the cytoplasmic bridqo?: This breakage may be due to
an abnormal produétion of colonial onvolgbc material as
compared to plakea undergoing normal inversion (cf. Figs. ,
15, 71): IS may be, therefore, that this excessive expansion
of the envelope puts an increased strain on the bridges,
causing them to break before ;nvorsion takes place. Evidence
to support this hypothclﬁ; was obtained from studying

recovering plakea.

'Examination of these plakea indicated that plakeal

cells that were still tightly appressed, following colchicine

ki A
wu -
. -
"
.
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treatment, would often invert normally when allowed to
recover. However, plakeal cells that had becéme

separated and flattened were never observed to invert.

Colchicine treatment, then, appears to add further

-eVldence to the impoftance of the bridges in the inversion -,

process in colonial green flagellates. In this light, it
would be interesting to examine certain species of Vo}vox.
such as V. aureus, which have permanent cytoplannic
connections, to see if inversion has been inhibited, follow-

ing colchicine treatment.

: v
In conclusion, the ability of plakea to invert
¥ ]
would appear to depend upon the production of colonial
. . ’

envelope material and the arrangement .and presence of cyto-
plasmic bridges. In contrast, a breakdown of the bridges

due to excessive production of colonial envelope maierial.

inhibits inversion, as observed in colchicine-treated plakea.'

‘WI. Taxonomic and Phylogenetic Implications

A. Events of Cell Division

In recent years, a number of ultraltructurgl charac-
teristics have become important taxonomic and phylogenetic
N

J K
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criteria within the green algae (Round: 1971). Pickett-
Heaps (1969, 13?2) and Pickett-Heaps and Marchant (1972)

have placed particular emphasis on the ultrastructural

details of cell division. They noted three main character-

\

istics which they considered impoftant %p diaéing;ishing
phyletic groups in the green algae: (1) e presence of a
phyeoplast during cytokinesis; (2) a closed spindle; and
(35 the persisteqce of the inﬁerzonal spindle. Further,
Pickett-Heaps (1969. 1972).haa stressed the involvement

of the MTOC rather than the centrioles or basal bodies in

spindle organization. He also postulated that basal bodi;}X

\
(centrioled) are primarily involved with the flagella

apparatus.

Pickett-Heaps and Marchant (1972) used one of the

above criteria, the presence of a phycoblast. to divide the

green algae into two main phyletic groﬁpa.~Recent1y. this same

characteristic tqgether with some others, has been used in a
taxonomic and phyl&genetic evaluation of gpeﬂuiotrichales
(Stewart et al., 1973). The phycoplast-containing plgag were
further distinguished (Pickett-Heaps and Marchant, 1572) by
the collapse of aﬁeir interzonal spindle and the closed

nature of their spindle.

v,
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Based on the above criteria, Eudorina would appear
to be a typical member of the phycoélaat-containing algae.
Further, the author believes that other characteristics of
taxonomic significance have been observed in this and other
studies to further distinguish. the Volvocales from the other
phycoplast-containing algae. Examining Table III, it can be

seen that Eudorina, Chlamydomonas, and Volvox can be

distinguished from the other genera byg}wo unique character-
=

‘ {
istics. the absence of basal bodies or centrioles from the

nuclear pole. and the presence of internuclear ER.

The‘gpaenc; of the basal bodies from the nuclear
poles a&d their presence at the cell surface is a particularly
significant taxonomic characteristic. Of all the members of
the phycoplast-containing alg;e. only the Volvécalel
are permanently flagellated. Therefore, it may be that the

position of bodies or centrioles within a cell is

related to the permanen of flagellation in the organism's

life histdry. However, /further studies on cell division in

other Vol ales will be necessary to support the validity of
the above characteristics as taxonomic criteria for this group

of organisms.

