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ABSTRACT

Polvtomella agilis'is a colorless flagellate of

problematical affinities. It has been classified as a
close relative of the photosyanthetic flagellaté (phyto-

menad), Chlamydomonas reinhardi} based on the presence of

starch-filled p}astids, anterior isokont.flagella and basal
body.associatéd fibrous structures. It has also been clas-
sified 'as a Prasijnophyceae {pe to the lack of a cell wall.
Recently, th;;jZEEassificatién éf several fiagellates has
been proposed based on the characteristics of cell
division. The phytomoﬁads can be grouped into tw; major.
divisions: the Chlorophyceae and the Charophyceae.

Cultures of P. agilis,'sy;chronized by xold shocks,
;'have been utilized to study cell divisiom.. Mitosis in P.
agilis begins with the appearance of dispersed chromosomes
in a darkened karyoplasm. As the nucleus gradually
elongates into a spindle-shaped structure, short
microtubule segments first appear next-to thg poles of the
nuciear envelope. The microtubules gradually-become longert
and more numerous within the karyoplasm. The ;pindle is
perpendicular to the cell's longitudinal axis and the
nuclear envelope surrounding it, remains intact throughouc' -
mitosis (closed spindle). The poles of the spindle
eventually come to rest ;djacent to the plasma meﬁbrane on
each side of the cell. No specialized struchres (i.e.

centfioles) are visible in the vicinity of the spindle

poles (acentric spindle). The basal bodies remain attached



tolthe flagella at the anterior end of the cell, quite
removed from the dividing nucleus. A metaphase plate has
not been observed. Two masses of chromosomes are separated
to opposite poles during‘anabhase. At telophasé, the mid‘
portion of the cylindrical aucleus Eonstricts and the
spindle poles move away from the plasma membrane as the
* naucleus acquires a dumbbell shape. Finally, adjacent
daughter nuclei in which the nucloli have reappeared,
occupy the center of the celi.‘

Cytokirnesis occurs only after mitosis has been
. completed. The formation of new basal bodies involves th;
sequential assembly of microtubules to a nine singlet stage
adjacent and perpendicular to the old basal bodies. The
two newly formed sets of flagellar apparatuses migrate to
opposite ends of- the cell. The daughter cells are then
produced by furrowing at the cell's wmid portion.

The mitotic characteristics support the classification

of Polytomella within the Chlorophyceae, while the

differences in mitosis and cytokinesis between Polytomella

agilis and the other Chlorophyceae indicate thag this
orgaanilsm diverged.from a chlamydomonad—like ancestor early

in its history.



RESUME . :

» .

Polytomella agilis est un quadriflagell& incolore

d'affinité& problématique. 11 a‘été‘classifié comte &tant

reli& de pres au biflagellé photosynth&tique (phytomonade),

Chlamydomonas reiéiardi, en raison de la pré&sence de
plastes remplis d'amidon, de flagelles3 a.longueurs égaleé
et de structures fibreuses assocides aux graiuns basaux. Il
a aussi 6t8 classifié& parmi les Prasinophyceae grice 2
i'absence d'une paroi cellulaire. Ré&cempgent, la
reclass;fic;tion de certains flagellés a &t& proposée en
raison de caractéristiques de la divisiogicellulaire. Les
phytomonades se regroupent en deux divisions majeures: les
Chlorophyceae et les CharOphyéeae. |

Des ;ultures de P. agilis synchronizées par &hocs 2
temp&rature froide ont &té& utilizées pour &tudier I
division cellulaire. La mitose dans P. agi}is conmence
avec la diﬁparition.du nucl&ole et l'apparition des
chromosomes dispers&s dans un karyoplasme devenu foncé.
Pendant que ie noyau s'allonge graduellement en une
structure fusiforme, de courtes microtubules apparaissent
en premier 1ieu.prés Hés pdles de l'enveloppe nucléaire.
Par la suite, les micretubules deviennent plus longues et
plus ngmbreuses dans le karyoplasme.. Le fuseau est
perpendicuiaire 3 l'axe longitudinal de la cellule et
l'enveloppe nucléaire entourant le fuseau demeure intacte

durant la mitose (fuseau ferm&). . Les psies du fuseau



aboutissent éveﬁtuellement prés de 18 membrane
cytoplasmique de chaque c8té de la cellule. Aucune
structure spéclale (ex. cenctriole) n'est visible dans la
proximicé des pSles du fuseau (fgseau acentrique). Les
grains basaux demeprent attachés aux flagelles 3 la partie
éntérieure‘de la cellule, trads &8loigngs du noyau en
division. Une plaque wm&taphasique n'a pas &t& observée.
Daux masses &e chrqmeSOmes sont s&paré&es aux pbdles opposés
durant l'anaphase. A }a t8lophase, la portilon centrale du
noyau ;ylipdrique se rétrécit et les 'pdles du fuseau
s'8loignent de la membrane cytoplasmique pendant que le
noyau acquiert 1a forme d'une halt2re. Finalement, les '
noyaux filles a%jacen;s, chacuﬁ'déﬁoncrant; un aucléole,
occupent le ceantre de la cellule.

La cytodlérése ne se poursuit qu'aprés la complétion
de la mitose. La formation de nouveaux grains basaux
compredd 1'assembl8e en sé&quence de microtubules 3 un stage

de neuf “"singlets™, adjaceate et perpendiculaire aux(vieux

grains basaux. Les deux nouveaux appareils‘flagellé;;
Emigrent aux bouts opposés de la cellule. Les cellules
filles sont alors produités par silionnement de la partie
centrale-de.la cellule. . '

Les caractéristiques de la mitose appuient la

classification de Polytomella parmi les Chlorophyceae,

tandis que les différences de la mitose et de la

cytodiérése, entre Polytomella agilis et les autres

Chlorophyceae, indiquent que cet organisme a divergé d'un

LY



ancétre 3 caractéristiques de chlamydomonad t&t dans son

-~

_histoire.



Q‘I\-_

~

INTRODUCTION . -

The problem of establishing evolutionary relation-

ships (phylogeny) within the pfotists, and in this case

nore specifically within the unicellular green algae,
has beén indicated by several authors on_sevéral
occasions. For egample, the external morphology of the
organism, utilized as =a phyloéenetic criterion for more
advanced plants and animals, 1is practically useless for
m%ny unicellular algae yhich essentiglly all look the
same. M;st recently, fhe characteristics of the
flagellar’ apparatus and those of cell division have 'been
widely utilized as phylogenetié indicators for the green

algae. Since the characteristics of the flagellar

apparatus of Polytomella agilis has already been studied-

and published in our laboratory (Patenaude, 1974; Brown,
Massalski and Patenaude, 1976¢), the goal of this thesis

is to study the characteristics of cellular division in

Polytomella agilis and to assess the phyldgeny of this

P

. colorless flagellate.

.

Y
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Evidence for Two Lines of Evolution within the Green Algae.

I.1. Symmetry of Motile Cells.

The green algae, which share common pigments (chlorophylls
a ands b) with the higher land piants, are generally
considered to be on a direct line of evolution leading to
fhese higher plants. In a search for an ancestof to this
line of evolution, t@e unicellular biflagellate,

Chlangomdnas, has been proposed as a potential candidate

on several occasions (ie. Scagel et él., 1965; Klein and
Cronquist, 1967). 1In contrast to the views expressed by

Y

these authors, Manton (1965) has proposed that the aﬁgestor
cf land plants would likely be‘an asymmetric green alga,
since all motile cells (ie. sperm) of land plants exhibit
a fundamental asymmeéry; This view would favor a member

from the PrasinoPhyqeael sensu Round (1971), a eclass of

asymmetrical, scaly unicells, over the symmetrical

Chamydomonas. 1In the same article, Manton has drawn

. 0
attention to the potential phylogenetic value of the

flagellar apparatus which combines both a conServative

feature (the 9 +'2 structure) and variable acessory

-

structures (le. the flagellar scales, roots and bases) in

. » .
ecukaryotice cells. .

