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The distribﬂtion of microtubule systems in.the
quadriflagellate unicell, Pol tomella, ;i@_detailed. The
motile vegetative cell has a single, antetior cruciform
papilla which contains a dense microﬁibrillar network but
no microtubules or otheg,organelles. Four ecual flagella
1 insert at approximate right angles to each ather into;de—

pressiqps-at the‘base"of tne papilla. The four basal bodies
are embedded 'in an'amorphous electron;dense material, anda
opposite basal bodieg are'Eonnected,by striated fibers.
Two structurally distinct rootlets one consisting of
clos%ly appressed microtubules (microtubular rootlet),.'be
other{ff fine fibers with alternating electron—dense and
electron-transparent reégions’ (striated rootlet),;insert .
between each palr of adjacent hasal bodies. ’Cytoplasmic
microtubules terminate onﬁall elght rootlets, dlverge, and
‘extend just;beneath the plasma membrane to the cell \
Tposterior. Studies correlating microtubule reappearance .
- and, shape regeneration in cells exposed to hydrostatic
pressure indicate that a) these rootlets function as. A
nucleating sites for mi¢rotubule assembly, and b) the
cytoplasmic migfotubules associated with’ these sites

v

function in development and maintenance of cell shape. -

‘Synchronous division in Polytomella can’ be ‘induced using
).:‘l / ]" . . . - ‘ . . .
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‘tion of the flagellar and cytoplasmic microtubule .
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temperature shocks. Fof@at%gn\of the mitotic spindlel o .

-‘ ! . ' - t
is intranuclear, and nuclear division precedesareplica—
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Resume

La dlstributlon des sybtémes de,mlcrotubuxeo ddns

l'unlcellulaire quadriflagellé Polytomella est detaillee.- k/\t>r"

La cellule vggétatlve mobile a une unique papille cruci—
forme anterleﬂve laquelle cantient un réseau fibrillaire
dense mais sans microtubuTes ou autres organelles. Quatre
flagelles égales. s'insérent ddns les débréssions a la base
de la papille en formant un- angle droit entre chacuan'eux.

Leq quatre corps basaux sont entoures d'une substance” + '“f
amorphe, dense aux elnctrons.- Des fibres striéés relient
" les corps ‘basaux opposéé. La—cellule cont fent deux ¢
"rooflets" structureliement differents le ﬁ%emier con—
stitue de microtubules étr01tement juxtaposées ("rootlet™

microtubulaire) Le deuxieme de fibres fines avec des

gegions alternativement denses et't}aﬁspérentes {("rootlet"
g ‘ . . * v .
strié), stinsérent entre chaque paire de corps basaux

' /

.adjacents: Les microtubules cytoplasmiques se terminent

sur les’huit "rootlets“ dlvergent, puis s'étendent
dirgctement sous la membrane .cellulaire juaqu{a-l'extrémité' | ]
. posierieure de 1a cellule. . Les:é%u&es'mettanﬁ en“cor~-‘;.
.‘relation la: reapparition des microtubules et la regenera~ ; T
tion de la forme-des cellules exposees 4 une. pression ‘
hydrostatique indiquent que'5a ) ces Qrootlets“ fonctionnent

comme "nucledting sites" lors de ltassemblage de micro-

tubules;, et b) les mlcrotubules cytqplasmiques assocle’s a
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ces sites, joueqt un 8le dans le dé@eloppement et lé— : - -
y v
maintien de la forme de la cellule. La division syn— \\““Jf“
chronisée chez Polytomella peut Btre induite par L'utilisas

"tion de choecs ﬁhermiqﬁes. La formation du fuseau mipotique

‘ . ~ 7 ’.
-est intranucléaire, ef la division nucléBire précede la

réplication des systémes de microtubules flagellaires et .

cytoplasmiques.l,ﬁ)

/' : g oo

&




The occurrence of microtubules was first reported
in animal eelle_by,Slautterbaék'(1963) andjid‘plant cells .
by Ledbetter and Poetpr (1963). The wideepread.distribption
of microtubules was fecogﬁized"wito the advent of imoroved )
procedures for fixatioﬁ of-both plant and animal cells

(éabatini, Bensch and Barrnett, 1963). The flxatlve glutaral—

| et

dehyde, followed by post flxatlon in osmlum tetrox1de,

made the preservatlon of these tubules p0551ble. A&

Mlcrotubule are slender, unbranched structures - ¢
s S - 0 : B

which measure between 200 & ang 250 A in diameter. 1In cross-
§éqtion theee tubules appear as a dense cylindricdl wall

/ :
around a less dense centre. Seen in crqss seotlon, the

dense wall is- belleved to be made up.-of 11 to 13 closely
associated, globular subunits, each meaSuring-approximately _ - @

o . . o
40 A in diameter (Ringo, 1967a, Newcomb, 1969). .
- Because of the widespread occurrence of micro—" ‘ \

-tubules, a veriety of speculations. -was made as to their - o et
/ .

possible role br roles in cells.
ol . . o

Microtubules are inVolved in mpvement of cirié . ;

and flagella. These organelles were khown' to congist of ° X B
Vo
mlnute flbrlls. . The éﬁVent of the electron mlcroscope

~ made the detalled study of the/g:lla and flagella p0551ble. -
=

Using negatlvelx,stéfged preparations, Grlgg and Hodge 5
(1949),;epﬁfged-ll.flbrlls in spermwﬁalls. Manton and s .

o ~ o o | ) .
815;;;‘(1950) were the first to- recognize the structural
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nnlformlty of plant flagella. ' Manton (1952) concludeé from
her many observatlons, that flagella and cilia con51sted of
9 outer flbrlls and 2 structurally dlfferent central flbrlls.:

Much work has been done on the ultrastructure, the mechan-

isms of movement and the biochemistry of these motile

, ! ) v ) . {
organelles; and_revmew artlcles are available (Gibbons,,

- 1968, .Joyon and Mignot} 1969, Warner, 1972)

R

Mlcrotubules also function 1n chromosome movement

"P : oy <

;in the mltotrc splndle apparatus Inoué and Sato (1967}
hypothe51zed that the contractlon and the elongatlon of
the splndle mlcrotubules and fllaments were respon51ble for

]

the regular mitotic movements of chromosomes They contend

thatnthe spindle-fibers can elongate by condensation and

¢

polymerlzatlon of the splndle proteln molecules threreby’

‘prrov1d1ng forces to push chromosomes- conver&ely, depoly— L ;

merization of spIndle flbers accounts for their shortening

and contractlon. ~

-

Mlcrotubules may also function in the dlstrlbutlon-

“and” translocatlon of partlcles ‘within the cell : They may {
. - ’ . e ]

also deflne cytoplasmlc streamlng channels,.thus compart- R
mentalizing cytoplasmic materials (Porter, 1966, Newcomb,

1969, Tilney, 1971a). ~ -?;.

S Iﬂ;manifanimal’ﬁﬁa’protlstan cells, tha‘mlcro—: \\\\\\ |

tubul?S are b¢11§VEd't0ngaY.a_qytoskeletal role;' These . S N

tubules afe.orienteo and distributed in the cytoplasm of_. .
‘ i ' o @

\ . . -
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and malntenance of cell asymmetrles (Pgrter, 1966 Tllney,'fw_
. 1968a) Wlthln the axopodla of Actlnosphaerlum nucleofllum

s, :
1S“an axoneme which is composed of two’ 1nterlock1ng corls _

!
* of mlcrotubules (Tllney and Porter, 1965) If the micro- ", ' . f
tubules in the axopodla are kept in a depolymerlzed form ' 1

using hydrostatic pressure (Tilney, Hirameto and Marsland

e

1966), low temperature (Tllney and Porter, 1967) or colch1c1ne

'dﬁ (Tilney, ’3f8b) the axopodla are unéble 'to reform re-
th

~growth ofrthe cell extensrons begins when these agents are ”

removed and microtubqles are presentlin-the redeveloping

Y

axopodia. Recently, Bouck and Brown (19?3) dﬁscribed the

entire complement of microtubules in Ochromonas and using

IL . ',—\ . ! ‘ :
microthbule depolymerizing agents, such as colchicine and - = PR

N

hydrqstatic pressure, demonstrated an obligatory role for
| .

cytoplasmio microtubules in egtablishing and:maintaining'

cell shape (Brown and Bouck 1973) o D 3

Vlnblast;ne hai}been shown to cause. the breakdown

of mlcrotubules into fllaments. The formation of large

r

R

cytoplasmic crystals, apparently composed of mlcrotubule; o ;
a . " I.‘t ¥

protein subunits and bound v1nblast1ne, is also observed SE i.
(Marantz et al., 1969!'01msted_g£ al., 1970, Bryan;'1971,, f B
Behnke and Fgrer, 1972) . ﬁicfotubules~are‘resoonsible for
elongation of.ce;lsrof!the neural anlage whiéh»occursfdﬁriné :
the.neurulation(in Xeno us. Embryds treated witn vinblast-

.:' . ) { . T Ky Lt

-
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Aine sylfate lose thelr elongate shape due to the dlsruptlon

of T crotubules (Karfunkel “1971) )

.

Mlcrotubules are belleved to play a role 1n the

formation and elongatlon of the” filopod;a of the secondar

\ »

meSenchyme cells 1n Arbacia, -Development is arrested in-

* a9

embryos treated with colchlclne ox hydrostatlc pressure -

‘assembly of cytoplasmlc mlcrotubules,‘lt appears that the .

mlcrotubules are related tor the productlon of cell shape

1n thls,multlcellular embryo.