N
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TABLE I1I

{“Ebmparinon of Phycoplast-Containing Green Algae

. Centrioles/ Inter-
Basal bodies nuclear
: Organism Reference associated ER
! with nuclear
: poles
5 A. VOLVOCALES
1. EBudorina Gottlieb =
2. Volvox ' Deason and Darden -
(1971) 4 !
3. Chlamydomonas Johnson and Porter - o
‘ (1968)
¢ e L1
. B. CHLOROCOCCALES
' 4. Chlorella Atkinson et al. +
. N (1971)
5. Kirchneriella Pickett-Heaps +
\ (1970b) -
6. Hydrodictyon Marchant and Pickett + 7
Heaps (1970) ;
C. ULOTRICHALRES -
7. Ulothrix Floyd et al. (1972) + '
. 8. Stigeoclonium Floyd et al. (1972) +
9. Microspora Pickett-Heaps (1973a) +
10. Schiromeris Stewart et al. (1973) +
' D. OEDOGONIALES
11. Oedagonium Pickett-Heaps and
. PFowke (1969) - * ;7,
12. Bulbochaete Pickett-Heaps (1973b) -

No centrioles were observed in normal dividing cells.

No observations made of post-telophase stage of division.
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B.' Chloroplast NMicrotubules

;n recent years, chloroplast microtu;uleo have been
found within ainumb;t\of members of the green algae fTable
IV). Fufther. éhe features oi.chloroﬁlalt ultrastructure
- _ have been used for some time to delineate different groups
L . | of algae (Gibbs, 1970). Gibbs”diatinguiahed°tho
Chlorophyceae (sensu, Chri-toﬂéon. 1966) by the foilowing
it _featuréa of their/chloropla;t.“ The chloroplasts are limit;d :
solely by a double membrane, the bands are made up of ‘a
. variable mlx‘mber (2-6) of thylakoids or grana or both, and ;
the starch grains are stored inside tﬁe chloroplast. In
the author's view, the presence of chloroplast microtubﬁlio
is an additional charatteristic that can help define the

%
limita of the Chlorophyceae.

4

In examining the distribution of chloroplast micro- .
tubules (Table 1IV), their presence is revealed within the -
Chlorophyceae (sensu, Christensen, 1966) and Chlorophyta and

/Charophy€a§(sen-u. Round, 1971).

At. the nancnt? chloroplast microtubules have not

been observed in the two other classes of the green algae,

@ o

¥
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the Prasinophyceae and Euglenophyceae. This ab;anc. it |

proved conclusively, would tend to confirm their placement

, g
I

into separate classes (sensu, Chrilton-;n. 1966) or phyla

-

(lenuu.‘hbund. 1971). However, there has been insufficient

information'to make definite conclusions. The pfhionCQ of

chlorOpla-t:microtubulen however does suggest that perhaps

R S
-

{ the Chlorophyta (sensu, Round, 1971) should include the

5:- Charophyta reducted—-to a class. : u;}
b v
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4 TABLE IV )

. ' Distribution of Chloroplast Microtubules within the Green Algae

L2

4

Phylum. Class Order . Species ‘ Reference
Chlorophyta Chlorophyceaé Volvocales 1. Volvox Pickett-Heaps, 1968
. ' Deason & Darden, 1971
. 2. Budorina . Gottlieb
i 3. Ch)lamydomonas Brown et al., 1968
Chlorococcales 1. Trebouxia Jacobs &: Amadjan, 1971
/J:~ - Ulotrichales l. Pritschiella McBride, 1970
- 2. Stigeoclonium Pickett-Heaps, unpublished
Ulvales 1. Ulva Briten & Lévlie, 1968
: Oedogoniales 1. Oedogonium Hoffman, 1967
oo . S 2. Bulbochaete Smith & Butler, 1971
. S Pickett-Heaps, 1973Db
— ) Zygnematales 1. Closterium Pickett-Heaps & Powke, 1970
oo ¥Bryopsidales 1. Caulerpa Sabnis, 1969
) 2. Dichotomosiphon* ' Moestrup & Hoffman, 1973
Charales 1. Chara Pickett-Heaps, 1968,
. , }'Prasihophyceae -
) Euglenophyceae’ -

L

* Structurgi;eported_tojﬁe unlike other types of chloroplast microtubules.