The taxa utilized in this thesis agree with the five
kingdom classification proposed by Whittaker (1969) and
modified by Margulis (1974, 1976) which attempts to
eliminate problems such as the classification of
Polytomella both as a plant by botanists (ie. Smith, 1950)
and as an, animal by protozoolggists (le. XKudo, 1971).




-

I.2. Flagellar Root Structures

The taxonomic value of flagellar roots was first
L : .
applied in the green algae by Moestrup (1972). Of the

eleven “"normal” green algae listed (Table 1, p. 181), ten

possess a cruciate arrangement of four roots in a X-2-X-2

‘pattern (X varies from 3 to 8 where the digits represent’

the number of microtubules per root) while Chara and '

Nitella, more complex genera, hgve roots lacking thié
crucliate pattern.. The presence of scales cerring tﬁe
cells and flagella of the Charales, the Chaetosphaeridiunm
(fram the Qoleochaete group)’, the Prasinophyceae and the

sperm of the Bryophytes and Fern suggests an éffinity

between these groups (Moestrup, 1974).

TasLe I. Flagellar root types i.n the Chiorophyceae
senst Christensen (1966)

Name R’bot type Striated No. ol Author(s}
fibrils flagella
Stigeaclonium Cruciate: 5-2-5-2 2 present 4 Manton, 1964
Praparnaldia Cruciate: 5-2-5-2 ? Manton, Clarke &

Greenwood, 1955

Chactomorpha Cruciate: 3-2-3-2 ? 2 Manton er al., 1955
Ulothrix Cruciate; 5-2-5-2 ? 4  Manton, 1965
Chlamydomonas  Cruciale: 4=4-44 - Absent 2 Ringo, 1967
Schizochlanys Cruciate ? 4 Lembi & Walne, 1969
Tetraspora Cruciale | ? 2 Lembi & Walne, 1969
Golenkinia Cruciate: 3-1-3-1 Absent 2 Piesent paper
Enteromorpha Cruciate Peesent 4 Evans & Christie, 1970 -
Volvux Cruciate; 4-4-4-3 Present 2  Oison & Kochert, 1970
Bryepsis Possibly missing* ? 2 Burr & West, 1970
Qedogonium Many roots: 3-3-3—  Many present  Muny Hoffman & Manton,
1962, 1963
Nitella Not cruciate, onec row  Absent 2 Turner, 1968
with many microt.
Chara Not cruciate Absent 2 Pickett-Heaps, 1968
Maoestrup, 1970b
Pedinomarnas Cruciate: 3-2-3-2 Present, but 1 Eul & Munton, 1964
(Loxophyceac different .

sensu Christensen)

-
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Based on the pattern of the flggellag roots, two
;ategories of-mqt;le green algae“havg been established by
Birbeck, Stewart and Mattox (1974):

a) the chlorophycean ﬁype with aﬁteriorly inserted
flagella and four cruciately arranged microtubular
roots and

b) the charophycean type with a bread, flat band of
microtubules associated with the flagella,‘very

-similar to that of motile cells of land plants.
Based on this and on other characteriscics (cell division
and bioch;mical features, to be discussed below);-Birbeck;
et al. (1974) have proposed that the charophycean-type

- .

cells, but not the chlorophycean—-type, are near the line of

gvolugidn leading towards the land plants. The asymmetry
of thﬁge cha;ophycean—type‘cells also supports Manton's
(1965) earlier view. The presence of body scales oﬁ the
zoospores of both charophycean and chlorophycean algae
(Mattox End'Stewart, 1973) also indicates the likelihood
that both lines evolved from asymmetrical, scaly‘
phytoflagellates. ' '

The euglenocids are ppssibly located on a third
evolutionary line (Moestrup, 1978), since the presence of
chlorophyll a and b seems to be the only characterist;c
shared with the green algae (Round, 1971).

‘The sgructure of the"microtubular root systems appears.

to be conservative within the Chlorophyceae'and

Prasinophyceae (Moestrup, 1978). Melkonian (1980):has



suggested that basal body associated fibrous structures,
. . r

which apparently display greater variation, could be morq(;4h

useful in-elucidating the phylogeny of these groups.

T.3. Mitosis and Cytokinesis

n

éickek:-ﬁéaps (1975) originally. proposed that mitosis
and cytokinesis, being congervative processés, should be
valuable phylogenétic jndicators. Studies of mitosis and
cytokinesis have also supported two lines of evolution
Qithin the green algae. The following is a brief review of
such studies as previously surveyed by  Pickett-Heaps {1975)
and Stewart and Mattox (lé?S). v

Pickett-Heaps'(1967) has shown that cell division
(mitosis and cytokinesig) in Chara {s similar to that)of'
vascular plants: the mitotic spindle is open  (the nﬁclear
envelope 1s aﬂseni) and cytokinesis involves a
'phragmoplast/cell plate which develops within a persistent
interzonal spindle at telophase. @@n the other hand, the .
Oedogoniales werTe shown to have a closed mitotic spindle
(completely surrounded bj a nuclear envelope throughout
pitosis) as reported by Pickett-Heaps and Foéke (1969 and
1970 a) while the Chloro:iccales have a partially closed
spindle in which the nuclear envelope has polar
interruptions (polar-fenestrae) at metaphase (Pickeﬁt—
Heaps, 1972 a). In the latter two brganisms, the
interzonal spindle disperses at telophase and a system of

microtubules appears between both nuclei. These

microtubules are parallel to the plane of division, that
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is, perpendicular_to the elongated mitotic nucleus. This \
system of microtubules has been termed ' the “phycoplast” by 'k
Pickeft—Heapg-(1972 b). The phyéoplast apparént&y

facilitates the formation of.the new septum (éickett-Heaps,
1972 b) which can develop as a cell plate_(ie. Oedogonium,

Pickett-Hers and Fowke, 1969 and 1970 a) or as a furrow

(i€. Tetraedron, Pickect-Heaps, 1972 a). The daughter

d

nuclei are close together in th;‘cells with a phycopiast,
unlike those with a phragmopladt. 1In the Zygnematales
(Fﬁwke and Pickett-Heaps, 1969 a and 1969 b; Pickett-Heaps,
1972 a; Pickett-Heaps and Fowke, 1970 b), the spindle teands
to be copen and cytokinesis usually involves furfowing
without a system of microtubules. Spirogyra (Fowke and
Pickett-Heaps, 1969 b) combiges both furrowing and cell
plate formation 'in its division (furrowing occurs until ;{
meets with a per;istent'interzonal.spindle and a
phragmoplast - like septum develops at that point). This

Has led these authors to speculate that the phragmoplast of

higher plants evolved in green algae whose cell divisiorn

resembled that of Spirogyra. -

Similar comparative studies of cell division have been
performed on the ulotrichalean green algae, relatively

unspecialized filamentous organisms. Klebsormidium has

-

been shown to differ comsiderably in its mode of division

from Ulothrix, two algae originally considered to be

)

closely related (Floyd, Stewart and Mattox, 1972 a and



1972 b). Cell division in Ulothrix is characterized by a
closed spindle and the development of a phycoplast/cell
plate between adjacent daughter nuclei, whereas,

Klebsormidium has a fully open spindle and a furrow-which,

during cytokinesis, cleaves between widely separated
daughter nuclei without a phycoplast (Floyd et al, 1972 a
" and 1972 b). Due to the persistent telophase spindle

between the daughter nuclei, Klebsormidium has been

suggested to béldng near the line of evolufion leading to
land plants (Pickett-Heaps, 1972 b). Pickett-Heaps and
Marchant (1972) have proposed 3 new phylogeny for the green
P ’
algae, where two main lines of evolution arise from
primitive, flagellated ancestors which are charactérized by
a pers}stent‘telophase spindle, and cytokiunesis is achieved
by furrowing. One of the lines, leading to the b;yophytes
and higher land plaﬁts, ié ;haracterized by-a phragmoplast

and includes the Conjaugales (also known as Zygnematales),

Klebsormidium, Coleochaetaceae, and Charales. The .other

line, leading away from the higher lanh“plgnts, is
characterized by a phycoplast and includes mﬂe Volvocales,
Tetrasporaleé, Chlorococcales, some Ulotrichales and the
Oedogoniales. Further information on the above groups can
be found in Smith (1950) and Pickett-Heaps (1875). An
updated version of this phylogeny (from Pickett—Heaps and
Ott:’iglﬁb, which also includes some members of the