B )

In plant cells whichypossess rigid, supportlve_

cell'walls, 1crotubules, lf they are lnvolved in the de-~
p051tlon of the wall mlcroflbrlls, may . functlon in control-

11ng cell shape. It ha been assumed that-microflbrlllar
o P ‘

orlentatlon at the time of deposrtlon is under.mlcrotubular

‘control. ThlS is supported by observatlons correlatlng

: $ 7
the parallelnorlentat}on of_the‘mlcrotubules‘and the new=y
deposited‘microfihrils Tn?gfowing.primary walls, and in

the developlng thlckenlng of secondary walls (Newcomb

. e K ' : {
1969) | SN - T

- ) LY ' .
) ' ' Mlcrotdbules have been shown to function 1n\the

o 4 1 -

regardlng the regulatlon of flagellar and cytoplasmlc v

mlcrotubule appearance and thelr ‘distribution in cells

A

f- since “the factors which detérmene;the‘orieneation and T

“
&

It

(Tllney and ?Jbbins, 1968) ’ Slnce these agents cause dis-

development and malntenance of cell shape. *Questlons arlse'

L-

| L



13

assembly of microtubules are‘important'for they/ultimately
oontroi'ceil differentiation,a There are sites w1th1n cells -

on Wthh mlcrotubules termlnate. The mlcrotubulee, whlch

el

are free at one end, appear to make‘contact with identi—
fiable 51tes‘such as the surface of centrloles (Pickett- -
,Heaps, 1971), parts of the. nuclear envelope (Roh;now and
,Marak 1%66}, klnetochores (Brlnkley and Nlcklas, {968),
and rhlgoplasts (Bouck and Brown, 1973).. .These sites have
‘been called fOCl (Porter, 1966), orlentlng centres (Inoue
and Sato, 1967), nucleatlng centres (Tllney; 1968a), .

mlcrotubule—organlzlng centres (Plckett-Heaps, 1969); and

:_nucleatlng sites (Tllney and Goddard lQ}p). These

nucleatlné sites, w1tﬁ whlch t bules are assoc1ated
\

-usually appear “&s dlfose, amdrphous, electronwopaque

-material. . Bopck;and Bnown (1973)'have identified different
presumbtiﬁefﬂhcfeatihg?sites Ain Ochromonas which are all

klnetosome related ' Loss of cell shape 1n-response to a

Y - IS ’

varlety of mlcrotubule depolymerlzlng agents is belleved

. to proceed toward the nucleatlng sites. Experlments,
'3 .
using depolymerlzlng agents,_strongly\suggest that the

temporal afid spatlal.control of mlcrotubule assembly, in
regenera;ing cells, is reiated to tﬁese recognlzable
nucleatlng 51tes (Brown and Bouck, 1973). The isolation
and blochemlcal char%cterlzatlon of the nucleatlng material

Y

will help detErmlne its exact role_in control of micro-




) :
" tubule assembly. -
+ LN 2 ) T

Tilney and Byers (1359) suggest that the axonemal

: pattern-in Actinosphaerium is controlled by the substructure

of the tubules and tpe links or ‘bridges which connect ( v

I

-thém. This apcordlngly would achieve the most stable con-
N .
figuration ﬁf'the tubhles by selecting the eneréetically
most favourable bondlng pattern which is assumed to be the ‘ /

axoneme. In Raphldlophrys, the orlentatlon of mlchtubules -

into the axonemal pattern is- suggested to result from the

~formation of brldges‘between adjacent tubules at some dis-

- o -3

tancé from the nucleating site (Tilney, 1971b). On the.

. other hand Tucker (1970) postulates that-the microtubule”

ra

)
pattern 1n the deve10p1ng cytopharyngeal basket in NaSSula

'1s deflned at the p01nts of tubule 1n1t1at10n (i. e. !

nucleatlng 51tes) and that the cross—connect&ons functlon .k
3;lln stablllzlng the ex1st1ng mlcrotubule dlstrlbutlon. ; | t
. Heat shocks inhibit the 1n1t1atlon of rod tubuleSf;n‘ *
Nassula. Temperature-shocks eause abnormal arrangement of .~ 2
these initratron sites but longitudinal growth'of,existing i, ‘é
ltubules contlnues. Hepler and Jackson (1969) foﬁna'that . E
the antimitotic herbicide, isopropyl-N-phenyl earbamate/ |
f(IPC) causQS'reprigptation of spindle mierotubules in N
Q}viding Haemanthus so that a nultipolar snindle apperatus

, b
is formed. They postulate that IPC may be'?ifecting the R

_ ergenization of, the spindle'ﬁicrotnbules.‘ By combining




' 4
IPC/and hydrostatlc pressure, it is possible to obtaln

spherlcal populations of Ochromonasﬁhln which all the -

microtubules are depolymerized or'converted to 'macro-.

tubules'. When the pressure‘is TEieased‘énd the I$C
‘ ‘ 7 . .
washed out,'thenpppulationrsynchronously regenerates its

cell shape. The tubules first appear assoc1ated with the

3

presumptlve nucleatlng sites and gradually extend to the’

cell's posterlqr (Brown and Bouck, 1973). n

The structural componenEOOf‘miérotubuiee,
isolated from diversersoprces, such ee flagella and neurd-
tubules, is a ptotein called tubulin. Although the. |
;ﬁbulins have been shown-to be.similar in sedimentetion

4

cefficients, and molecular weights (Shé@anski and Tayler,

1968, Weisehberg;'Borisy‘and Taylor, 1968), microtubulés

from aifferent sources respond differently td various
. ~ )

- =

physical and chemical treatments (Behnke and Forer, 1967)1

[ .

Tilpey and Gibbins (1968c) showed that certain antimitotic

agents such-as colchicine and-high hydrostatic pressure had” =~ i

dlfferentlal effects on the cytoplasmic and c1llary micro- -
tubuies of sea urchln gastrulae. "Brown and Bouck (1973) i
reported a: dlfferentlal sen51t1v1ty in Ochromonas,

between two sets. of cytoplasmlc microtubules as well as

between the cytqplasmlc and flagellar microtubules.

 These different degrees of stabilityibetween_the various
populations of microtubules may be partially accounted ‘




o .
| /
for by varlatlons in tubulln compos1tlon (Flne, 1971
Olmsted et al., 1971, Feit et al., 1971).
~t . The develoément of the flagellar apgaratus in—
volves the synthe51s of mlcrotubule protein and its as-
sembly into the characterlstlc "9 + 2" axonemal conflgura—
tlon. Naeglerla can be 1nduged to transform from the
.,.amoeba stage (hav1ng no flagella) into flagellates
(generally having 2 flagella) thus provldlng 2 _system for
' the study of flagellarrdevelopment (Dingle and Chandler,
1966). é;é ba;al bodiee.appear .to arise de novo during
thebtransformatlon of Naeglerla from amoeba to flagellate.
- The axonemal paQﬁern is apparently ordered under the
1nfluence of the basal body pattern. FlagelIar deyelop—

ment has also been studied in a number oflsysreﬁs in which-

the flageliar aﬁparatus duplicated during cell division:

Peranema trlchophorum ATamm, 1967), Oedoggglum cardiacum

L

i

(Hoffman, I’966:,L Pickdtt- -Heaps, 1971), (Chlamydomonas
| relnhardl (Johnson and Porter, 1968). In most cases where
flagella or cilia disappear in morphogenesis, the IGxss - {l:
_ie_by‘shortening (i.e. 'retracrion’ '‘withdrawal’, 'de-

.

generation') (Tamm, 1967 Johnson and Porter, 1968)
- ‘
Amputatlon induced flagellar regeneratlon pre-—
¥ septs a.useful tool for the study of microtubule syntheiii
andjassembly in the:external flagellum. Ana1y51s of re~

generatlon klnetlcs reveals the complex nature of thls




procéss which is generally characterdzed by a lag phage\(nb
apparent flagellarﬂelonganiqn) and an elongation phase
{lengthening of the fiageilar shaff until the original

length Is regalned) (Dubnau, 19671, Rosénbaum and child,

L}

1967, Tamm, 1967, Rosenbaum et al., 1969, Rosenbaum and

~
P

carlson, 1969). - cL

Proteln synthe51s is requlred for total flagel—
_ lar regeneri:i?n The addltlon of cyclohex1m1de meedlately
“after flagellar amputatlon resulted in almost cdmplete
inhibition of flagellar elongation in Euglena (Rosenbaum
and Child, lB/d) Partial regenerathé ‘of flagella Occurs

w’

in Chlamydomonas 1n concentratlons of cyc}ohex1m1de in- -

-
[

hlbltlng‘to protein synthe51s (Rosenbaum et al 1969).

Colthlclne and itd derlvatlve, Colcemld, also
inhibit flagellar and 0111ary regeneratlon. The elongar
tlon of ciliary buds 1n’§;1tured f;broblasts is inhibinéd -
by Colcemid (Stubblafield and Brinkley, i966);iédlchidine-.
inhibits 0111ary elongatlon in cilia regeneratlng EEEEE"

Imena (Rosenbaum and Carlson, 1969), and flagellar
regeneratlon in Chlamydomonas (Rosenbaum et al., 1969) and

in Ochromo;as (Brown'andﬂBoqpk, 1973). -Inhlpltory,con—‘

centrations of colchicine were shown to have no effect on

RNA (Rosenbaum and Carlson, 1969) or proteln synthesis:
&

(Rosenbaum et al., lg?&)f Colch1c1ne blnds to mlcrotubule
i

subunit protein (Borisy and Taylor, 1967). The blndlng

-

- . \ - . .. K& '. .
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, Of colchicine to flagellar microtubule protein-.in LT L

!