~
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- SUMMARY AND CONCLUSIONS

4

1. Colchicine treatment was found to affect colonies
that were undergoing division. Affected dividing colonies J
. were found to exhibit the following |t¥uctuta1. and nucle;r
S

" alterations, depend on the stage of development the

-~

dividing cell had reached prior to colchicine treatment.

2 A. The prbduction of atellationnﬂihat were most
prominent in cells that were initiating division.

3 . ' It was hypothesized that the stellatlonl'ware the

result of the breakdown ok poribheral nicrdéuhulés

during the pre-prophase migration of the nucleus, and

that the microtubules were performing a cytoskeletal

v function at this crucial stage of development. «
A - J ,N
g, B. The production of extra-cytoplasmic particles A

that occurred around the treated celln\:f}er more

[ - prolonged colchicine treatment. The particles appeared

« .
v to be the result of a rupture of the stellations.

¥’
-
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C. Plakea were produced that did not invert and

which resembled the flattened colonies of Gonium.

-

These gonium-like colonies appeared to be the result-

" of an abnormal increase in colonial envelope

material around the cells. A possible explanation
for this increase was suggested by the considerable -
increase in the production of small opaque golgi-

-
assgociated vesicles.

D. An alteration was induced in ‘the normal guclear
cycle due to the breakdown of tﬁe spindle mig¢rotubules.
These microtubules were observed to disappear after
short (25-30 éins.) periods of~colchicine treatment.
This resulted in a considerable increase 1; the numper
of chromosomes in the treated plakeal cells. PFurther-

more, a number of permanent diploid colonies were

obtained following recovery in colchicine-free ﬁedium.'

E. Colchicine treatment also resulted in alterations
in the nuclear morphology. These included changes

from a granular to a fibrous nucleoplasm and the

condensation of nuclear material, Also observed was
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an 'expansion and lobing of the nuclei and a separation

of the two nuclear membranes. It was hypothesirzed that
these nuclear effects could ssibly be Aue to the

general poisonous nature of the colchicine.

F. The disorientation and complete inhibition of
‘cytokine-il was induced in treated plakeal cells, and
appear;d to be the result of the breakdown of the

S phycoplast band of micrqfub les. This suggested that
these microtubules ;oul3p e responsible for both the
direction and formation if the cleavage furrow.
G. Colchicine treatment resulted in a complete
inhibition of ihverlion that appeared to be\due to an
abnormal production of colonial envelope materigl. It
was suggested that this abnormal production r;lultod
in the breakage of the cytoplasmic¢ bridges between the

|
cells. These results then, seemed to confirm the

importance of the bridges in the inversion process.

2. On allowing treated\sellu to recover in colchicine-free !

" medium, plakeal cells were dblerQed to be affected, both

E

reversibly and irrevorntgly. Plaﬁ%a. in which cytokinesis
. ’ ¢

-» [
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had been digfupted formed "plakeal fragments" and never

1
i

recovered. However, pldkea in ‘which only inversion had
been affected.'aid sometimes recover, but this recovery
appeared to be dependent on the degree of polyploidy of

these flattened plakea. E SN

-,
3. A detailed ultrastructural study was made of cell

division and colony development in Eudorina slegans, which

resulted in the following observations and conclusions.

A. Nuclear division was similar to that in
Chlamydomonas reinhardi and Volvox aureus with the

exception of a few features. These featuregs

included the foll?wing: 1. the possible presence

of a Microtubule Organizing Centre; and 2. the
 formation of daughter-nucleoli prior to the forma-

tion of daughter nuclei.