Prasinophyceae, 1is shown here:
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In their review of comparative cytology in the green
algae, Stewart and Mattox (1975) have proposed a
preliminary partial classification (until more information

’
could be obtained) of the green algae reflecting both lines

of evolution. Briefly, one class, the Charophyceae, is

characterized by a persistent interzonal spindle during
cytokinésis, glycolate oxidﬁse, (see section I.4 on

biochemical evidence) and motile cells (if produced) in
which laterally attaqhed flagella are associated with a
sgngle Broad band of closely adjacent mlcrotubules. The

other class, the Chlorophyceae, is characterized by a

coll\apsing interzonal spindle during cytokinesis glycolate

dehydrogenase, and motile cells (if produced) in which
anteriorly attached flagella are associated with four (or
more) cruclately arranged, relatively narrow microtubular

roots. This classification includes mostly filamentous

)
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green algaé because the authors felt that too few of the
unicellular green algae had been studilied to include

them.

I1.4. Biochemical Evidence

Differences exhibited by the glycolate pa;hwag
aﬁpear‘ﬁo have phylogenetic significance in the green dlgae.
ﬁigher plants utilize a different enzyme (glycolate oxidase)
than the algae (glycolate dehydrogenase) toloxidize glycolate-
to glyoxylate as part of the photorespiratory carbon
metgbolism within their peroxisomes (Frederick, Gruber and
Tolbert, 1973). Selecting representative specles of green
algae from goth evolutionary lines, Frederick et al. K&EZE)
have Qhown a correlation between those algae with a
phragmoplast and the presence of glycolate oxidase and
between those with a phycoplast (collapsing telophase
spindle) and the presence of glycolate dehydrogenase. This
confirms the phylogeny (Pickett-Heaps, 1975) and
classification (Stewart and Mattox, 1975) proposed above for
the green algae. |

’

Studies of Cell Division In Unicellular Green Algae.

II.1 The Cﬁlorophyceae Sensu Round (1971)

The first detailed ultrastructural study of cell
division in a unicellular green alga has been that of

Chlamydomonas reinhardi (Johnson and Porter, 1968). 1In

brief, the following features are characteristic of the

organism:



-

1. a closéd spindie with polar fenestrae at .
megaphase; o \ '

2. a collapsing telophase spindle (not mentioned in
the article buflvisible in the photomicrographs)
‘with "microtubules comprising the cleavage
apparatus” (the phyoﬁlast of Pickett-Heaps, 1972 S);

3. a centric mucleus, that is one ian which |
centrioles2 are located near the poles. This
featﬁre was reported by Coss (1976), using thick
sectiohs.and high voltage electron microscopy. .In
the 1968 paper, Johnson and Porter reported that
the basal bsdies did not appear at the poles;

4. a loss or resorption of the flagella with
coﬁsequent ioss of motility during division (for
a review of flagellar res;rption, see Bloodgood,
1974);

3. Dbasal body formation during early mito;fé.

A later study of cell division in Chlamydomonas

.

moewusl (Triemer and Brown, 1974) has revealed many

-

similarities (ie. features 2 to 5) and the following

differé@ces: kinetochores on the chromosdomes, a

crescent-shaped metaphase spindle without polar fenestrae

and a ribosome-free area surrounding the nucleus.

The':erm centriole in this thesis refers to a basal
body which has detached from the flagellum and which .
takes a position near the pole of the mitotic nucleus.

£



-Tfiemer and Brown t1974) have postulated that since polar
fenestrae have been observéd in C. reinhardi (Johason and
Porter, 1968) and in Volvox (Deason and Darden, 1971),
mgmbers at opposite ends of the volvo;ine line of evolution
(Pick?tt—Heaps, 1975), the formation of these structures
may be a brief event which c0ula have been missed in thei;
organism. “

A closely related green biflagellate, the naked

Dunaliella bloculata (Marano, 1976) was shown to have

similar features of cell division (ie. feaCures-l, 2 and
5). Although the flagella remain attached to the basal
bodies in Dumaliella, the basal bodies separate along the
plasma membrane, next to the mitotic nucleus. A
cha:actéri;tic cytoplasmic keature of this flagellate is
the presence, in depress;ons of the nuclear envelope, of
two electron dense bodies which appear to initiate the
assembly of‘the mitotic spindle.. Marano has referred to
these as_microtubule—orgaquing-?entres (MTOC, terminology
of Pickett—Heaps, 1969).

-

Cell division in Tetraspora (Pickett-Heaps, 1973), an

organism closely related to Chlamydomonas and which

commonly forms colonies of non-motile unicells held by a

fragile matrix, shows many similarities to that of C.

reinhardi, as described above. The spindle may differ by
possibly being unicentric (only one pole is adjacent'to the
basal bodies) and new basal bodies appear to form only in

the later stages of mitosis.

19



‘ {
Basal body formation in all of the unicellular green
N - - :
algae appedTs to be linked to the process of mitosis. The
timing of basal bbdy formation has been proposed as

! -
occuring early in mitosis (i.e. C. reinhardi, Johason and‘

Porter, 1968) or near telophase (i.e. Tetraspora,

Pickett-Heaés, 1973).

The role of the basal bodies (centrioles) in mitosis
remains to be elucidgtedl Some authors (i.e. Stubblefield
and Brinklef, 1967) have proposed that the centrioles are
required to initiate and conﬁrol the assembly of thg micotic
spindle whereas others (i.e. Pick;tt-Heaps, 196§) have {
proposed that the position of the ceantrioles at the poles
only ensures their distribution to both daughter cells.

The stages of development in.the formation of the
basal bodies has been debated on several occasions. Gould
(1975) has proposed that basal bodies simply elongate from
a probasal body annulus coanected to the parent ofganelle.
Dippel (1968) and Cavalier-Smith {1974) on the other hand,
have reported that the formation of this organelle involves
the sequential addition of tubules to an initial stage of

nine singlets.

I1.2 The Prasinophvceae sensu Round (1971).

Cell division has also been studied in several specles
of the Prasinophyceae, commonly known as scaly green monads
because of the scales present on their flagella and/or cell
surface. Since these organisms are both‘scaly and

asymmetric, they are considered to be among the most



primitive of the green algae (Stewart, Mattox and Chandler,
1974). Cell division 4s very heterogeneous in the
Prasinophyceae and this has led certain authors to question

-

the validity of this class fStewart and Mattox, 1975).

Platymonas subcordiformis has a striated fibrous root,
the rhizoplast, which contracts aﬁd is linked to flagellaf
activity (Salisbury and Floyd, 1978). It also appears to
contribute to the formation of the spindle microtubules
(Stewart et al, 1974). The nubleqr-enveIOpe is vesiculate,
allowing microtubules to extend from the rhizoplast in the
cytoplasﬁ to the nucleoplgsm. The flagella are detached
from the basal bodies which remain at their incérphase
pésition during mitosis (acentric nucleus). Newly formed
daughter nuclei approach each other aand appear to attach to
the basal bodies via rhizoplasts. Cytokinesis occurs after
the ‘telophase spindle has cdllapsed aﬁd involves a cleavage
furrow with a phycopl;gt'between adjacent daughter nuclei.
Stewart et al (1974) have indicatéd that due to their

similarities of cell division, Platymonas and Chlamydomonas

are potentially more closely related than previously

suggested and that ancestors of Chlamydomonas probably had
many characteristics of Platymonas.