Chlamydomonas (Rosenbaum et al., 1969) and to spindle Tmicro- i
- - — X . T e - )

[ ) J .
tubule protein in Pectinaria“. (Inoué and Sato, 1967) is S

completely re&é;sible." In bdth these systéms the micro- =~ - L
tubular protein is kept in the depolymeriied state by’ T

.

colchicine and when the colc@icine is washed out, micro-

tubule reasséﬁbly-ocgurs_in the absence of new protein
\ .

. R . ‘ R C, ; P /
synthesis. New protein synthesis is required for flagellar

VI . . - » 1} -
regeneration in Ochromonas after colchicine is washed out
T ! * 4

-(Brown and Bouck, 1973), sgggeSﬁing that the flagellar

microtubular subunit protein is irreversibly altered by O

.. exposure to colchicine in their system. .

"
.

=N . ' - L
Microtubules are linked with two main functions

B

in cells: -movement of cells and cell @arts—(é.g.rch:omo-

somes) and production of éel; form. The roles played by

these tupules ‘are important faCtors_iH the reguiatioqﬁpf

- f

gell differentiation and in the control of motili¢y .

- “
»

.

systems. A single organism in which both function ahg

control of the different populatioqs of microtubules ctéuld ‘

be studied would aiﬂuthe further characterization of

tﬁbules, bridges, and nucleating sites. Such an experi-

mental system could be used to correlate the interactions

bgtween the-factors_invplvéd-ﬂn microtubule biogenesis.
":‘:“ oY " c v - . '

.

.
.
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POLytomella agilis presents an 1deal system.for
the study of nucleatlng sites (termlnology of Tllney and
Goddard, 19703 a;d for their p0551ble role in microtubule
,initiation. Twa distinct sets of mlcrotubules are
assoc1ated wlth the 1nterphase cell. the flagellar mlcro-
tubules and the cytoplasmlc mlcrotubules which ‘may contri-

bute to the development and/or maintenance of cell shape

Mlcrotubule dlstrabutlon in Polytdmella 15 descrlbed in

Sectlon I and p0551b1e nucleatlng sxtes fOr cytoplasmic

y

‘mlcrotubule assembly are located. , \; ;o )
B t 4

To determine that mlcrotubules functlon in es—

tabllshlng and malntalnlng cell shape in Polztomella,

the regeneratlon efriftoplasmlc mlcrotubules and the role

'

of the presumptlve nucleatlng 51tes in. the reassembly

process were studied u51ng m1crotpbule dépolymerlzlng

T

-agents. This work will be described in Section II

( .
< . . - '




»1

SECTION I

Cos

The'colouriess'unicell Polytomella agilis - Aragoa

(Volvocales, Tetrablepharidaoeae, Pringsheim 1955) exists

in a free swimming form angd a cyst form. The transition, -

to the eﬁbysted form has ‘been studied ultrastructurally.

- /

There is an accumulation\of starch bodies, mitochondria

~ and ribosomes disappear and a thick 3-layered- wall is

developed (Gittleson, hfper and Conti, 195?0. Moore_gt_gl.,

. (1970) have‘reported that the developing cyst wall 1s

fibrous and’ consists of at.least 6 layers. of different
electron density external’ to the plasma membrane. It is

difficult to distinguish between the ceIls destined to

'encyst and those.destined to die (10% of the cells:encyst);

according to these authors, these facts account for the
1
structural abnormalities observed. Soluble proteins from -

disrupted motile and encysted cells were found to differ

_ in electrophoretic mobilities. Concentrations of constituent

proteins_ vary between the motile cells and the cysts. There
was greater amylolytic attivity in the soluble proteins from
the motile iraction than in those from ‘the encysted fraction

(Sheeler, Cantbr and Moore, 1968 1970)

Moore et al., (1970) ‘have described the ultra-
structure of P. agili emphasizing thé distribution and

.fine structure of the cell organelles 1in the trophic and
'encysted stages of the life cyele. The microtubules were

briefiy discusséd and it was suggested-that the tubules

17 .
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whigh are oriented longitudinally beneath the'plasms'

'membrane'may pf}y a structural or skeletal réie in this

quadriflagellate cell.

The present study desc s the distribution of

. ///

microtubules in. Polvtgmengf;gilis. P letgmella has ex-
/ :

tensive microtugglar systems which are associated wlth

presumptive nucleating sites. .
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METHODS. AND MATERIALS

\\

Polytomella agilis Aragoa (ﬁ 193) wasforiginally

obﬂalned from the Culture Collectlon of Algae at ‘Indiana

~Un1ver31ty, Bloomlngton, Indlana. . agilis was grown in

. batch cultures of 400 ml in 1000 ml Erlenmyer flasks 'in

-

R
a complex medlum contalnlng 0. l% tryptone, 0.2% yeast
\

extract and a 0.2% sodium acetate at pH 6.8 (Sheeler et .

-al., 1968). The cells were 1ncubated,at 25° C in the

bl

darkr In order to study the growth kinetics, l ml allquots

-

of tells in batch cultures were taken at various time
1ntervals, tixed in 0.5% glutaraldehyde and counted in

a haemacytometer. o ‘ _ . -

LIGHT MICROSCOPY ‘ ' LN

. : . s,
 Living cells’were photographed with a Zeiss '
microscope equipped with Nomarski optics'and.a Eeiss 60

-.J

W.s. electronic flash. The cells were observed 1n growth

~medium plus Protoslo (Carollna Blologlcal Supplles)

o

whlch 1ncreases the v150051ty of the medlum and fa01lltates

0".‘,.‘_.

photographlng SW1mm1ng cells. : _ o \ ‘ 3
© . ) SR

- « M . ’ ) PR T
SCANNING ELECTRON'MICROSCOPY- L : .

Cells were fmxed in 0.5% glutaraldehyde 1n/0/65M
phosphate buffer pH 7.4" (Gerhardt and Berger, 1971) and
then resuspended in distilled water. The cells were
freeze dried for 12 rours in a, Speedivac Freeze-Drier. -

i v
H '

o
e
-
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‘They were then coated with a gold-glatindm alioy and exJ
amined in a Cambridge Stereoscan electron microscope.

N ’ oA v Ty
TRANSMISSION _ELECTRON MICROSCOPY : /’ﬂ

. . agilis was flxed at room temperature (22 Cf)“

-for 1 hour 1n 0.5% glutaraldehyde’buffered with 0.05M
phosphete pH 7.4 and washed tﬁ;ee-times in phosphate-buffer
(22° C.)." The cells were post-fixed for 1 hour in 1.0%
ngium tetroxiéé‘(0504) in thSphate.b&ffef at o° ¢, .

' washed three times in phosphate buffer (0% ¢) and:dehydrated

in a graded acetone series. Theé cells were then infiltrated

“ P
-

with Spurr's hard plastic (Spurr, 1969) and polymerized

at 60° C for 18 hpurs. Sections cut on a Sorvall Porter— .

Blum MT-2B ultramicrotome were collected on formvar coated-
. . ]
copper grids.  [The sections were stained in a saturated uranyl-

acetate solution- (2% W/V) indAs50% ethahol followed by “lead
.citrate (Reynolds, 1963), and were viewed in an A.E.I.

EM-6B electron microscope. - ‘ g .
N : . i
i ]

PARTIAL SYNCHRONIZATION OF POLYTOMELLA

In order to increase the number of dividing cells
in the\population, cells were subjected to temperature

shocks'(cantor, Bartholomew and Thieman, 1966).° A batch

-

culture inoculated w1th 105 cells was placed at 259 C for .
kﬁ hours {one generatlon tlme), transferred to 9° B‘for 22

. hours and then.returned to 25%. one ml samples were “taken
) [ : ' J
Y _ _ L
R ' a

&
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“_‘i’., at .variou"s ini‘:'erv.als,.fi'}:,eﬁ/gx%d counted in a haépmacyto- .
£  meter. Upoﬁ return +to 250~C, the’ cell population doubled

_" ( . - X - . ) . ’

i in less than 2 hours.. .During this period, cells were ) ,

'=. . - ) v _/’\\_ -
i fixed for electron microscopy as previously described. - :
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. OBSERVATIONS &’/
CELL ORGANELLES - e,

In the exponential phase of growth, Virtually 100%

of the cells are in the motlle form (Fig. 1). This quadri- . o 3

. (‘-.

flagell&te;cell is elongate (about 12 um long and 7 um

AT T T T I YTy TG T T R L

wide) with a 51ngle anterlor progectlon called the papllla., - |
E : Sdannlng electron mlcroscopy was undertaken 1n order to . | “’S

get a prec1se three—dlmen51onal plcture of Polytomella X

=t

..- '
3 ¢”~Scann1ng electron mlcrographs show the four anterlor

a‘ o
¥ fLagella emerglng in .two opposxte palrs from_depress1ons

"at the ‘base of -the Xx- shaped papllla (Figs. 2=-3).
A longltudlnal sectlon through the celi‘reveals
' the regular distribution of the magprlty of organelles

(Fig. ;}) This regularity makes it p0551ble to reCOgnlze

the orlentatlon of any sectlon The central nucleus is

-’.) >4

ound_by a nuclear envelope wpose contlnulty'ls broken by

3

b

b

i
.

nuclear pores; the pores are oftep plugged by granular - -
electron opaque material (Moore et al., 1970). Thelnucleo— . e

plasm is homogeneous except for a large, well defined ) ' e

TR NCIRTRI T 2 SRR AT (2 nart

nucleolus which contalns dense fihrillar areas and granular. _ R

areas. Several Golg1 bodles (dictyosdmes) surround the

b4

e g b

. nucleus. ‘They con51st,of flattened, saucér shaped ¢isternae
which are surrounded by vesicles, The mitochondria,

? . ‘located_ mainly at the antérior end of the dell, are large,
} N . ) ,:,“ ‘ .
: I . } . ;"— : ) X ) . .\
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| Fig. 1: Flash photogréph of a swimming Fylytomella
x 4,000 . v i '
Figf 2: Scanning electron micrograph of Folytomella
' showing the ovold shape, the anterior papilla (P)
and the 4 flagella. X 4,000 ' - )
Fig. 3: Head on view of Polytomella showihg the 4
.. flagella emerging Pfrom depresstons at the ‘base of
- ) the papilla. x 9,000. . - . .
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%ig. 4: Median longitudinal section of Polytomella: i
P, papilla, G, golgi body, L,rleucoplast, S5, starch, V, Vacuohﬁ

M, mifochondria, N, nucleus. The arrow indicates the
basal body region x 15,000.- ' SR
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elongate;'and often nonvoluted organelles in which the

cristae are randomly distributed. The leucoplasts (or bro;l
plastids.in the terminoloéy of Moore et al., 1970) aré )
generally‘founé at the cell posﬁérior. In éxﬁnnentially
growing culnnres, these organelles have a granulan nafrix

and in older chlturqs, the leucoplasts contain many starch

grains.