B. A typical "phycoplast" band of microtubules

was found to be involved in cytokinesis. However,

¢

1
S

cytokinesis g:- incomplete:yhich resulted in a number

of cytopla-mié\bridgen‘botwmen the plakeal colgf.'

o

.
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"These bridges had never been observed previously
. in Jydogina ana it was suggested that they may be

a eharacteriotgg of all members of the Volvooaceae.
» AN

q. fho fthversion qtoae;e appeared to involve

the production of colonial cnveléps material and
the arrangement of the cytoplasmic bridqew. A hew
hypothe‘ia concerning inversion was postulated’ ‘

based on these two features.

b. - h number of taxonomic oriteria were identified ,

_ at the ultrastructural level with which it was

‘uugqtutdd that the Volvocales could be distinguished
fr0n'oth¢r stiembers of the phycoplast-containing

. v
algae (Pickaett-Heaps and Marchant, 1972). Thewse

4

included the presence of internuclear ER between

‘ newly formed dau&htcr nuclei, and the lack of ' .
- sssociation of basal bodies/centrioles with the . -
A nuclear poles. : )

' g

\ .
. ulcrotubu1¢:>3ﬂfz observed for the first time
in the chloroplasts of dividing and young cells.

An examination of the literature revealed these ,

p}&
|
L
>
[3)
‘
-
. -
SEe by A



BFS
1}‘.
kb
K

e ;sn—ﬁ* -,ﬁ‘mﬁ:ﬂ
-~

4

structures to be exclusively found in the
Chlorophyceas (gengy Christensen, 16&9). It was,
thirufon-; proﬁo-od that thut? presence might

indeed be a useful taxonomic tcutufo of the class.
rurthcﬁgiin iiqht of these microtubules' structural
dissimilarity to regular microtubules, and their
resistance to colchicine trcutu;nt. it was suggested

tHat they be:given the name “plastotubules®.
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APPERNDIX I
N -

- . . L ,
COLONY DIFFERENTIATION IN EUDQRINA CALIFORNICA

e 0

'd

. Based on studies of colony development and differ-

entiation in E. (Pleodorina) californica, Gerigqh.({g§9)

Q (3

and Goldstein (1967) postulated the stage in plakeal

-

development when differentiation of somatic and generative
cells was initiated. These postulates, however, have'nqt
been confirmed experimentally, sigce no suitable methods
were available to inhibit plakeal development and to study
differentiation o; uninverted plakeal cells. The effective
inhibition of élakeal development with colchicine has

enabled the present study Eo refeal the stage of development

at which the onset of différenfﬁation occurs in E.

¢

californica.

) :

The strain (198 hd) of E. californica used in this

-

study was obtained from the Indiana University culture .

* 145,
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\ ) .
collection. To 1nhiﬁ§i plakeal development, dividing

;oionien were treated with a 0.2% colchicine solution in
;terile soil-water supernatant for 40 mins. Following
colchicine treatment: colon;es were washed in fresh soil-
water medium, and then 4, 8, 16.‘9nd 32 éell plakea were
excised from their maternal colonial envelopes. Individual
plakea were then placed in depression spot plates containing
fresh Boil-water medium, for observations over a 6 day

-
>

period.

Normal vegetative cplonips!ﬁave ; number oOf qﬁmatic
and generati&? célls’arranged in distinct rows or tiers.
'l‘h'e small somatic cells al\;'ayn makeup thesanterior tiers &

. ©
of the cilony. while the larger generative cells makeup the
posterit;/tier; of the colony (Fig. ,105). Further, the
number 46f tiers of each cell type vanie: with the nhumber of

L

.cells in the colony (Figs. 105-107).

Under normal growth corrditions in culture, 4-, 8- and

l6-celled colonies are nevér observed. On entering division,
the generative cells divide (Fig. 1oey‘ana form plakea which
eventually invert to pfoduce daughter®colonies (Fig.-109).

The génera;ive cells divide while the somptic cells are
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Fig. 109. 64-céelled c&lony w#:h plakea undergoing

inversion to form daughter colonies. .Note :

.
'

that the anterior tiers of cells axe not &

dividing. x 200.. : ' :
& . : )

. ' | « .
’ N . s 4

. ]
Fig. 110. A young vegetative colony. Note that celf

.

. Ed
. differentiation is not yet apparent. x 352. .
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Differentiation in Eudbtina californica

Fig. 105.