Asteromonas gracilis, a green, naked biflagellate, has

been classified Iin the family Polyblepharidaceae (order
Volvoecales, class Chlorophyceae) because of the absence of

a cell wall (Fritsch, 1935, Smith, 1950). Peterfi and

21
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Mant;n (1968) have suggested a close rqiationship to the
Prasinophyceae because of the lack ﬁf both 2 cell-wall and
sexual reproduction, aithOugh gnﬁerior attachment of the
two isckont flagella and symmetrical cell shape suggests an
‘affinity'%ith the chlorophycean algae. Cell division in

Asteromonas (Floyd, 1978) is very similar 'to Dunaliella

(Marano, 1976) and Chlamydomonas moewusi (Triemer and

Brown, 1974). In all three, new basal bodies are formed py
late prophase and the crescent~shaped nucleus approaches
the anterior end‘of the ¢ell such that each basal body is
positioned lateral to the poles, between the c¢rescent area
and the plasma membr;ne; In these three organisms, each
set of basal éodies separate froh each other, in parallel
with the separation of the chromosomes, both in time and
space; also, the telophase spindle coliapses and
¢cytokinesis occurs by furrowing aleng a phycoplasi.
Kiretochores, similar to-those found in C. moewusi (Triemer

and Brown, 1974) are present in Asgteromonas (Floyd, 1978).

Floyd (1978) concludes that the above three organisms are

.

closely related. He also postulates a close relatioﬁship

between Asteromonas and Platymonas (Stewart et al., 1974)

because both have micotic similarities (i.e. a collapsing
telophase spiﬂdle and phycoplast) and similar pyrenoid
structures. |

The other three prasinophytes 1in which cell division
has been studied, show a diverse array of features.

Pedinomonas, a naked uniflagellate, 1is said to have a




persistent telophase.spiudle bet:een the widely separated
dauvghter nuclei, thus allowing a cleavage furrow to biéséct
the cell without a phycoplast (Pickett-Heaps and Ott,
1974). It aléq features a totally closed spindle, Sasal
bodies which remain attached to the flagellum near each
pole and a2 rhizoplast which does not appear to participate

in cell division.

Pyramimonas parkae, a marine quadriflagellate, appears

to have an open spindle, cleavage without a phycoplast
between adjacent daughter nuclei and basal bodies which,
while attached to the flagella, separate along with the

chromosomes (Pearson and Morris, 1975).

Heteromastix angulata, a scaly_biflagellate, has ; -
vesiculate spindle with wide open p;les at metaphase
(Mattox an§ Stewart, 1977). The mrcrotuﬁules of the
spindle aépear to originate from the rhizoplasts.
Rhizoplasts and flagellar apparatus both separate along
with the chromosomes. Cleavage proceeds without a
phycoplast across a persistent télophase spindle.
According to Pickett-Heaps and 0tt (1974), the
Prasindphyceae represent a collection of different but
related taxa.

To facilitate the comparison of cell divisicen in the
unicellular green algae discussed above, their
characcaristics.have been listed in Table I. Heath's

(1980) review of mitosis in the protists and fungi provides

a similar but more extensive list of characteristics.
Q
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LEGEND

a) the mitotic spindle can be closed, closed with polar
fenestrae (f), vesiculate (v} or open.

b)Y + : the basal bodies migrate with the chromosomes
? the characteristic¢c is not treated in the paper
c) +: the rhizoplast appears to be involved in spindle
formation
-3 no rhizeoplasts have been observed
+/- : the rhizoplast does not appear to be Involved in

spindle formation

d) the collapsing telophase spindle allows the daughter

nucleili to become positioned adjacent to each other 1in
the ceanter of the cell;

the persistent teloPhase spindle maintains the

daughter nucleil separated and removed from the plane
of division

e) cytokinesis proceeds by furrowing with or without 2
phycoplast.

NOTE: Asteromonas and Platymonas have been included with
the Chlorophyceae as suggested by Floyd (1978).




fII1. A.-Capsule Review of the Genus Polytomella

Polytdmella aglilis was the first member of the genus

to be described (Aragao, 1910). Fritsch {1935) has

claséified Polytomella in the family Polyblepharidaceae

(algae that have lost their cell wall), order Volvocales
(unicellular or colonial organizatipn)_and class
Chlorophyceae (algae -with isokont flagella "and pigments
similar to those of the higher plants...), whereas Parke
and Dixon (1968) list the ©Polyblepharidacese under the
Prasinophyceae. According to Fritsch (1935), the cplorless

algae, sﬂch as . Polvtomella and Polztoma, are descendants

of the pigmented forms (i.e. Chlamydomonas) which have lost ~
their photosyathetic pigments but.not their starch storing
ability within plastids.

Specimens of Polytomella have been found in a variety

of places such as earth holes of rotting hemp im Capua,
Italy to garden ponds and tree sap in Eagland (Pringsheim,
1955).

Most species of Polytomella have been grown in either

a complex culture medium (0.l% sodium acetate, 0.1%Z yeast
extract and 6.2% tryptone) or in a simple defined medium
\ .
?&inum acetate, ammonium chloride and thiamine,
Pringsheim, 1955). As in the case of cher flagellates,
P, agilis can utilize simple organic acids and alcohols but
not sugars as a source of carbon and energy (Little,
Oleson and williams, 1951; ﬁise, 1959). These simple
components Cin be. converted to polysaccharides and stored

S
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in starch granules within plastids (Bebbington, Bourne and
Wilkinson, 1952; Sheeler et al., 1968b). Métabdlic
adaptation of acetate-grown cells to propiocnate and
butyrateas carbom sources, has been shown by C;n:or and
James k1965). ’

Changes in proteln, carbohydrate, nuclelc acid and
cell volume in P. agilis have been utilized as parameters
of growth. Incregses in protein levels, a major structural
component of:the cell, did not correlate with an increase
in cell size as expected (Sheeler, Cantor and Moore,
19683{2 To ovércome thi; problem, Cantor and Klotz {1970)
decided to synchronize the growth of the culture, utiliziag
a reﬁetitive 22 hour-cold block every 24 hours. In this
method, cellulaf division ceases and biesyathetic
activifigs continue during thg cold temperature. Cantor
and Klotz {1971) have shown an increasé in”prbtein, DNA and
RNA levels during the cold block. When the optimal growth
temperature (25 C) has been restored, the population
undergoes a doubling within one half of the mean generation
time (4 hours) and the protein, DNA and RNA levels
decrease.

The swimming motion (Gittleson an& Noble, 1973), the
ultrastructure of bot£ the vegetative cell (Moore et al.,
1970) and of thé flagellar apparatus of P. agilis (Brown et
al., 1976c5 have been described. One pair gf the four

basal bodies, organized into two “nearly opposite” pailrs,

has a set of proximal and distal connecting fibers similar

27
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to that of Chlamydomonas (Brown et al., 1976c). Basal

boﬁy—rootlet complexes have been isolated (Stearns, °ﬁre
Connolly and Brown, 1976) and shown to serve as
microtubule-organizing centers (MTOC).

The v?getative cells may transform into round cysts

which can survive dessication (Pringsheim, 1955). Although

the primary stimulus for cyst formation in Polytomella

remains unknown (Kater and Burroughs, 1926; Sheeler, Cantor
;nd Moore, 1970), the sequence of structural events in
encystment and excystment has been reported (Brown, Leppard
and Massalski, 1976a; Brown, Massalski and Leppard,

1976b).

Sexual reproduction in Polytomella has beean a subject

of controversy over the years. Conjugation, reported by
Aragao (1910), has been questioned by several authors (i.e.
Pringsheim, 1955). Recently, Lewis et al. (1974) -and Moore
and Cushing (1979.) have d;scribed sexual reproduction in o
P. caeca and P. agilis respectively.

