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Mechani cs of Chr omosome Separ at i on dur i ng Mi t osi s

i n Fusar i um ( Fungi i mper f ect i ) :

New Evi dence f r om Ul t r ast r uct ur al and

Laser Mi cr obeam Exper i ment s

ABSTRACT The anaphase- t el ophase spi ndl e usual l y el ongat es, and i t has been assumed t hat

t he spi ndl e pushes t he i nci pi ent daught er nucl ei apar t . To t est t hi s assumpt i on, we used a l aser

mi cr obeamt o sever t he cent r al spi ndl e of t he f ungus, Fusar i um sol ani , and measur ed t he r at e

of separ at i on of i nci pi ent daught er nucl ei . When t he mi cr obeamwas ai med besi de t he spi ndl e,

separ at i on occur r ed at a r at e ( 8 . 6 , um/ mi n) t hat di d not di f f er si gni f i cant l y f r om t he r at e ( 7 . 6

Am/ mi n) i n uni r r adi at ed cel l s . But when t he spi ndl e was i r r adi at ed, i t br oke, and t he separ at i on

was much f ast er ( 22. 4p, m/ mi n) . I r r adi at i on of cyt opl asm l at er al t o one spi ndl e pol e r esul t ed i n

a 1 . 5 pi n/ mi n r educt i on i n t he r at e ( 6 . 1 , um/ mi n) of separ at i on . Fr om t hese and ot her dat a, we

i nf er t hat ext r anucl ear f or ces, pr esumabl y i nvol vi ng ast r al mi cr ot ubul es, pul l on t he i nci pi ent

daught er nucl ei and t hat t he cent r al spi ndl e l i mi t s t he separ at i on r at e . Ast r al mi cr ot ubl es ar e

associ at ed wi t h t he pl asma membr ane or , somet i mes, wi t h t he r ough endopl asmi c r et i cul um.

Most of t he spi ndl e mi cr ot ubul es t hat ar e pr esent at met aphase ar e depol ymer i zed dur i ng

anaphase and ear l y t el ophase .

Mi t osi s char act er i st i cal l y i nvol ves t wo phases of chr omosome

separ at i on ( 1, 2) . I n phase I , daught er chr omosomes move

t owar d t he spi ndl e pol es. I n phase I I , t he spi ndl e pol es move

f ar t her apar t as t he cent r al spi ndl e el ongat es and t he i nci pi ent

daught er nucl ei separ at e f ur t her . Phase 11, t hough not uni ver -

sal , i s of common occur r ence among pr ot ozoa, al gae, f ungi ,

and hi gher pl ant s and ani mal s ( 1- 5) . The " St emmkor per "

t heor y of Bel ar ( 6, 7) has been al most uni ver sal l y accept ed ( 1,

2, 5, 8) as an adequat e expl anat i on of t he gener al mechani cs

i nvol ved i n phase I I : el ongat i on of t he cent r al spi ndl e i s t hought

t o push apar t t he daught er set s of chr omosomes .

Al t hough ast er s ar e commonl y f ound at t he spi ndl e pol es

( hi gher pl ant s ar e a not abl e except i on) and may i ncr ease i n

si ze dur i ng phase I I ( 9- 11) , t hey ar e r out i nel y i gnor ed i n r evi ew

paper s on nucl ear di vi si on ( 2, 8, 12- 14) . A f ew suggest i ons

have been made t hat ast er s pl ay an i mpor t ant r ol e i n chr omo-

some separ at i on ( 1, 4, 9- 11, 15, 16) , but exper i ment al evi dence

f or t hi s concept as i t appl i es t o phase I I ( 9) i s scar ce .

Mi t osi s i n speci es of t he f ungus genus Fusar i um exhi bi t s a

wel l - def i ned t wo- phase separ at i on of chr omosomes ( 17) wi t hi n
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an i nt act nucl ear envel ope ( 18) . Dur i ng anaphase, shor t eni ng
of t he ki net ochor e mi cr ot ubul es occur s as t he ki net ochor es l ead

t he chr omosomes i n t hei r mi gr at i on t o t he spi ndl e pol es ( 17,

18) . Fi gs . 64- 68 by Ai st ( 17) i ndi cat e an i ncr ease of ^ - 30%i n

spi ndl e l engt h dur i ng anaphase i n a penul t i mat e cel l of Fusar -

i umoxyspor um. Ast r al mi cr ot ubul es become l onger and mor e
numer ous at anaphase t han at met aphase. Ear l y t el ophase
i nvol ves a consi der abl e f ur t her el ongat i on of t he i nt act cent r al

spi ndl e ( up t o t hr ee t i mes i t s met aphase l engt h) as ast r al
mi cr ot ubul es f or ma conspi cuous ar r ay i n t he cyt opl asm. I t was
concl uded t hat el ongat i on of t he cent r al spi ndl e near t he end

of mi t osi s pr ovi ded t he f or ce necessar y t o separ at e t he i nci pi ent
daught er nucl ei ( 18) . The pur pose of t he pr esent st udy was t o
t est t he val i di t y of t hat concl usi on . The r at i onal e was t hat i f

t he i nci pi ent daught er nucl ei separ at e because t he cent r al

spi ndl e el ongat es bet ween t hem, t hen by br eaki ng t he spi ndl e

i mmedi at el y af t er t he chr omosomes have r eached t he pol es at

anaphase a decr ease i n t he r at e or ext ent of nucl ear separ at i on
shoul d be obser ved. An abst r act of t he exper i ment al r esul t s has

been publ i shed ( 19) .
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MATERI ALS AND METHODS

Cul t ur es of r ace T213 of Fusar i umsol ani ( Mar t . ) Sacc . ( Ascomycet e per f ect st age :

Nect r i a haemat ococca Ber k . & Br . ) wer e obt ai ned f r omH. D. VanEt t en ( Cor nel l

Uni ver si t y) . They wer e mai nt ai ned on car boxymet hyl cel l ul ose ( CMC) agar and

pr epar ed f or i n vi vo mi cr oscopi c obser vat i on, i r r adi at i on, and subsequent f i xat i on

by t he agar - sl i de met hod used by Ai st and Wi l l i ams ( 18) .