Pig. 106.)

. ! Fig. 107 -

!
’,

Vegetative Colony ; .

. Co

-y .

Vegetative colony  of Eudoriﬁa californica

éontaﬁping,ﬁz cells. ‘“Note the reduction in size

3

of the two anterior tiers of cells. x 320. )

-

Vegetative cplony-bf Eudorina caff;ornica

. .

containing 64.cells. ﬁote the reduction in size

of the three anterior tiers of cells. x 275. ,

Vegetative colony of Eudorina californica

contajining 128 ceilna_Note the reduction in size . .

t =]
[

of the four anterior tiers of cells. x 200.

‘Fig. 108.

Asexual Reproduction

’ - ' 5
' 3

64-celled colony undergoing division. Note that '

the anterior three tiers of cells do not undergo

-

division. x 200.
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obsérved to undergo senescence and death.: In newly formed
. N

daughter colonies (Fig. 109), and those recently released b )

from the mate}nal envelope (Fig. 110), all the cells are
equal in size. Only as thesyoung colony enlarges does

differentiation of the cells gradually become apparent,

L]

evéntually resulting in a fully differentiated celony
(Fig. 105). i} ' K

. )
Shortly after treatment, the plakea appearéed normal

. and showed no signs of the colchicine treatment (Figs. 111,
114, 116, 119). The plakea were then examined every day
‘ “antil théy divided which was usually after 6 days of h

recovery.

s¥

Following 48 hrs. recovery in colchicine-free medium,

N s
cells of all plakeal stages separated, and upderwent ‘some
-~ enlargement, concomitant with an exﬁanaion of the colopial

envelope (Pigs. 112, 117, 120). After 6 days recovery, all

P,

. the cells of the 4-, and 8-celled plakea proved to be
generative (Figs. 113, 115). In E. californica, the peripheral
;P N
cells of 16- and 32-celled plakea enlarged and divided while

Atk S

the central plakeal célls remained somatic (Figs. 118, 121,

‘l' ' 122).
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l6-celled Plakea -
) N o & -
Fig. 116. 5 hrs. recovery. Plakeal cells still closely
" appressed to one another. x 560. \' : i
o .. - '
Fig. 117. 48 hrs. recovery. Plakeal cells separated.
Expansion of®colonial en§elope around cells. . '
x.560.
. . Q
V4
*ig. 118. 6 _days recovery. Peripheral plakealhcelfi
undergoing divisipn. Note’the four central p
3 , , ’ @@' L
cells (arrows) do not divide and are strictly /
somatic. x 220. . .
32-celled Plakea ' ]
¢
1 - \
Fig.. 119. 5 hrs. fecgvery. Plakeal cells still closely
appressed‘io one another. x 560.
‘l It ‘
" Fig. 120. 48 hrs. recovery. Plakeal cells separated:
expansion of colonial enQelope. x 569. 'i .
| A , - )
Fig. 121. .5 days recovery. Difference in size between .
. b {
central and peripheral cells is apparent. x 560.
"6 days recovery. Note central cells do not

Pig. 132.

divide, but ré-ain somatic. x 200.
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\ Patterns of Differentiation in Plakea of
' E. californica Followimg Colchicine Treatment ' ‘
- S - . -
- 4-celled Plakea . '
N\ ; ’
a—"

| Fig. 111. 5 hrs. . recovery. - Plakeal cells still closoiy

| * .

appressed to one another. x 560, .

: v N
- '

Fig. 112. 48 hrs. recovery. Plakeal cells separated;

<

.[, expansion of colonial envelope around cells.

’ x-560. . v

~

~ Pig. 113. 6 days recovery. Plakeal cells conlfdorubly

-

enlarged about to enter division. All cells’

- generative. x 560. ’

’
N ~
<

-~

~\ B-leled Plakea ™ — :
A -

Fig. 114. 5 hrs. recovery. Plakeal cells stidl closely

appressed to one another. x 560. ‘ . -

R -

[
'

Y
P
ta1
H

Fig. 115. 6 days recovery. Plakeal cclll‘conliécrably

enlarged and about to enter di{f.ion: All cells

generative. x 560.
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In Diagram 5, the patterns of su<;essive cleavage
planes, up to the 32-celled stage, are cleérly illustrated.