Two tjpesﬂof membrane-bound vacuoles are evident ’
in P. aéilis. The four contractlle vacuoles, found beneath
the papilla, are 51m11ar to those descrlbed in other greep ’
algae (Hobbs, 1971) Other large vacuoles which are found

throughout the cell contain osmophilic granules, the

. b
nature of which‘is unknown Rlbosomes are present through— . N&%
out the cytoplasm, a55001ated w1th the endoplasmlc reti-

-

/ .
culum, and with the nuclegr”membrane. There_ls no evidence .
for a cell wall or Pg}licle énywhere around the plasma ' }

B +
-

membrane., -~ -

- ) - i . .
Polytomella agilis contains three distinct sets

of microtg?ulés;- the flagellar microtubules, the cyto- |
‘plasmic microtnbules and. nuclear midrotqbules. .

=%
Y

¢



FLAGELLAR MICROTUBULES y s . “

» A flagellum can‘be divlded into four parts for
purposes of dlSCHSSlOH. the flagellar tip, the flagellum
proper, the tran51t10nal reglon, and the basal body which "
aSEhdFs the flagellum in the cell Tig. 5a shows a longi;d
tudlnal section through the flagellum proper, the transi-
tional zone and the basal body. The transitional- zone, isr
located between the flagellum propef whlch is external to
the cell and therbasal bedy which—is embedded in amorphouS'
electron -opagque materlal i located beneath the papllla

In the flagellar tlp {Fig. 5b), the nlne perl—
phef:l doublets are gradually lost and only the central
pair of mlcrotubules extend  to the very tip. The matrix‘ .
material is less evident. é | .

| In the flagellum itself (Flg 5c), the character~

istic 9+ 2 axoneme pattern 1s embedded in matrix . There
are no hairlike projections or mastigonemes :attached td
the flagellar-membrane anywhere along its length. ‘

‘The transitional’gggion can'be subdivided into
three parts. At the di%tgl end only the nine outer doublets:

-

are observed (Fig. Sd); the central pair does not.extend;?
into this reé;on and very iittle matrix material is present
in the central reqien. The peripheral tubules appear to

be conneeted ene to another by a filament whicb attaches an

A tubule of one doublet to a B tubule of an adjoining




‘ s . S . o )
Fig. Sa: Longitudinal section through a flagellum and
basal bhody. F, flagellum, BB, basal body x 49,000.

Fig. Sb: Cross-section through the flagellar tip x
56,500.. : ’

Fig. >c: Cross-section through the flagellum proper -

— " x 56,500.

Fig. 5d to g: Cross-section Progressing”down through
the transitional rggion. 54, e, f x 56,500.
56 x-52,000. '

~Fig. 5h: Cross-section through the basal body x 56,50b,

{'-‘ . . . . \_/ .

~
n&' )



30

i : BTN )
; ool

DR 2 T

4




- - 31

| . S s
- doublet. The middle area of the trangitional zone (Fig. 5e)
LY

is characterized by a.stellate structure (iang, 1963) also
called a star-body (Olson '‘and Kochért, 1976).-_anﬁ of the
nine outer doublets ig connected by filaments forming
V-shaped connectiofis which eeem toif;tend from a central
- o . , .

dense core. This central core also called an axial fila-
- ment (Olson and Kochert 1970) disappears at a lower level
leav1ng only tBe nlne pointed star-structure within the
ring formed by the outer doublets (Plg 5f) In longitud-
1nal vrew, the stellate structure appears as an electron-

- opaqpe—cylinder internal .to thé>peripheral doubiets. The
midregion of the.transitional zone penetrates into the
.ceil\properuf At tﬁe proximal end of the transitional region
oﬁly the nine peripheral doublets are observed (Fig{ 5q)
in the same arrangement as that séen 4t the distal'eud'of
the transitional zouel ,Tue mest dietel part and the
'proxima; part of the transitional région can be distinguished

~7in that” the iatter ie surrounded by the cytoplasm.. The (}\;

connections whlchtexlst between the nine- doublets in the
prox1mal region are difficult to distinguish since thlS
structufte 1s;surrounded by amorphous, electron—opaque ' Lo
material. : ' | )
| lThe oeripheral fibers of the basajl body stain very.
/4?1’. 5a). <A cross

densely as seen in a longltudlnal view,

section through this reglon (Fig. Sh) reveals nine 7
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Flg. 11: Schematic diagram of Polytomella agilis

showing the basal body arrangement. A, A flagellum,,
;égftriated fiber connecting A pair

B, B flagellum, A
basal’bodies at t
connecting A pair

ends, Bl, large fi

Ir dlstal ends, A2, prokimal fiber"
af basal bodies at their proximal
Der connecting B pair of basal bodies

at their proximal ends, Qgé short fiber connecting B
m

basal body to amorphous
*  body.

?

A .

erial at base of A basal

-
L
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triéle%ﬁ with no apparent structure in the lumen. A

~filament connects an A tuhplekand a @ tubule of adjacent ‘
37 . _ .

triplets. = .

g ' ' P .

o
i
'
Al
-
: ~
l. '
'
. B .
0 * . 1

f \ ¢

' . -

' \ .
, .
. -
[ R Sy ', 4
v
../’/ '
« I ’
O
. ' % . . . . -
- . -’_7 r - *




CYTOPLASMIC MICROTUBULES

+

A se;ies of cross sections progressing’down
thioughfthe papilla and into the basal body region demon-
strates the orlentatlon of the basal bodies as well ?s the

~T
distribution of the cytoplasmlc mlcrotubules._ The: X shaped

papllla (Fig. 6) lacklng organelles, contains a network

» ©of microfilaments of about 50 A 1n dlameter (Fig. T)

- A diagrammmtlc representatlon of the basal body
complex shows the relationship between the basal opdles
and their’ associated fibers (Fig. 11). 1In a section just
postermor to the papllla adjacent basal bodles are observed
to lie at right angles to each other but slightly ofﬁset

from center (Fig. 8). One pair of basal bodies, calied

\\\\“éxggelA pair, *is more apteriqr.thanothe other pair, th;

B-pair. The A‘pair which are oonnec;eﬁgat_their bases by

tw0'pro;iﬁhl fibers (A2 fibers) are.loo\g_to 300 ga rt

- (Fig. 8). The B pa;r which is deeper set in the cel% are
. 300 g to 4000 g apart (Fig. 8): The A pair of basal

bodies 'is connected.at their distal portions by a short

~striated fiber (Al fiber, Fig. 9) similar to that des~

., cribed in Chlamydomonas (Ringo, 1967). The B pair of .

basal bodies is attached at their proximal ends by a large

fiber (B 1 fiber) which eppears to consist. of a bundle of

fibrillar material (Fig. 10). At their distal end a short .

- fiber

B, fiher) connects the B basal bodies to'amorphous;
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electron opaque material- at the base of the A pair of - basal

bodies (Fig: 10)
Rootlets extend out from the basal body complex.
Between adlacent basal bodies there are two structurally
different rootlets (Fig. 12) -which are coated with and
terminate in the amorphous, electron—opaque material in
which the entire basal body complex is embedded. One
rootlet Qﬁ*@h has a crossbended‘appearance 1s called a
striated rootlet (Fig. 13)}' The:patrern of crossbanding
in thi; rootlet_is.ouite simple.’ There are two faint
(electéon—lucent) iines which are @eparated;by a fine
dense (electron opaqu@ line, _groups of these faint lines
are.separated by a dense line about 2;8 A wide. A similar
rootlet that has a slightly differe&f crossbanding has been

ks

described in StigeggLQg;gm (Manton, 1964a). The other root-

let, called the microtubular rootlet, consists of closely

juxtaposed microtubules (Figs. 14 and 15). This rootlet in °

Whlnh there is no. crossbanding, consists of four or five

L]

mlcrotubules arrang2d inktwo layers of a 3 over 1 or a 4

over 1 configuratidn (Fig. 16). Seen in a cross—section,

the striated rootlet appears as a bundle of dense material-

"(Flg. 16)

A large number of microtubules aﬁpear to terminate
on both the striated:and the microtubular rqoble£5'(Fige.