The most “"recent” reports of asexual division for

Polytomella, basedson light microscopy (Pringsheim, 1955;

Lewis, 1974) indicate that cytokinesis begins from the
posterior 'end and proceeds toward the flagellar apparatus
at the anterior end. This method of division, as
described, would differ from that of all other unicellular
green algag described so far.

In this thesis, mitosis and cytokinesis will be

studied in Polytomella agilis, using both light and




electron microscopy. The phylogeny of this unicelludlar

t

alga will also be discussed.
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METHODS AND MATERIALS

CELL CULTURES . ' -

Cultures of Polytomella agilis were grown ir 15ml,

300ml and 1000ml lots utilizing erlenmeyer, flasks (50ml,

l 1iter and 4 liter respectively). These were grown iﬁ
complex médium containing O.i: tryptone, 0.2X yeast extract
and 0.2% sodium acetate at 252C in the dark (éheeler et

al. 1968a). Cultures were inoculated from log phasé
cultures to give concentrations of approximately 5X104
cells/ml. The mean generation time is 4 hours. Cells in 1
liter lots or larger volumes were harvested Sy -
centrifugation in a Sorvall RC2-B centrifuge with a GSA
head in 290ml polycarbonate ﬁottles at 4,000 rpm (or 2;690

g) for 5 minutes.

CELL COUNTS

Aliquots of 0.5 or 1.0ml were fixed in 2% gluter-
aldehyde, 0.1M phosphate solution buffered at 7.4 and ’

counted either by hemacytometer or Coulter Counter.

SYCHRONIZATION

Sychronization, modified from that of Cantor and Klotz
(1971), invelved inoculating a culture with 0.5 to 1X10°
cells and letting it grow at 25°C for & hours,
transferring the culture to -an ice bath to bring down the
temperature to 12°C and then incubating for 22 hours at
99C. The temperature was then raised by placing in a

37°C water bath to bring the temperature to 25°C-
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Synchronization was monitored by taking cell counts £
at least 2 hours following the cold shock. During this
-

period, cells were fixed for electron microscopy.

PROTEILN, DNA AND RNA DETERMINATIONS

Proteins and nucleic acids were pfecipitated'hy adding
6ml of cold 20% trichloroacetic acid (iCA) to 1l8ml .culture
samples. The organic components were pelleted (1500g-at
&yoc for 5 minutes) and washed twice-with 5ml of cold
5% TCA. The precipitate is resuspended in 1lml of 0.5M
ﬁerhlor;c acid and incubated for 20 min. at 70°C while
shaking, to solubilize the nucleic acids: The solution 1s
cooled, then centrifuged at 4°C for 7% min. at 1500g.

The precipiﬁate was dissolved in 10ml in 1N NaQOH.
Aliquots (0.1ml and 0.2ml) were madelup to lml with water.
These were utllized in the Hartree {1972) method of protein
determination, with bovine serum albumin as the standard.

The supernatant was divided into 0.4ml aliquots for
DNA determinations (Burton, 1956) and 0.05ml aliquots fpr
RNA determinations (Schneider, 1957). The DNA aliquots
were mixed with two volumes of diphenylamine reagent,
incubated at 30°C for 20 hours and read ét 600nm. The
RNA aliquots were mixed with l.iml of 0.5M perchloric acid
and 1.2ml orcinocl reagent (Lin, 1969). This solution was
incubated for 20'm;n. at 100°C, cooled and read at

660 nm.

ISOLATION OF BASAL BODY ROOTLET COMPLEXES

This procedure has been described by Stearns et al.
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(1976). Basal body-rootlet complexes were isolated from
both log—-phase cultures and synchronized cultures. In each
case, three litérs of cells at a dénsity of 1 to 5%X106.- -
cells/ml were collecged by centrifugation and
deﬁlagellafed. The cell bodies Qere separated from the
flagella by centrifugation and resuspénded in GDMP. The
mixture was made 0.1% (vol/vol) Tfiton X-100 and the cells
were broken by gentle vortex agitation in a fluted tube.
The released basal body-rootlet complexes could be observed
by phasé microscopy. The complexes were purified from
denser cell debris by successive centrifugations and

resuspended in 0.2ml of 5% sucrose solution.

L]

MICROSCOPY
a) Light Microscopy

Living cells were photographed with a Zeiss microscope
equipped with Nomarski optics and a Zeiss 60 W.S.
electronic flash.

Thick—-sections (approx 1 ym) were cut with a diamond
knife on a Porter-Blum MT2-B ultramicrotome. Sections were
floated on a glass slide and air dried. These were stained
with 0.1% aqueous Azure II and heated until evaporation
began. They were then wash;d with water and air dried.
Thick sections were photographed qtilizing brightfield
microscopy. | i
b) Electron Microscopy b

Cell samples (30ml.) were collected and centrifuged

for 2 min. on an IEC clinical centrifuge set at 7. The
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supernatant was discarded and the pellet fixed in 2% buf-
fered gluteraldehyde. The pelI;t was transferred to a
smaller glass tube and allowed to stand at least ¥+ hours
at room temperature. The pellet was then washed for
15 min. (four times) and‘the last wash was done on ilce.
The pellet was then fixed on ice for 1+ hours in 1101 ¥
osmium tetrqxide‘— 0.05 M phosphaté solution buffered at
7.4. The pellet was then dehydrated on ice for 15 min. in
each of a 10, 30, 50, 70, 90, 100, 100, 100X acetone
series. The last 100Z acetoune wash was done at r;om
témperature. The pellet was embedded in Spurr's plastic
(Spurr, 1969) and left ovérnight. The pellet was placed in
fresh embedding medium for‘ﬁ% hours and:placed in castings
and then filled with embedding medium. These were
incubated at 60°C for § hours.

Pellets of isolated basal body-rootlet complexes were
also treated in this fashion.

. Thin sections (60-100 nm) were cut with a diamond
knife on, a_Porter-Blum MT2-8 ultramicrotome. Sections were
stained with a 2% uranyl acetate (in,S%.eghanol) and
1% lead citrate {Reynolds, 1967) to be-examined in an
AEI-EM 6B or Phil&ps‘ZOIC electron microscope:

Some of the basal body-rootlet complexes were observed
after negative staining with 2% phosphotungstic acid

solution om 200 mesh, formvar-carbon coated grids, rinsed

before and after with 0.4% photo-£flo.

..
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Over one hundred cells have been observed in one stage
or another of mitosis or cytokinesis during the course of

this project.



RESULTS

In order to facilitate the study of cell division in

Polytomella agilis, the first objective was to synchronize

cell division based on a modified method of Cantor and
Klotz (1971). Figure I shows the result of a temperature
shock app;iqd to a log phase culture. The number of cell
divisions per unit time is drastically reduced by the cold
temperature while synthesis of pacromolecules does not
appear to be inhibited, as shown by increases in RNA, DNA
and protein levels (Figure 2). ‘Once the qptimal
temperature 1is reséored, the generation time is reduced by
toughly one half that of the control culture and the
concentration of RNA, DNA and protein decreases within the
cells (figure 2). Althoﬁgh the degreeiof synchronizatiég \\<\
achieved by this method was relatively low (84% maximum
cell increaif over two hours) and inconsistent (less than 1
successfui trial out of every 10), several of the

experiments facilitated the task of finding cells in stages

4:::EE§<1tosis and cytokinesis. , -

.

Interphase
The external morphology and cytoplasmiec organization

of Polytomella agilis, as described before (Moore, Cantor,

Sheeler and Kahn, 197Q; Brown, Massalski'ana Patenaude,
1976}, ¥s briefly reviewed.