The origin of the 4 central plakeal cells, which in

recovered 16-celled plakea become somatic can easily be

\\\\_Effsgd. as can the origin of the 12 central. plakeal cells

@ in recovered 32-celled plakea. Thus, in treated plakeal

stages in E. californica the onset of differentiation is

first evident in l16-celled plakea which arise at the 4th

successive bipartition of thsﬁmother cell.

~

These results provide direct confirmation of the

PR

postulates of Gerisch (1959) and Goldstein (1967). -

L4

Goldstein (1967) further postulated that the %omatic
nagure of the central piakeal cells may arise through an
unequal distribugiqp of a peripherally oriented cyto-
plasmic &omponent of the mother cell. . This author
suggested that mitochondria may be the organelle iﬁvolved,
sincg the mitochondria are peripheéally oriented in
vegetative cells (Fig. 2). ‘Therefore, based on this hypo-
thesis, one wﬁuld expect diéferehtiation to occgr at the

16-celled plakeal stage when peripheral and central cells

are first cut out by cleavage.

'
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DIAGRAM 5

A4 CELL
.- STAGE

8.8 CELL
STAGE

/

-+

'G.16 CELL
STAGE

D.32CELL
STAGE

1t w
PATTERNS DIFFERENTION
IN A CALI '
M'.’.‘ :dﬁ‘“‘ M. " |||“..| . “l' |ll . o .
treated plohee m:m'wud the pluhest vage
- .
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o \
A possible explanation of how the mitochondria

are involved is to consider the fact that mitochondria

normally sdpply the energy for DNA synthesis. If unequal

distribution of mitochondria occurs in E. californica,
there may be very few mitochondria inLthe central plakeal -
cells. Then following inversion the;now-anterior tiers

of cells of the colony mayls;bsequently be unsble to

' ?noduce sufficient enefgy to carry out DNA synthesis.

This, in turn, would render the cells somatic in nature.
{

Other theories concerning differentiatiqn}in E.

californica also seem to imply some type of cytoplasmic

control. FeriséL (1959) after a number of expesiments

hypothesized that there was an early determination,

=4

possibly in the undivided cells, of a somatic and generative

cytoplasmic area.  In Volvox, Starr, (1969, 1971b) has

x

postulated that differentiation occurs following an unequal
division of cells in the developing plakea. The larger

f .
- cells are believed to give rise to gonidia whHile the

snaller ceIls givé rise to soqptic cella. Translating

this evidence into the hypothesis just postulated to

v
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éxpléin differentiation in E. californica, it may be

Nae

that the smaller plakeal cells of Volvox, receive l?ll

v \ v

mitochondria during development and subseqyently in

maturing colonies, may produce insufficient energy for

'S
DNA synthesis. .
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APPENDIX IIX

RECIPES OF GROWTH MEDIA

Pringsheim's Soil-Water Medium Containing CacO3

.
+

A pinch of CaCO, is placed in a test tube (20 ml1.) or

~
half-pint milk bottle (250 ml.), and sufficient soil (obtained
from a field near Burlington, Vermont)‘in added to make a

layer 1/4 to 1/2 an inch deep in the vessel. Pyrex distilled

water is then added-to the vessels until they are about 2/3

full. -The teat tubes are covered with metal caps and the

bottles are covered with small petri dishes and then both are _
A .
steamed on two successive days. The tilt tubes for one hour

each day and the milk ‘bottles for ohe and a half hours each day.

-

.

%
~Soil-Bxtract Agar

(starr, 12}4)

' ’ !
For each 1000 ml. of medium required:

-

modified Bristol's solution . . . . « . . .f?bgzp.o ml.
T
’ .Oil water .up.rnanto ® & e ® * ® ® & ® p e ® »® 4000 -lto

~

Agar. L] L 4 L L] L L - L] L J L] L] L L d - L - . - * » - 15.0 g.