14 and 15).- These microtubules, which form the cytoplasmic

35
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) (Fig. 17)}. At four p01nts around the cell, there 'are

(Fig. 18) that are probably exten51ons of the mlcrotubular o

cell shows the, arrangement of the strlated and mlcrotubular'

the cytoplasmic mlcrotubules which termrnate on the rootlets

mlcrotubular system dlverge and extend just bemeath the
plasma membrane to the cell posterlor . The mlcrotubules

are dlstrlbuted in a srngle row around the cell periphery.

groups of three oxr four closely appesed mlcrotubules

rootlets which have a similar’ structure 1n the’basal body )
o "

reglon. Mlcrotubules are qulte evenly spaced between these

apposed’mlcrotubules. Detaiis of how these tubukés end

in the posterlor reglon of the.cell are not known.

A schematlc draW1ng of an 1deallzed Polxtomelra
J .‘\:

.

rootlets” betwaen the basal bodies -and the orlentqtlon of

(Fig. 19) . ' - o S . n R

N
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Flg €£¥oss sectzon through the X- shaped papilla show-
ing porticns of the flagella in the depre551ons X
37,500. ’

Fig. 7:.An obligue’ Sectlon through the anterlor end of
the cell showing a portion of the papilla x 25,000,

Fig. 8: Cross section through the basal body region

“showing the A pair of basal bo@1es (A) and the B pair

(B).. Two proximal fibers (A ) connecting the basal bodles
are observed x 40 000., .
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. Fig.9: Longitudinal section through the A pair of basal
T -bodies. Al, striated fiber connecting the distal por-
,/fffjf?‘ - tfons of the a basal bodies, A2, pro ;mal fibers. con-
necting the proximal ends of the A Ha%al bodies, BI,
«@a large fiber seen here in cross section which connects
‘the proximal ends of the B basal bodies 2%’ 55,000.
Fig. 10: -Longitudinal section through the B pair of
basal bedies. BL, a large fiber connecting the proximal
ends of the B basal bodies, B2, distal fibers which"
connect the-B basal bodies fo amorphous material at
. the base of the A basal bodies, Al, striated fiber seen
o - sin cross section which connccts the A pair of basal
bodies RLB\‘;'OOO' (P, papilla, F, flagellum).
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flagellar r
F, flagellun,
rootlet, Mt,
.. X 42,500,

MR, microtubular rootl
cytoplasmic mﬁgrotnbule
. . LR

4

=

V7
\

.Big. 12: ¢ bss‘section just below' the papilla in the " ~-
gion. A, A basal body,

B, B basal- body,
et, SR, striated_
5, V, vacuole
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~.x. 170,000 (F, flage;la).

SR
b,

Fig. 13: Cross séction through the basal body region

.showing the striated rootlet (SR) between adjacent
basal bodies. A, A basal bod{,

B, B basal body X

3%@?594: Oblique section through the anterior end of the
cell showing the microtubular rootlet {(MR). x 75,000
Fig. 15: Oblique section through the anterior end of

the cell shbwing the microtubular rootlet “(MR} and the
cytoplasmic microtubules (Mt) terminating on this
rootlet x 71,250: ' ' '

" Fig. 16: Longitudinal section through the cell showing

the mic¢crotubular rootlet (MR) and the striated rootlet
(SR) in cross section. Mt, cytoplasmic microtubules

-
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Filg. 17:- Cross section throug® the central nucleus,
L, leucoplast, 8§, starch, M, mitochondria, ‘G, golgi"
body, NP, nuclgar pore, Nu, nucleolus, V, vacuole '
. X 25,000 ~ T :

Fig. ig: 1t is a higher magnification of the inset in

Fig. 17. Note the group of three juxtaposed micro-

tubules (arrow) and the single microtubules (mt).

‘X 50,000.
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Fig. 19: Diagrammatic Fepresentation of the basal body
and rootlet arrangement and their relationship to cyto-
plasmic microtubules. The relative sizes of the basal
body complex, rootlets and tubules are not to scale.

A, A flagella, B, B flagella, sg, striated rootlet,
Mﬁ,_micrbtubular rootlet, _ .







SPINDLE MICROTUBULES 2w

Partlal synchronlzatlon of batch cultures of

Polytomella was obtalned by subjectlng them to temperature
i

shocks (Fig. 20) . Aﬁter‘return to 25°

-C, the cell populq~

tion doubles in less than 2 hours.- During this tlme'

interval mapy cells are‘bbserved in’division.
Tﬁé sequence o£ cell division as seen at the
light miq;oécopé level is.as‘follows-(Fig.-2l a—g):r
1) ;1nﬁclear divisioﬂ appears to occur prior
'“ to basal body and flagellar. replication
2) //kwhen nuclear division'is éomplete, the . '
flagellar apparatus replicates (Figq. 2la)
. & 3) two papilla are evident ag the 2 sets of

flagella gradually move apart ( 1gs 21b - éle)

4) - when they are' at opp051te of the cell

. (Fig. 21£)¥ cytokinegis occurs (Flg Zlg).
The @R%ndle microtubules are/present only durlng

nuclear division. Nuclear divisfon is %arked by the presence
‘f’-‘-

of an intact nuclear envelope (Flg. 22). The %1cr?tubules
whieh form the spindle apparatus- appear to be \formed in-_:7
dependentlyuéf the flagellar and‘cytoplasmic‘mkcrotubules 4
(L.e. spindle microtubuleérare not associated with the
pasal body complex or with the rootlets). .Spiane micro-
tubules'traveréé ﬁhe'nucleoplasm and afé’oriented-towards

the poles where there is no involvement of basal bedies

N r
. . . /
. .
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‘“or centrioles (Fig. 23) 5h5 numerous huclear pores,

A fenestrae, are observed in this region »(Fig. 22). 1In the.

~. '

“nucleoplasm, the prominent interpﬁase nuéléolus has dis-

persed. The spindle microtubules are directed towards

-

"the chromosomies on which no specialized kinetochore regions

™
. ]
have heen' recognized.
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Fig. 20: Growth -kinetics of 3 control culture of
Polytomella ang Kinetics of a culture subjected to .
temperature shock.. L ' ) '
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Flg. 21: Division of Polytomella agllls as seen by light
mlcroscopy x 3,508 e

Fig. 2la: Two~ nuclel are present (arrows) and the flagel-
‘lar ‘apparatus- has replicatéd.

Fig. 21b .to e: The papilla becomes evident ‘and the two

. sets of flagella gradually move apart.

‘Fig. 21f: The two sets oﬁ,flagella are at op9051te ends
of the cell. .. ,

- Fig. 21g9: Cytokinesis occurs.
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Fig. 22: Longitudinal ;éction of a dividin nueleus.
Fenestrae are observed at one of the poles (arrows)

- = -3 Mt, spindlermic(otubules, x.32,500
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Fig. 23: Portion of a dividiné nucleus showing one

pole. S Mt, spindle'microtubules, G. golgi body.
| x 106,000. | -
N T f
5 1



58

/

N i

R 1

b
Qi Bk
Ed !*

-

&

vF

fa 2
»2



 SECTION 2

Section 2 deals w1th the dlstrlbutlon of cyto-

plasmic mlcrotubules in Polytomella__gllls as they relate

to the development and/or malntenance of cell shape. ) \

The physical and chemlcal agents used in-this
study include hydrostatlc pressure, cyclohexlmlde,

colch1c1ne-and isopropyl=N-phenyl carbamate.e

JF
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MATERIALS AND METHODS T : _\ f
Cells were harvested in the log phase of growth -~ i

.
.,

b d

. 5 -
(5-7" x 10 cells/ml) for the following experiments.

Chemical Treatments

The effects of various drugs were tested on

Polytomella' colchicine andzcyclohexlmlde (Slgma Chemical
?{  \Co., St.. Louis, Mo.), isoéropyi-N—phenyl'carbamate {IPC)
(PEG Industrles, Inc., Chemlcal Division, Plttsburgh Pa. ),.

. and vi;;lastlne sulfate (E1li Lllly & Co. (Canada) Ltd.,
Torgnto, Ont.).. Cells harvested by 10w speed centritugation
were resuspended in a treatﬁeqt medium and incubated at 250 C.
Drugs used in all e*éeriments were-dissolved in fresh

sterile media just priox to use. E

Deflagellation

Cells harvested by low speed centrifugation were

‘resuepehded in a fluted glass tube (Rosenbaum and Child,

1967) in 2 ﬁls of a treatment medium.. Flagella were

-

mechanically amputated from populatiOns‘of cells by agita-. U —

tion with a Vdrtex mixer at top speed for 90 seconds.

o

™
Follow1ng flagellar amputatlon, the cells were*gently con-
centrated with .a cllnlcal centrifuge and resuspended 1n
treatment media or control media and'lncubated at 25° C.
ol .

=~ ' - ] L - o
Samples taken at various time-intervals during these re- 3

generatlon experlments were fixed in Lugol's iodine.

(6. g KI and 4 g 12/100 mlgfastllled H O) and observed under

. s .
. . . . . - f .
' ) . : .
.
- - 5
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A

a Zelss Photomlcroscope equipped with . Nomarsk1 optics.

o

Hydrostatlc Pressure I >
. 5

The hydrostatic pressure apparatus used for the

pressure treatments is that described by Brown and Bouck

(1973). Cells harvested by low speed centrifugation were

resuspended in 7.5 or 8.0 x 10~% M IPC and then subjected

to 6000 or 6500 psi for 30 minutes. " Upon release of pres-

3ure, the cells were concentrated by’ gentle centrifugation, -

resuspended in different treatment media and incubated at

25° ¢. - Cell shape was monltored by observing cells under

A\
a Zeiss mlcroscope equlpped W1th Nomarskl optlcs. At
various time intervals, cells were fixed for electron

microscopy as previously described (Section 1).