The'external morphology 1s best seen in the scanning
electron micrographs (Figure 3a and 3¢). The cell shape is
basically ovoid with four flagella emerging from depres-

sions below an anterior, cruciform papilla (Figures 3a and



Figure 1 Growth curve of a control culture at 25%¢
and a synchronized culture of P. agilis.
The arrows indicate the time period

(22 hours) spent at 99C by the synch-
ronized culture. Open dots: control
culture, closed dots: synchronized cult-
ure. - )
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Figure 2

These bar charts indicate that cthe
concentration of DNA, RNA and protein
increases within the cells of P. agilis when
cell division is arrested by the cold
temperature (from B.C. to Q). Once the
optimal temperature is restdred, the cells can
divide and the concentration of these
substances decreases within the cell (from 0
te 2). BC: determination made on a sample of
log phase culture before the cold shock; 0,1
and 2 refer to the number of hours after the
termination of the cold shock.- Concencra-
tions are expressed in pg/lO6 cells. These
results were obtained from a single
experiment.
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Figure 3

External and internal morphology of
Polytomella agilis. a2 and ¢, Scanning

electron' microphaphs of the whole cell showing
the four flagella emerging from depressioas .
below the cruciform papilla at the anterior
end of the cell.

a) X 2,300; e¢) X 5,500

b, Transmission electron microphaph (TEM) of a
longitudinal section through the mid portion
of the cell. F, Flagellum; G, Golgi
apparatus; M, Mitochondrion; N, Nucleus; Pa,
Papilla; Pl1, Starch-filled plastid. X 11,500
Bar: 1.0 um.

Figure borrowed from Brown et al., 1976c.



4

02

i~

£

{

b
ts

ri

£

PPN A




35

and 3c). The cytoplasmic organization is shown in a
longitudinal gection™through the cell (Figure 3b). Im the
center of the céll, a nucleus Qith'its large nucléolus is
surrounded by several Gslgi bodies. Contractile vacuocles
are usually seen anterior to the nucleus. Mitochondrial
profiles aré observed at the periphery of thé-cell. Stafch
‘containing plastidsAocéupy roughly the posterior half of
the cell. A swmall amount of endoplasmic reﬁiculum and
numerous ribosomes are dispersed throughout the finely
granular cytoplasmic matrix except in the anterior papilla
wherg the cytoplasm, free of organelles, is characterized
by a filamentous appearance (Figure 3b).
Mitosis
The characteristic stages of mitosis and the

orientation of the mitotic spindle are shown in a series of
light micrographs in Figure 4. The nucleolus (Figure 4a)
diséppears as the spherical nucleus elongates into a
spindle-shaped structure at'prophasé (Figure 4b). At
’ metaphase, the spindle extends across the entire width of
the cell (Figure 4c¢). The cylindrical nucleus of anaphase
(Figure 4d) constricts at telophase (Figure 4e) ;o yield
daughter nuclei (Figure'&%).
Prophase

In éarly prophase, the nucleolus disappears and the
chromatin condenses into scattered ch;omosomes within a
densely stalned karyoplasm {(Figures 5a ang 5b). The

distribution of cytoplasmic organelles in the early stage



Figure 4

Light microphaphs (LM) of stained thick
sections showing the structural
characteristics of the of the-nucleus and its
orlentation with the ecytoplasm at different
stages of mitosis. a, Interphase; b, Prophase;
¢, Metaphase; d, Anaphase; e, Early telophase;
f, Late telophase. The relative position of
the other visible organelles within the cell
appear to remain unchanged. X 3,000

Bar: 3.0 um ‘
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Figure 5

TEM showing the transition from a) an
interphase nucleus with a distiact nucleoclus
to b) an early prophase nucleus with dispersed
chromosomes and a densely stained karyoplasm.
Microtubules are not yet visible in the
karyoplasm.

a) X 26,000; b) X 21,000 Bar: 0.5 um
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of prophase (?igure 6) is_similaf to that of the interphase
cell (Figure 3b). A basal body attached to its flagelluﬁ
can be seen at tﬁe anterior end of the cell. ‘MicrOCubufes
first appear as short segments which predominate next to
the nuclear eévelope at the poles of the spindle: (Figure
73. The chromosomes; are dispersed throughout most of
che_nucleopiasm during early prophase (Figures 6 a;d 7).
The roughly spherical nucleus gradually elongates inta a

spindle-shaped nucleus (Figures 5, 7 and 9). The .

distributipn of the chromosomes in the prophase spindle is

shown in Figure 9. A magnified viéw of a late prophase

spindle pole (Figure 8) shows long microtubules projecting:
into the karyoplés; from the pole and the odd sﬁort segment
next to the chromosbmeg._ Chromosomes are still preéent
near a pole which is approaching the plaSma membrane

(Figure 8).

Metaphase. ‘

The spindle-shaped nucleus is perpendicular to the
cell's long axis (Figure 4c) aand the poles of the nucleus
approach the plasma membrane (Figures 4c¢ and 10). No

specialized structures can be observed at the poles between

the plasma membrane and the nucleus (Figure 10). The

distance between the chromosomes and the pole (Figure

10) appears to have increased since late prophése

The word chromosome 1s utilized loosely in this thesis and
refers to the darker staining bodies within the mitotic
nucleus.



Figure 6

Longitudinal section through the mid portion
of a cell 1n early prophase showing that the
cytoplasmic organelles, and more
specifically,the basal bodies remain in their
interphase position. X 13,000 Bar 1.0 pm.
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Figure 7

Section through a prophase nucleus.
Chromosomes are visible throughout the
karyoplasm. Short microtubules are now
visible at the poles (arrows) and near the
chromosomes (arrowhead).

X 38,000 Bar: 0.2 um
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Figure 8

One pole of a late prophase spindle. Arrow
shows longer microtubules projecting away from
the pole while short segments are sometimes
observed next to the chromosomes (large
arrowheads). The chromosomes are still near
the pole as it approaches the plasma

membrane. The nuclear envelope remains
intact. X 39,000 Bar: 0.3 um

-
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Figure 9

Figure 10

View of the entire spindle showing the
distribution of the chromosonmes during
prophase.: :

X 20,000 Bar: 0.5 um

The proximity of the spindle pole to the
plasma membrane indicates a stage of
metaphase. No specialized structures are

observed between the pole and the plasma

membrane.
X 30,000 Bar: 0.3 um
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Figure 11

Metaphase as indicated by the large number
of microtubules near the chromosomes in this
cross—section of the mid portion of the
spindle. X 48,000 Bar: 0.2 m

g
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(Figure &). The nuclear envelope remalns intact, even at
the poles (Flgﬁre dU0). Golglr bodies are sometimes observed
adJaeenc Lo a pole Or the nucleus (Figure L0). The spinale
ls .acentric, Cthat 1is, no centrioles are present at the
poles. A cross-sectioll or The mid porcrion oI the,splodie
(Figure 1l) shows numerous microtubules and several
cnromo&omes aispersea throughout Che kKaryoplasm.
Kinetochores and aliyument or the cnromdsomes at the
£QuUator or the spindie Lo Lorm 4« mertapnase pldte have not
been observed 1n this organism.
anaphase

Two d2sCLl0CT CHOrOWOSOmMe Wwass$e$ 4Te UOW VISLIDLe WLCh1n Che
lpltact autlear euvelope (Figures 42 and .ul). ‘LThe shape oI Che
nucleus 10 Llonger resewbles & sSpliodle. The "poles, sSCiLl
adjacent L0 LhOe plaswma wenbTane, are Lless Capefed, wWole DLUNT
4nd Lfue Ceulral pOrtlion 1s Wole cylludricadld \hlgures 4a and Lz2).
Segents OI mlcrotubules appedr OVer mosh Of the lengtlt 0 Che
dnaphase nucleus (Flgure LZ).

Tue basal DUdles ale sT1lLl loCaled at Clle anlerior end or
Che cell (Faipure LZ2). ln Ctne separatlon or chromosowes at
éenapfiase, Llle CNLUMOSOMe—LU=-pOle ALSCHENCe dppedls Lo Qecledse
\compdre Frgure L2 to Filgure L1lu).