‘
~; .
9 = .’
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Modified Bristol'; Solution

six stock solutions, 400 ml. in volume, are employed. Each

-~

contains one of the following salts in the amounts listed:
{ "

‘ Nam3 - . . - . . - e e - . - - . . - . 1000 go

CaC12 - - - - L] - - : - - L] . - -’ . v e - 1.0 g.

1

Mgso 07H20- e s e e o e e o ¢ & « = - 3.0'90

4
HPO . -« « & ¢ 4 @ « o o e« o o v o v . 3.g\q.
K,HPO, - .

0 KH Po e« o - - . = . “o . -lo‘ - - - . e - 7-0 g-
2 4 .

NaCl. . « « v v v v v o o s v v v oo . 1l.04g.

’

10 ml. of each stock solution are added td’?40.0 ml. of Pyrex-

| .
distilled water. To this is added a drop of 1.0% FeCl, solution.

, \
//“//, ‘
' Volvox hedium . -
’ ! (Starr, 1971a) \ ~

y <

For each 1000 ml.of medium required place the following
amounts of stock solutions in 943 ml. of Pyrex.distilled water:

Number of ml. Stock Solutions

N 10 Ca(n03)2.§y20 S {;199/100 ml.
10 MgsO .7H 0. . . . ...'. . . 0.49/100 il.
Y4 2 ) \
C . 10 Na,glycerol phosphate. 5H,0 0.59/100 ml.
} 10 KCl . . « v« v « v« « « « « « 0.59/100 ml.
. 10 Glycylglycin7}. e e e e e 5.09/1oolqn.
1 o Blz o [ L . . "o e e [ ] - L) olOoOQ..’VlOO -10
) 1. Biotin. . . . . . . . . . .10.0gamma/100 nl.
<5 o 'PIV metal solution. . . . .as givem ﬁolowﬁ

L)

L)
“ .
' -
N
o
X /
‘ !
~ ° ’ a
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PIV Metal Solution P o Lo .

o

At

. » » » ’
"Add the following amounts of .chelating agent and salts .

¥+ to 500 ml.of Pyrex-distilYed water. I - . i
. . S L3 . ‘
ot L) P ' o :
. ‘h;{h'i.jCIB'ﬂGHzo . . . L3 [} . . . .‘ . 0\ 90097 g‘. N ]
At ‘MGl .4H. 0 . . . .v. . .\1. .« . 0,041 g. L )
2 N 20 \ . . <’
‘2hCl . . . . e » e 8 e L ‘o‘ L] [N .o. 005 g. h ‘
~ * ‘O 2 . N . . (]
. . GOC‘J,-z .6“20 ‘o' o o e w e o ; > o . 00002 g.
‘ N& ‘Moo ’. . .‘ - u‘ e o o ‘e o o' @ . . P ' ) " s
MO0, . . .0 004:9 o ‘
. \ . : . & ;
- . . NOZEDTA . ” -‘ L] L] L] L) [ L] . e o‘ 0.75 q. - .
- ‘-x‘. N ! . M ' ‘ * n
. fdjuct final solution to pH 7.0 using 1N NaOH. - . L
® N L
‘- \ °
; v - Volvocacean Agar
. ‘ : : ’ 4
: !(Starr, 1964) . &
- ' ' . ) 2 . . ‘ - ( ) - < 14 ~:
e } ‘ Fo:r ~cpch mo'm1.o§ .mod{m rpqu.:l.rdd:' T o
. . o Waris solution (do not adifist the pH). . . . . éoo.Jn.
. - ' ) N i . o B N \
. ° Buglena medium ... . . ¢ ¢ v ¢ 4 4 e o.c o . 200.0W1.
; - : .G ! Agar (DifCO) .o . . . ‘. : [ 3 . L) - L) d.' e ‘e & » :’. 15.0 q‘
’ i \, " ’ ‘ o . 1
) ° £ . »” ! " .
. [ [ i .-3
L o -~ R o . \ ‘o BL
. ! " I o v% ¢ ) R
. , U ! 3
, ~ ° . .b v !
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. Waris Solutioh B
~ o - .
To 1000 ml.of Pyrex-distilled water add 1 ml.of the following
» N - l . M
solutions: . ' / .