Amino acid incorporation

P
s

-A labelling experiment was carried out to deter-

mine the effect of isopropyl-N-phenyl carbamate (745 Ax'lO-'4

- l‘t
M IPC} and cycloheximide (20 ug/ml CHI) on amino acid

incorporation into,trichloroacétic_aeid (TCA) precipitable,
protein ThlS was determined, u51ng the fllter paper dlsc7 )
method (Mans and’ Novelll, 1961)

Cells were collected by low speed centrifugation N
and resuspended in sterlle-medla. Unlfqrmly“labelled V
L-amino acid4Cl4dﬁix (New England Nuclear Corp., Baston,

Mass.} was used, the total activity beiﬁg 0.025 mCi per
. . .
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S
_ - 33 , : .
5-ml reactlion mixture. The ‘5-ml samples of cells were
incubated at 25°% C in'25-ml Erlenmeyer flasks. 100 ul

samples were taken at various intervals with an Oxford

_pipette, spotted.on 2.3 cm filter paper diécs and stored
in cold 10% TCA. The extraction procedure psed to prbces§
the filter discs for 1liquid seintillation cgﬁnting was
that of Rosenbaum ‘et al., (1969). The scintillation |
fluid contained Triton-X-100 and toluene with 0.4% PPpTA B i
and 0.01% ﬁQPOP (1v=2v) (Patterson and Greene,il965).
The samples were counted in a Beckman LS-233 scintillation
counter.‘ ] |

Sterile conditions were malntalned throughout
the experiment'as determined by periedic light microscope.
examinationé of“éamples. |

-

7 ~

g 2 ' -




; Polytomella. Colchicine (1%), cycloheximi e (20 ug/ml),

~)

i .

v

RESULTS - | “
- Effects/ég/;ome chemical and phy51cal'agents on

log phase PdlYQZEella

The effectsof various physical and chemieq; agents
¢ . |

. were tested on log phase cells (5-7 x 105 cekis/ml) of

cold and IPC (7.5 or 8.0 x 10-4M{ have no apparent effect

on cei};shape after’ 3 hoursras'dete:mined bf both light

apd eleetron microscopy. ‘beth the fl;gellar and'cyt0p1asmic
microfubules are stable in the presence ef“these’depoly—
merizing‘agenteﬂ i

| Hydrostetic pressure (6500 - 7000 psi) causes

loss of cell shape in ﬁolytomella. Cells.bressurized at

_ l ' .
7000 psi for 30 minutes are_sgﬁerical and when the pressure
is released, the cells begin to regenerate their shape

immediately. The entire cell.populétion regains its

L

orlglnal cell shape within 15 mlnutes. . -

a

ﬁ ’ In cells pressurlzed at 7000 951, the paplllar !
region can, be ‘identified at the electron microscope level

although it has lost its characterietic X~shape- (Figs. 25 -

"27) . .The basal body complex is dlsorganlzed and flagellar

axonemes are observed w1th1n the cells. Many cytoplasmlc

microtubules are still 'seen in the majority of cells

_{Figs. 26 and 27), bdt they are not in their normal positidns.

/
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Fig. 24a: Population of rounded cells pnpduee after .
IPt—pressure treatment (6500 psi and 7.5 x 10— M IPC
for 30 mlnutes) x 1,500

Fig. 24b: ! Graph of cell shape recovery after IPC-~

pressure tyeatment (6500 psi and 7.5 x lO M IPC for
30 minutes). . -
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Figs. 25 to 27: Sectlons through,cells pressurized at

7000 psi - for 30 mlnutes (0 _time) .,

Fig. 25: Lo gltudlnalISectIEn. Note the dlsorganlza—
tion of: the pillar reglon (arrow) F, flagella M,

..mitochondria, S}ﬁstarch x 18,750. :
~Fig. 26: Longltud&nal‘sestlon. BB, basal body, r,

‘ ?hflagella, Mt, eytop asmlc mlcrotubules . x 30,000.

.tubulesg. x 42,500 Lo

Fig. 27: Cross sectl on through' the basal body region.

BB, basal bedy,.TF, flagellaf\Mt cytoplasmic micro-

o -

- ki “Q .






~ seen in the cytoplasm (Figs. 31 and 32) accounting for

68 -

Effect of isopropyl-N—Epenyl carbamate (IPC) plus hydro-

&

static pressure o '~H
|
Cells pressurized at 76b0<psi regenerate their

cell shape very rapidly when the ] pressure 1s released, By
combining IPC (7.5 x 10 4M) with relatively low hydrostatic
pressure (6000 psi for 30 minutes), populations of sphericel
cells are produced (Fig. 24a) “in which' the majority of the
cells remain rounded. The effect of IPC on cell shape is com—
pletely reversible within 15 minutes when the IPC is

washed o&t. Partial recovery of cell"shape 1s observed

: ~4 :
in cells.which remain in IPC (7.5 x 10 M) for 2 hours

after Iﬁb-pressure treatment’ (Fig. 24b). ’
| 'In rounded cells fixed for electron microscopy ~ ] . \
immediately after'IPC—hYdrostatic pressure treatment, the 2
papillar region'is not evident and the flegellar basal
bodies ahd thelir associated'rootlets are.disorganiZed
(Figs. 28 and 29). ~The rootlets rEmain associated with a
basal body and they are apparently not altered ‘by the IPC—
pressure treatment. -Both the striated rootlets (Figs. 28
cend 31) and the microtubular rootlets (Figs. 30 and 31) can
be dlstinguished Some of the fibers whichﬁzormally connect

'the bdsal bodies are observed to be disoriented (Fiber Bl

Fig.. 31 and Fiber Al, Fig. 32). The flagellar axonemes are

the observation that many of the cells appear - o w

G~
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Figs. 28 to 32:° Settions through the basal body region
of IPC-pressure treated cells at O time (6500 psi andg
- 7.5 x"1074M IPC for 30 minutes.

Fig. 28:

Fig.

29:

" x 28,000

x 57,500

Fig. 30: Cross section of the microtubular rootlet
{MR} x 60,000.

Fig.  31: x 44,000 o . ‘ o

Fig. 32: x 37,500 . o |
F, flagella, SR, striated rootlet, BB, .basal bpdies,
Bl, large fiber connec%ing the B basal bodies, Mt,

cytoplasmic microtubules, R, rootlets. .

[
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Figs. 33 to 35: .Sections through cells in 7.5 x 10 M

1pC -after ,IPC-pressure

7.5 % 10 M IPC for 30

rh.

4

treatment (6500 psi and
minutes) . (2 hrs. after pressure reiea:

Fig. 33: Cross section through the nucleus. |
N, nucleus, M, mitochondria, S, starch. . RN
Note the flagellar axonemes in the.cytoplasm (arrows)"

x14,000. .
Fig.. 34: Longitudinal

section through thé‘basal body

region. BB, basal body, F, flagellum, M, mitochondria

x 22,000. ‘
Fig. 35: Obligue sect
F, glagellum, BB, basa
tubules x 22,000.

jon through basal body region.
1 body, Mt, cytoplasmic micro-

[
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deflagellated when viewed under the light microscope.

Cytoplasmic microtubules are absent (Fig. 28) or are

.. rarely seen in these treated cellsmlFig. 32).

-y

Cells which- remaln in 1PC (7 5 x 10 4M) for 2

\0\

" hours after IPC~pressure treatment appear very srmllar to

‘cells fié%d immediately a

not regaim their-shape‘(F

is still dlsorganized (Fig. 34)‘and flagella

still observed in the cel

fter the treatment. The cells do

'ig. 33). The basal -body region

1s (Figs. 33 and 35). 'he cells

do not regain a normal complement of cytoplasmlc mlcro—

-

tubules although a few‘microtubules are observed in some

cells (Fig. " 35).

.

" By 5 mlnutes recovery after IPC-pressure'

treatment (l.e. when cell
bodies and rootlets are p
developlng papllla (Flg

‘still observed in the cel

ninutes ‘recovery,.the pai
=]

s are ln control media) the bagal-
artly reorganized below the
36) . Flagellar axXonemes are
1s (Figs. 36 and 38). By 15

rs of basal bodies can be recog-

nized. - In Fig. 37; the A pair of basal bodies is seen

and one of‘the.Bibasgﬂ bo

mlcrotubules reassemble ‘and appear to extend from the

dies is observed Cytoplasmic

rootlets to the celIlposterlor concurrent with the re-

_ development of celd shape

Cells pressurla
-4

‘8.0 x 10 ™M rPc do not re

PN

(Flgs._38 and 39).

ed at 6000 p51 for 30 minqtes.in.

generate cell shape after 3 hours

§

axonemes are’

73

kS
th



. . Fig. 36 and 37. Recovery series after IPC-pressure
- - treatment. ' )
Fig. 36: Cross section through the basal body region
of a cell after 5 minutes recovery. F, flagellum

Fig. 37: Cross Section through the basal bod§ region
of.a cell after 15 minutes Tecovery. A, A basal

- bodies, F, flagellum, Mt, microtubules x 37,500.

o -

<
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Fig. 36 and 37. Recovery' series after IPC-pressure
treatment, - : _ T
Fig. 36: Cross section through the basalﬂpody region
Nof a cell after 5 minutes recovery. F, flagellum
x 37,500 S
Fig. 37: Cross section through the basal body- region
of a cell after 15“minutes‘recovéry. A, A basal
“bodies, F, flagellum, Mt; microtubules x 37,500.
T ‘ S ' o
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Fig. 38: Oblique section through -the anterior end of a

. cell after 5 minutégjyeésvery in control media after
IPC-pressure treatment.. F, flagelium, MR, mPcrotubular
rootlet, SR, striated rootlet, Mt, )

tubules x 52,500. h

cybbplasﬁic micro-
Fig. 39: Glancing section thro
a cell after 15 minutes recover

IPC-pressure treatment.
rootlet, Mt,

A .
ugh the anterior end of

Y in ¢ontrol mediad after
F, flagellum, MR, microtubular
cytoplasmic microtubules x.60,000 &

H
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\\in the same concentration of IPC. There is, however, some

cell breakage when cells are pressurized iniconcentratidns”-
¢f IBC above 7.5 X 10_4M.' CytoplaSmic microtubules aré-
absent in spherlcal cells fixed for‘electron mlcroscop§ o

o

Complete recovery ofi cell shape is observed,ln cells re-

suspended in control*medla

\

When cells treated with IPC~ hydrostatlc pressure

- n

are returned to control medla or cyclohexlmlde containing
media (20 ugm/ml), complete shape regeneratlon is observed

cells returneg to colchicine contalnlng medla (l%) only

my 1
. ) el
partially’ recover thelr shape.