Iln edariy teiopliaSe, Whel CLle poleS Of Che RNUCLeUS afe SLLILL

Witnin proxXimlly of TiHe plasmd mewbraNe, The CentCral
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Figure 12

Two distinct massestéof chromosomes are shown
during anaphase. A basal body (large
arrowhead) can be observed at the anterior
end of the cell. Segments of microtubules
(arrows) are visible throughout the .
cylindrical nucleus. X 19,000 Bar: 0.5 um.
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portion of the nucleus constricts between the two
chromosome masses (Figures 4e and 13). A bundle of
microtubules appears within the constricted kafyoplasm
(Figdre 13b). The nucleus becomes moré dumbbell-shaped as
the nuclear eavelope is withdrawn from the plasma membrane,
and the conscricti;n in the mid portion of the nucleus
becomes more pronounced in mid telophase (Figure 14).

Fewer microtubules are visible within the densely stained
karyoplasm (Figure~14). In late telophase, the newly
formed dauéhter nuclei, adjacent to eéch other, occupy the
center of the cell (Figures 4f andlls). The karyoplasm ;t -
this stage (Figure 15) resembles that of anr early prophase
nucleus (Figure 6): the karyoplasm is densely stained, the
chromosomes are dispersed and spindle microtubules are‘no
longer visible (collapsed telophase spindle). Figure 156
shows a later stage oﬁ telophase, where a nucleolus
reappears in each of the adjacent nuclei. Mic;otubules
have not been observed 1in the cytoplasm between the
daughter nuclei following mitosis. During the stages of
mitosis described above, the outer nmorphology of the cell
and the location of the cytoplasmic orgaﬁelles do not
appear to differ from that of the interphase cell (Figures
3,4 and 6). Mitosis is thus fully completed befofe.;he
formation of new fiagella and the initiation of
cytokinesis.

Cytokinesis

The motion of the cell during the separation of the



Figure 13

a) Early telophase as indicated by the
proximity of the nuclear envelope to the
plasma membrene and the coastrictioen in the
mid portion of the nucleus.

X 20,000 Bar: 0.5 um

b) At higher magnification, a bundle of
microtubules i1s visible in the counstricted
region. X 50,000 Bar: 0.2 im



+.



-3,

Figure-

. At mid telophase, the nuclear eavelope is no”

longer near the plasma membrane and the
constrictdon in the mid portion of the
nucleus has become more pronounced. Only a
few short microtubules (arrows) can be seen
in the - karyoplasm of. the dumbbell-shaped
nucleus. X 33,000 . Bar: 0.3 um
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Figure 15

. -

.

Adjacent daughter nuclei in late telophase.
The densely stained karyoplasm is similar to
that observed during early prophase before
the nucleoll reappe€ar. A portion of the
papilla 1is visible at the anterigr end of the
cell. X 25, OOO ‘Bar: 0.4 um
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Figure

A nucleolus has jeformed in each daughter
nucleus. Followikg mitosis, microtubules
have not been observed in the cytoplasm
between the radjacent daughter nuclel.

X 25,000 Bar: 0.4 um
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flagella in.éarly cytokinesis differs from that of the
interpﬁése'cell (Brown et al, 1976). Instead of Harting
across the. field of view in a straight path,.g cell with an
extra setr of flagella tends to move sléwer and continously
change; direction as it revolveé along its loﬁg axis. This
type of mqtiqn allows one. to single dut cells 1In early
stages of cytokinesis from fhe rest of ﬁhe pOpulatioﬁ. .

The separation of the flagellar apparatuses is shown
in Figure 177 Cytokiﬁesis begins with the formation of. a
second flagellar épparatus at the ‘anterior end of the_cell
(Figure 17a). The separatioan of the two éiagellar
apparatﬁses is shown by the increasing distance between the
papillae (Figures 17a to l1l7e). An indenctation (furrow?) is
hsually present in the plasma membrane on the short side
between the papillae (Figures 1l7b to l7e}. The nucledi
appear to remain c¢lose to each other in the central area of
the c¢ell during these events (Figure§ 17¢ and l7e)f The
separation of the papillae, ,which lasts roughly ‘twenty -
minutes, can usually be followed until the papillae are at
opposife poles of the cell. The cells usually remain in
th&ﬁ stage unﬁil’tﬁey begin to deteriorate due to the.L
! drf{ng effect generated by the heat of the microscope
(Figure 17f). On one occasion, the appearaﬁcg of a furrow
at the mid point between the two papillae has been
witnessed and photographed (Figurexl7g). The nuclei appear
to have moved away from the site of furrowing at this stage

(Figure 17g).



Figure 17

'Lighc nicrographs a,b,d,f and g show

cytokinesis in swimming cells. LM ¢ and e of
stained thick sections confirm the presence of
daughter nuclei during early cyﬁokinésis.

a) Early stage of cytokinesis in which two
adjacent papillae and at least six flagella
are visible. Daughter nuclei can also be
observed. .

b) The papillae are further apart. A slight
indentation is visible at the anterior end,
not the posterior end.

c) View of adjacent daughter nuclei in the
central area of the cell.

d) The papillae have migrated away from each
other to the point where they are nearly at
opposite poles. An indeatation (furrow?) is
5till visible on the short side between the
papillae.

€) A view showing that the daughter nuclei can
still be found adjacent to each ¢ther in the
central area of the cytoplasm when the
papillae are nearly at opposite ends of the
cell.

f) A later stage at which the papillae areiat
opposite ends of the cell. This cell shows
signs of deterioration as the wet mount begins
to dry.

g) Late stage showing signs of furrowing all
around the plasma membrane at the mid point
between both papillae. Note that the nuclei
now appear to have moved away from the site of
furrowing. X 2,500 Bar: 4.0 um.






Formation of Basal Bodies

. .

New basal bodies are fo;med adjacent and perpe;di;ular
to the pre-existing pairs (Figures 185 and 18b). :New basal
bodies first appear as nine singlets (Figure 18c) at the
base of which exists a‘cartwheel structure. (Figure 18d).
Figure 19 shows a forming basal body in a cell with two
nuéléi. Serial sections of the same cell (Figure 205 show
all four of ;he forming basal bodies.

The full complement of extra basal bodies hgs also
been obserVed‘in basal body-rootlét complexes isolated by
tﬁ;fmgthod of Stearns et aX. (1976). Figures 2la and 21D
show isolated COmple;es with and without basal bodies. .
Thin sections of complexes, isolated at different time
intervgls after the termination of a cold shock, sﬂow a
forming basal body adjacent to a mature basal body -

(Figures 21 ¢ and 21 d).



Figure 18

: 3
Formation of basal bodies. ’
a, Longitudinal and tangential sections
through forming basal bodies (arrows) adjacent
to mature ones {arrowheads).
X 50,000 Bar: 0.2 um
b, Tangential sections through forming basal
bodies (arrows) adjacent and perpendicular to
mature. ones (arrowheads). X 52,000 Bar: 0.2 Lm
¢, Cross section through a singlet stage. -
X 68,000 Bar: 0.1 um
d, Cartwheel structuré within nine singlets.
X 62,000 Bar: 0.1 um
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Figure 19

-

Longitudiral section through a late telophase
cell with two nuclel showing forming basal
body (arrow) at the anterior end of the cell.
X 18,000 Bar: 0.5 um Y
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Figure 20

Non-adjacent serial sectiops througﬁ'the
papilla region of the cell *shown in Figure 19.
The complete set of four forming basal bodies
can be observed (arrows 1 to 4).

X 20,000 Bar: 0.5 um

-
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Figure 21

a) Isolated basal body-rootlet complex, 40

.minutes after the termination of the cold

shock, showing forming basal bodies (arrows)
X 17, 000 Bar: 0.5 um

b) Isolated basal body-rootlet complex from
an expomedtidlly growing culture, showing the
absence of forming.basal bodies. '

X 20,000 Bar: Q.5 um -

¢) Thin section of isoclated baszal
body-rootlet complex, 40 minutes after the
termination of the cold ,shock, showing a
forming basal body in the singlet stage
(arrow). X 33,000

d) Thid section of isolated basal body-rootlet
complex, isolated immedlately after the )

"termination of the col¢.shoc¥ showing a

forming basal’ body (to the right of the’

‘BTTOW) .