10%2 KNO, ; 2% MgSO4.7H20: 2% (NHQ)Z.HPO‘t:

5% Caso4: Iron Sequestrine solu

ion.

Iron Seqpestrine solution is compbsed of - the following:
3 by g
Sequestrine AA . . . . . .°4 ... . . . 2.61%
-‘ ’ FGSO ¢7H . c - . . O . .o e @ * o e @ 2-49 -
4 2p . I
mxou............/...27.0::\1.
5 . .
. Pyrex gigtilied water. . . . } . . . 500.0 ml,
. 2
f . Euglena Medium
To 1000 ml.of Pyrex distilled water add:
scdium ac.etat . . . e .o O e o' @ e/ o 100 g.
Beef extraCt L] * - L ] L] : L] L] * [ ] L ] L] - 11.0 g.
Tryptone . , « . « « « « « « « o« « . 2.0 g.
Yeast extract. . . . . . . . . . . . 2.0g. /
¢ $

C.QIO{\I.{! Chloridﬁ . “ ¢ s o Je o o @ $t 0.61"9.

’




\ APPENDIX III oo

-

Recipes of the Chromosomal Stains
N ) §
/ \

l. Aceto-carmine (Cave and Pocock, 195la)

2 g. of carmine (National Aniling. Cert. No. NCa-13)

e .
are refluxed in 400 ml. 45% glacial acetic acid for 4 hours,

‘allowed to cool and filtered and bottled.’

2., Aceto-orcein (after Darlington and LaCour, 1960)

2 é. qQf orcein (Gurr, Cert. No. 375) arefrefluxed in

100 ml. of 70%.glaﬁla1 acetic acid for half an hour. *he

v

solution is then ¢ooled, filtered and bottled. The stain

~

>

was improved by adding a few bits of:-iron neégle to the

refluxate.

"3. Schiff Reagent (Graumann, 1952/53)

- 0.5 g. basic fuchsin (Basic Fuchsin, Fisher Scient.,
| .

Cert. No. 790325) is shaken in 15 ml. of_normgl HCl until

IR S

dissolved. Then 0.8 g. of K28205 is dissolved in 85 hl: onb

@ "

distilled water and added to the Sasic solutibn. After 24 hrs.,

the solution is shaken for about 5 mins. with 0.3 g. of

sEp L@ e SMes W e

\. .
activated charcoal, filtered using No. 50 paper, and stored

\

in the dark at 4°c.



A S . - o . o D2 - o o o S o S " B e \ B LA A DR . -AW;;W’,%E;
x ! i . - w7
r

, 7

' ' APPENDIX IV . \ ‘ ¢
o , \ , KE

Recipes for Electron Microscope Stains )

2

1. Lead Citrate (Venable and Coggeshall, 1965) —~—

0.06‘ g, of Lead Citrate is ad&ed to 20 ml. Pyrex-
c‘iistilled water in a 30 ml, screw capped cultured tube.
To t;xis solution is added 0.4 ml. of SN mzwfz/'ee NaOH gnd ”
_a piece <‘>f "Parafilm" is placed over the top of i;h.et\iba,
thlg top being screwed on tigl;tly: The nixt’:ure is then
? : - shaken vigorously until all the lead citrate is giscolvod.
The mixture is thes fil£ered through No. 50 filter paper and

. the stain used immediately.

AN 4

€ . -

2. Uranyl Acetate

. <‘> A s#turat’ed solution of 3% Uranyl Acetate in 70%°
ethyl alcohol is prepared and stored in a tightly -tOpper;d
bottle wrapped in aluminum foil. Immediately before use, a. ’

few ml. are filtered through No. S0 filter pabor.

. 159 .