“R'.“{; ’ . . - _ E . . N

Effect of IPC and Cycloheﬁimide on amino acid incorporation

IPC alone has no“apparent‘effect on cell shape or!

>
microtubule integrity 1n~Polytomella but shape regenera-

¢ tion is blocked when cells remain in IPC contalnlng medla

after IPC- pressure treatment. IPC at a concentratlon of

7.5 x 10 4M causes a partial 1nh1b1t10n of amino ac1d ln— 3

corporatlon 1nto-ECA préclpltable protein.: (Flg '40) .

Cyclohexlmlde, whlch partlally blocks flagellar

*

regeneratlon, doe§ not affect shape regeneratlon after
r

IPC- pressure treatment. 1t has no gpparent effect on cell

' @

'shape Qr mlcrotubules after 3 hours in non~regenerat1ng[ p
Cells. Cyclohexlmlde (20 ugm/ml) completely\blocks “amino

Aﬁ ‘-J
acld lncorporatlon 1nto TCA pre01p1table proteln (Flg. 40) .




[l

1 ‘- ' ’ T '

Fig. 40:' Incorporation of amino”acid into control,-

, IPC and cycloheximide (€HI) treated cells. ¥
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' regenerate in control médlum

Regeﬁeraﬁion of:deflEgellated cells o

4

When flagella are mechanlcally amputatqd they
v

Flagellar regeneratlon is

partlally blocked by cyclohex1m1de (20 ugm/ml) and is

“completely inhibited by colch1c1ne (1%) and IPC (7.5 x

10~ M)., These'results‘we;e obtalned.by v;ew1ng‘fields of

N

cells in the light microscope.

%
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Discussioﬁ

Three sets of microtubules have been descrlbed

 for Polytomella agllls,. the flagellar mlcrotubules, the . ¢

cytoplasmlc mlcrotubules and tpe nuclear mlcrotubules

¢

Polytomella has four equal flagelia Wthh are

structurally 51m11ar to those found in other green algae

such as Polztoma (Lang, 1963), Stlgeoclonlum (Manton,

-196¢ ) and Chlamydomonas (Rlngo, 1967) . A flagellug has

the characterlstlc 9 +2 axonemal pattern in the flagellar | e

shaft. The central pair termlnate prox1mally just above
th% cyllnder in the transitional region and_the nlne perlﬂ
- , ‘ _

‘pheral doublets extend through the transitional region

into the basal body atlwhich point they becOmeftrrpiets

(Fig. 5) .
Croés sections through the cylihder of the transi~ " _
- . '\

tional reglon show the nine’ doublets linked’ by flne'

flbrlls in the stellate pattern characterlstlc of the

‘ -

_flagella of green algae (Lang, 1963; Manton; l964b Rlngo,.ﬂ

1967, and Hobbs, 1971). " __—_ '

"The arrangement of the basal bodles in __le
thmella is apparently unique among. quadrl flagellate green
algae whlch have been degirabed ultrastructurally In
Polytomella, the Al strlated dlstal fibax and the A2

-.i" \J ‘
prox1mal fibers llnk the A basal bodies; this arrangement

(jgg'51mllar to that- found 1n the brflagellate Chlamydomona

e

e ' - Lo
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bodies. The A and B‘basalibodies are joined by the B2

o~

(Ringo, 1967). The gl prohimal.fiber links the B basal | -

diStal fibers. In the quadrlflagellate genus Carterla,
~the dlsta* flbers llnk adjacent basal bOdleS in some
-species whlle in others the distal flbers are attached to.

:long electron- dense flbers whlch extend between and to

. one side of opp031te basal bodles (Lembl, l973) Flbers

joining basal bodles have been repor%ed in a number of bi-

flagellate algae- Polztoma whlch s closely related to-

Polytomella (Lang, 1963), Chlamydomonas (Rlngo, 1967a},

h Tetraspora (Lemb1 and Walne, 19711, and Eudorlna (Hobbs,

£

1971). The basal.bodles of multlflagellate zoospores and

‘spermatOZOLds of "’ Oedogonium are linked by fibers at their
!

'proxlmal -and dlstal endg formlng a rlng of flagellar

f

bases (Hoffman and Manton, 1963; Hoffmané-l970)., | ' -

Ringo (1967ﬂ)has postulated-that the stfiated

fibers llnklng the basal bOdlBS may functlon in coordina-

“\ -,—

tion of flagellar mevement in Chlamydomonas The flbers

‘1nterconnect1ng the basal bodies in. Polytomella may also
— ] -
[ . ,‘ . .

function, 1n-coord1natlon,as well asfanchorlhg‘anqhéppport—
¢ ' P W - ' - .

ing the flagellarfcémplex.f'Itﬁhas~been'reported (Gittieson-ﬂ.
.and Jahn 1968) that the’ two flagella on each side of  the | u;;\)
anterlor end 1nf&:_agllls beat‘synchronoﬁsly in a Tatero-
posterlor c111? type beat similar to ‘the b;eaststroke

actlon observed in Polztomaxand in Chlamydomonas and that

Cy

., .A'l-s' ' . ' -)" - o i :
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" Three types of rootlets

assocxated w;ch the flagellar complex The electron

i CytOplasmlc mlcrotubule assemSIy-gn Polztomella. . The

. 84 .

two of the flagella beat’ﬁurther back aloné the cell than

the other pair. My observatlons would 1ndlcate that the B

palr which is deeper set in the cell probably beats further

back along the cell than the A palr A more detalled

study of the pattern of flageliar movement in Polztomella

il -

ultrastructure is related‘to\idagellar activity.
" Striated fibrildy roots and Trootlets are
-termS‘used‘téadescribe similarséﬁtuctures most often found

in association with the basal bodies‘of motile unicells.

ave- b%en descrlbed l) -a strlated

rootlet such as that £ uéd 1n Stlgeoclonlum zoospores r~

(Mantor, 1964): 2) closely associated bands of micro-

"is needed to offer 1n51ght into the problem of how flagellar

tubuies-such as described in Stigeoclonium-(Manton, l964a),

i

and- 3) a compound rootlet con51st1ng cf a strlated fibril

and juxtaposed mlcrotubules as in: Oedoggnlum (Hoffman,_r?

S 1970) e

-~ Two of*tHese types of rootlets are present

in Polytomella, four microtubular rootlets and four -

striated'tootlets. Both types of rootlets are embedded :

opaque materlal may functlon as the nucleatlng s;tepzos

o Juxtaposed mlcrotubuies,yhlch comprlse the.mlcrotubular_
e R SEEREES R

1
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. gest tnat the varlable perlod1c1t1es may relate to the :

o

rootlets extend to the cell posterior but afé"ho lénger

‘coated with amorphous material. " The striated rootlets

. 1
which are cogﬁé& Wlth amorphous materlal for their entlre'f

length extend out from the basal body reglon to, the cell

4 o B

perlphery. The rhlzoplast of the amoeba—‘lagellate

"Naegleria is a periodically‘banded’structure similar- to .
——5%———+~ _ _ S Sl ,
the striated ,rootlets in Polztomella. Simpson and'Dingie-
.\- " N . . . 'Iy . - - °
(1971) have reported a variable. periodicity in the in

situ rhizpplast of Naegleria. ‘Once the rhizopiast is

' lsolated the yarlab111ty is greatly reduced They sug-
. \

L

;p0551ble contractlle or elastlc functlon of these organelles

Thenstrlated rootlets do not apparently have a contractlle
or erastlc EUnctlon in” Polztomella. The striated root*

lets as well as the mlcrotubular ones fJnctLon as nucleat—

ing 51tes for cytoplasmlc mlcrotubules wh:ch dlvefge and '

. S
extend beneath the plasma membrane to the cell posterlor

Dolztomella has an extensive. system of- cytoplasm13 mlcro—

tubules whose dlstrlbutlon closely parallels&tgf external

shape of the cell. S 'LT\\\Q;

The m*totlc splndle 1nJPolztomella 1s enclosed

\\M?roughout division by the nuclear envelope. A "closed"

.

'splndle has been observed in yeast cells (Roblnow and

a

; Marak 1966), Jxxfﬂasmodla of thsar (Aldrlch 1969), |

in a red alga Membranoptera (MCDonald 1972), 1n

St
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‘Chlamydomonas (Johnson and Porter, 1968) as well as in

some other algae. 'In.Polz;omella there is no aoparent .— Lo
- ultrastructural organization at the splndle poles although h
‘the nuclear membrane appears more porous in thls reglon'
during-&he nuclear division (Fig. 23). Fenestraé; large.