X 33,000 Bar: 0.3 um
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A E DISCUSSION . " .

" The totglly closed spindle displayed by Polytomella

agilis has also been reported for Chlamydomonag moewusi

(Triemer and Brown, 1974) and Asteromonas gracilis

(Floyd, 1978). Other closely related organisms such as

Chlamydomonas reinhardi (Johmson and Porter, 1968)
display polar fenestrae during mitosis. A possible role

[y

for’ these polar fenestrae is to allow the entrf of
cytoplasmic microtubules (Johr‘lgnd Porter, 1968) or
MTOCs (Heath, 1980) into the . oplasm in order to

form the mitotic spindle. If such is the case, it would

appear as 1if orgaﬁisms which lack polar fenestrae (ie.

".Polytomella), maintain an iatranuclear MTOC  responsible

%o; mitPtic organization. Whether ér not disruptions

oceur in the'nuclear eanvelope’, most unicellula; green {'
algae maiantain their nuclear eavelope throughout mitosis

(see Table 1 in the Introduction). -

The collapsings'telophase spindle fﬁa?olytomellé ~ . e

’
4

agilis is.a characteristic feature displayed by all the
chlorophycean algae in Table 1. Unlike these algae,

Polytomella égilis does not ‘appear to have a phycoplast.

The phycoplast in the Chlorophyceae is always associated

with the cleavage apparatus'as it bisects the cell betw?gh

v

the two adjacent nuclei. This has led Mattox and Stewart

- - ~

. { '
(1977) to postulate that the phycoplast appeared at the

same time as the collapsing telophase spindle “to ensure
. N o

gﬂ

-
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equal distribution of the nuclei within the crowded

cytoplasm of walled cells. Based on this assumption,

Polytomella agilis would not. require.a phycoplast since
it lacks a cell wall and its nuclei appear to be already
widely separated prilor to cleavage of the cytoplasﬁ
(Figure 17g).

In most of the Chlorophyceae, the nucleus
approaches the basal bodies from'ﬁreprophase to érOphase,
a considerable:numher‘of microtubules appéar in the
cytoplasm:betw;en the bagﬁl bodies and the nucleus, and
as the nucleus gradually elongates into a

crescent-shaped spindle, the basal bodies are -

distributed to oppeosite parts of the cell. In 3

'POLIEomella agilis, the nucleus appears to remain in its

interphase position during mitosis, microtubules are not

found between the basal bodies and the nucleus, and the

/.
~

basal bodies do not separate nor detach from the
flagella, but remain at their’uiual interphase posiFion,
Bbviously removed from the nuclear ﬁoles throughout
mitosis. Based §n Pickett—-Heaps' (1969) view that the
distribution of tﬁe basal bodies in these algae 1is
ensured by the elongating'mitotic siindle, éwo tentative

conclusions have been drawn from these mitotic

differences: 1) since Polytomella lacks both centrioles

and cytoplasmic microtubles near 1its nucleus, it may be
that these microtubules, seen only during mitosis in

other Chlorophyceae, are part of a structural system
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responsible for the distribution of the centriocles; 2)

the distribution of basal bodies in Polytomella is

ensured by a different mechanism than that in the- other
Chlorophyceae.

The duration of cytokinesis when the cell is placed

on a slide is much slower (roughly 20,minu;es) than when

1t 1s in the culture medium, as indicated by the

difficulty of finding dividing cells in a2 log phase
culture. This process ‘of cell division thus appears to
be sensitive to environmental influences such as
temperature changes and confinement in P. agilis

A different type of cytdkinesis, where Ehe cleavage
furrow begins at the posterior end and proceeds to the.

anterior end, has been reported for"Polytomella caeca by .

Lewis et al. (197&)ﬁ This.réport ﬁas.made us question.
whether our observations were artifacts of the ;old
shock. We have rejected this hypothesis based on the
fact that cell division is 2 conservative process and a

change in'temperature would not likely cause a

. completely different type. of cytokinesis. This leaves

us with a perplexing situatidn where the genus

Polytomella exhibits two types of cytokinesis.

Stages of basal body formation in Polytomella are

similar te those réported for Chlamydomonas

(Cavalier-Smith, 1974). Several forming basal bodies

consisting of nine singlets surrounding the cartwheel

-

structure have been observed. The cartwheel structure
, .
~

~
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(Figure 18d) is located at the base of the basal body

(Ringer, 1967). Gould (1975) has reported that forﬁing
~ .

//’//basal bodies in Chlamydomonés develop from a ring of.
/

triplets and that the observed stages of.singlets were
sections through the elongating tip of the basal body.
Since the nine singlets have been found surrounding a

cartwheel for Chlamydomonas (Cavalier-Smith, lQ?Aiy

Polytomella and other organisms, it seems unlikely that

these rings of singlets are views of the elongating tip.

" Qur observations support the view of Cavalier-Smith

(1974) that basal bodies are formed by the assembly of

additional microtubules unto the singlets to form the
oy ‘-.

characteristic ecylinder of triplets in the mature

I

stage.

Basal body formation in Polytomella appears to be
closely associated in time to mitosis, although the

exact timing could not be determined. Triemer and Brown

.{1974) have proposed that baéal body formation occurs

early (preprophase) in Chlamydomonas while Pickett~Heaps

{1973) has proposed that it oeccurs later (telophase) in

-

Tetraspora. -

Basal bodies isolated from homogenized cells remaip‘

firmly attached to each other in Chlamydomonas

~

(Cavalier-Smith, 1974). Isolation of basal body

complexes consisting of four new and four old basal

bodies in Polytomella (Figure 2la) indicates a strong

44
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attachment of not only the old basal bodies but also of
thelnew set to the old one. Observation of the eight
original rootlets in these complexes also suggests that
basal body elongation is completed before the new
rootlets are assembled.

Marano (1976) has stated that the cleavage furrow

. in Dunaliella separates the basal bodies into pairs of

one old and one new basal bodyt The observation of a
shorter pair of flaéella in each set during migrationfbf
the flagellar compiexes during early cytokinesis y
suggests a similar semiconservative distribution’of \\\\
basal:bodies in P. agilis.

A close relationship between Polytomella and

Chlanmydomonas has already beeq suggested (Brown et al, .
1976¢c) by the similarity in their £lagellar apparacusesﬁ
the connecting fibers between the A pair of basal bodies

.

in Polytomella are identical to those of Chlamydomonas

(Goodenough and Weiss, 1978) and the rootlets in both -
organisms consist of identical compound and microtubular
rooélets, in a cruciat; arrangement. The same type of
roo;lets have been shown'in Dunaliella (Eyden, 1975).

In the classifications of Fritsch (1935) and smith

(1950), Dunaliella and Polytomella are one family

(Polyblepharidaceae) removed from Chlamydomonas '

(Chlamydomonadaceae) because of the absence of a cell
wall which has likely beenm lost (Fritsch, .1935).

This thesis has shown a similarity in ‘cell division

45



(i.e. collapsing telophase spindle) between Polytomellé,

Dunaliella aﬁd‘Chlamydomonas which supports the

clagssification of Polytomella within the Chlorophyceae. .

The difference in the basal body distribution and the .

’lack of phycoplast indicates that Polytomella diverged
from a2 chlamydomonad—-like ancestor early in its -
history.

Studies of cell division 1n other phytomonaﬁs.and.
biochemiFal studies of tﬁe type cagfied cut in Tolbert's
labofatory {(Frederick et al., 1973{ should contribute to
further elucidate.the phjlogeéy for this heterogeneous

group of organisms.

-
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