"pores in the nuclear envelopé at the spindle poles,'have‘

been reported 1n Ulva (Lovlre and Braten, 1970}, in

o .

v Membranoptera (McDonald 1972), and in Chlamydomonas'. ' o ’
(Johnson and Porter,.l968) There is. no- apparent 1nvolve—

ment of basal bodles or centrloles at the poles in __lx— : -

‘tomella. The‘flagellar complex apparently remains intact. -

during the nuclear division. The spindle microtubules

whlch form Ehe Splndle apparatus appear to be’ formed in-

dependently of the flagellar and cytoplasmlc mlcrotubules.
The nucleatlng ‘site for splndle microtuholes may not be

preserved-When fixed for électron microscopy or it may C

l . . o] .. . .
J’\\j//;% dlffuse and therefore notrdistingulshable-rn sectlons.

The chromosomes do not contain - locallzed regrons which -

L

fmlqht be referred to as centromeres.- How the new nuclear
membrqﬁes are formed and hOW_cytoklnesis occurs have  so : _j
B : : -

* far not been establrshed § N '"'I

The cytoplasmlc mlcrotubules may be. controlled by
' Y.

T %peclflc sites called nucleatlng sites qTrlney, 1968,
r

| Brown and’ Bouck 1973) Wthh 1n1t1ate micretubule poly-

e

Lo L N

tmerization and orlentatlonf The flagellar basal hodles
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and £he rootlets om-4hich the cytoplasmlc mlcrotubules

-termlnate are embedded in amorphous electron opaque

material which 1s belleved to. function as the nucleating

site for these microtubular sYsteméﬂin”Polytomella.
I /’ [ . - R o
The cytoplaSmic microtubules function in the _ e

deveIOpment and malntenahce of cell shape in Polytomella

ﬁhen‘cells are presshrdzed at 7000 p51, populatlons of
spherlcal cells are - obtalned in which the basal body
complex is dlsrupted and cytoplasmlc mlcrotubules<are
still preseht. When the pressure is.released,.the cel}s.
immediately regenerate their cell shape_and.the basal. -
body complex is reorganlzed _: . _ f o ' L j

By comblnlng ‘IPC and low hydrostatlc pressure,

_populatlons of. rounded cells are produced in wh1ch~thg‘\\-

loss 'of cell shape can be correlated w1th the dlsappear—
ance ‘of the cytoplasmlcImlcrotubules.- When_the pressure
;is released'and the IPC washed out, cytoplaSmic-micro-‘
tubule reassembly occurs concomltant with the reganera—‘
tion of the characterlstlc ov01d cell shape. The cyto-.
olasmlc mlcrotubules extend from the microtubular and . o ‘f
strlated rootlets towards the cell posterlor. Shape

J

regeneration, can be blocked at any tlme by the antlmltotlc

L3

agené:polchlcine or by 'IPC. These results 1nd1cate that
‘ mlcrotubules functlon in establlshlng and malntalnlhg cell

shape.

-
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It is 1ntefest1ng to 'note that the striated- root;
lets. and the mlcrotubular rootlets are apparently not
'affected by the IPC pressure treatment fThey are also’
often observed still associated w1th a basal-body (Fig. -

&

31) altho?gh the basal body complex is dlsrupted This
.dlsruptlon is not due to IPC as 1t is seen after pressure
treatment only. The fibers whlch conrnect the basal bodles
are.still present.and as the rootlets, are.still
assoc1ated at one-end w1th a basal body. _

,' | After,IPC~pressure treatment (7.5 x710. 4M EPC at
6606 psi'for,30.minutes),‘some.cy%oplasmic microtubules
are stili present.' ﬁy increasing the,concentratioh of
_IPC=t3P8;O x'lO;4M, all the c?toplasmic microtubules are
depolymerlzed but there is some cell breakage It is -

| ‘ .

p0551ble that by comblnlng lg@er IPC concentratlons with
longer exposure to hydrostatlc pressure or hlgher ipc
concentratlons with lower pressure, popuiatlons of spherical

! el

cells contalnlng no. cytoplasmlc mlcrotubdles may’be\\

obta1ned.5 - g ] o 'l o S

v

-1 Mlcrotubule depolymer121ng agents such ‘as colch1c1ne,

/IPC add cold have no apparent effect on log phase cells-'
(.

‘after“B hours. - Both thg flagellar ‘and cytoplasmlc mlcro—-_n

\,!~ .
tubules are stable in thé‘presence of these drugs

Colch101ne causes a loss of cell shape in Ochro-
monas (Brown and’ Boudk 1973) "and in Arbac1a (Tllney and

-/\3

3

i
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Gibbins, 1969) due to the breakdown of’ Cytoplasmlc micro-.
tGBules. It also' causes a breakdown of  the axoneme in

the axopodlum of Actlnosphaerlum (Tllney, 1968) . 1t is,

1nterestlng to note thatﬁcolch1c1ne ‘has no effect on cell

shape in log phase populat}ons of Polztomella as would

a

normally be” expected. Colchlclne apparently does bind to

. Po ztomella mlcrotubule pProtein since it 1nh1b1ts flagellar

N

'regeneratlon and regeneratlon of cell shape in IPC-pressure.

treated cells. One possible. explanatlon is that the
intact mlcrotubule systems of log phase cells are relatlvely

. stable 1n the ﬁresence of colchrcrne but on&e the tubules

J- v
exist as subunits the colch1c1ne can bind to them thus’

preventlng assembly of the mlcrotubules._

Cell shape Egalog phase cells is not affected by
IrC after 5 hours r by cycloheximrde after 3 houzrs. IPé
\causes a.partlal 1nh1b1tlon of amino acid 1ncorporatloﬁ/

’

1nto TCA prec1p1table\§£9te1n and cyclohexrmlde causes

”total inhibition. These results suggest that Polztomella

has a large pool of mlcrotubular protein and/or that there

.

i a slow\thrnover of thie protein.
- Regeneration of cell,shape occurs in the presence
q - .
of cyclohexrmlde after IPC-pressure treatment once the

L=3

\““xepressure is released and the IPC- washed out ThlS suggests

can reutlllze the depolymerlzed mlcrotubule
(l

) [

4
‘”--.-—- -
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\

1 "in order to rebuild theiy cytoplasmic microtubule system-

R

; Both. regeneratlon of amputated flagella and cell

-

f
1shape are blocked by IPC. IPC lS llkely affectlng some.

macromolecule lnvolved in the repolymerlzatlon process of

flagellar and/or cytoplasmlc microtubules (i e. their

nucleatihg s1te) or 1t could bezblndlng rever51bly to the

mlcrotubule Protein. Hepler and Jackson (1969} reported
\

that IPC causesireorlentatlon of spindle mlcrotubules )

t

=
w1th1n a leldlng plant cell so that a multlpolar splndle _ "
apparatus 1s formed They postulate that IPC may lnd S //
to specmflc cellular protelns or macromolecules 1nvolved - 5

- 1n the organlzatlon of spindle mlcrotubulegrd:rlng

diylslon, IPC may e?ereforeibe affectlng the nucleatl

.; sltes of the spind mlcrotubules : _Zég ,
_ J N D . |
_ " When flagella are amputated flagellar regenera-
.y :
tloh'ls partlally blocked by’ cyclohex1m1de Flagellar oo

't-('r
regeneratlon 1n Polytomella is partlally dependent on new

proteln synthe51s. Rosenbaum et al (1969) suggest that

[ ¥

Chlamydomonas cells have a llmltlng amount of some proteln,

b
a

a flagellar precursor, Wthh 1s necessary for total rel

by
-

\\\ generation; Polytomella may. present a similar situation. . )
//) B Flagellar mlcrotubules are not - depolymerlzed by

the IPC pressune treatment as are the cyﬁoplasmlc tubules. r
‘/ -

Thls observation” 5uggests that the g&a?ellar mlcrotubules

are more_stable/than the gytoplasmictonés-. The differential
o P e ’ .,'—‘.'. _.f. . . ’
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F o . Co - o

Bl

-
L N
R —
?
4
-
ot



v

¢

-

sen51t1v1ty of the cytoplasmlc and the flagEllar mlcro—‘

.Itubu}es to chemical ‘and thSlCal agents may be accounted

for bY variations in their tubuTFin compos1tlon (Olmsted
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Relytomella'agilis which has no cell wall}pas—‘"

sesses & cytoplasmic mlcrotubﬁlar system whlch parallelS' s

the cell s shape.

'
v

The cytoplasmlc mlcrotubules which ‘\

termlnate on the mlcrotubular and strlated rootlets 5 .

dlverge and extend just beneath the plasma membrane to,

.

.the cell pos erlor, Studles eegrelatlng mlcrotuejle s h
reapﬁearaﬁ;e and Shaﬁe rggeneratlon in cells expobed T
to phy510a1 and chemlcal agents {hydros?atlc pressure, ’ “‘.ﬁ
hydrostatlc pressure éius IPC) 1nd1cate3 ‘.E ‘ :&/

ﬂ l)“.“’thr= rootlets functlon as nu leatlng _'_' ' fh" K ;-yﬁi

],éit’ﬁ\for cytoplasmlc mlcrotubule - | ) E

’ assembly . ?: :'; - f”j‘ . % 3

2)'14. the cytoplasmlc mlcrotubules assoc1ated . : ,E % L
\7 . with these nucleatlng srtes functlon ‘“1 'ﬂ’”

1ﬁ’development and malntenance of . - g '} I

-3 .2

cell shape.-
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