The neodymi um- YAG l aser mi cr obeam syst em used i n t hi s st udy was de-

scr i bed by St r ahs et al . ( 20) . Cel l s wer e i r r adi at ed wi t h a si ngl e pul se ( 100- 150

ns) of gr een l i ght ( 532- nm wavel engt h) suf f i ci ent t o cause a phase- dar k dot

( - 0. 25 um di amet er ) sur r ounded by a cl ear hal o t o appear i n i nt er phase nucl eol i

t hat wer e t ar get ed dur i ng cal i br at i on pr ocedur es. Neut r al densi t y f i l t er s wer e

used t o adj ust t he i mpi ngi ng power of t he l aser t o t he desi r ed l evel . Thi s l evel of

power was t he mi ni mal amount t hat woul d r el i abl y sever t he cent r al spi ndl e .

Because t he spi ndl es i n F. sol ani appear t o be composed of t wo par al l el adj acent

st r ands ( 21) , car e had t o be t aken t o i ncl ude i n Tabl e I onl y i r r adi at ed nucl ei

whose spi ndl e st r ands wer e l yi ng one above t he ot her dur i ng i r r adi at i on . Thi s

pr ecaut i on ensur ed t hat bot h si des of t hese bi par t i t e spi ndl es woul d be br oken

when t he spi ndl e was i r r adi at ed, and t hat t he spi ndl e woul d not be af f ect ed when

t he nucl eopl asr n was i r r adi at ed . The cel l s wer e obser ved on a t el evi si on moni t or

and vi deot aped bef or e, dur i ng, and af t er each i r r adi at i on so t hat t he accur acy

and cel l ul ar ef f ect s of i r r adi at i on coul d be ver i f i ed and mi gr at i on r at es det er -

mi ned .

Because opt i cal cl ar i t y was gr eat er i n subapi cal cel l s t han i n api cal cel l s, onl y

second and t hi r d cel l s f r om t he hyphal t i p wer e i ncl uded i n t he exper i ment s .

Twel ve t o f i f t een mi t oses i n each of t he f our cat egor i es i n Tabl e I wer e r ecor ded,

and t he f i r st t en ( chr onol ogi cal l y) i n whi ch t he necessar y det ai l s coul d be cl ear l y

di scer ned i n vi deot ape r epl ays wer e r et ai ned and anal yzed . Spi ndl e l engt hs at t he

moment of t he l aser pul se i n al l i r r adi at ed cel l s wer e det er mi ned f i r st t o est abl i sh

a basi s f or measur i ng separ at i on r at es i n uni r r adi at ed cel l s . Cel l s wer e i r r adi at ed

wi t hi n 5- 10 s af t er al l chr omosomes had r eached t he pol es, when t he aver age

spi ndl e l engt h was 7 . 7 Am. Thi s spi ndl e l engt h t hen ser ved as t he st ar t i ng poi nt

t o measur e t he r at e of separ at i on of daught er nucl ei i n uni r r adi at ed cel l s .

Separ at i on r at es wer e obt ai ned by r epl ayi ng t he vi deot ape sequences at x 10, 400

and measur i ng wi t h a st opwat ch t he t i me r equi r ed f or t he daught er nucl ei t o

separ at e a f ur t her 6 . 7 Amaf t er i r r adi at i on or , f or uni r r adi at ed cel l s, af t er t he

spi ndl e was 7 . 7 Aml ong. The st andar d di st ance, 6 . 7 , um, was t hen di vi ded by t he

measur ed t i me t o gi ve gm/ mi n . For st at i st i cal anal yses, t he measur ed t i mes wer e

used di r ect l y as r aw dat a.

The speed wi t h whi ch event s occur r ed dur i ng and af t er l aser i r r adi at i on

pr ecl uded ef f ect i ve 35mm phot omi cr ogr aphy usi ng a mi cr of l ash at t achment .

Ther ef or e, i ndi vi dual f r ames of t he vi deot aped sequences wer e i maged at x 10, 400

on t he TV moni t or and phot ogr aphed usi ng a Ni kon SLR35mmcamer a mount ed

on a t r i pod . Al t hough a consi der abl e l oss of i mage qual i t y was unavoi dabl y

suf f er ed by phot ogr aphi ng i ndi vi dual f r ames, a pr eci se r ecor d of hi gh speed

event s coul d t hus be cor r el at ed wi t h el apsed t i me ( i . e . , Fi gs . 7, 10) .

Sampl es f or el ect r on mi cr oscopy wer e obt ai ned as f ol l ows. Smal l st r i ps of t ape

wer e appl i ed t o t he edges of 18 mm- squar e cover gl asses . ( The st r i ps ser ved as

handl es f or t he speedy r emoval of t he cover gl asses at a l at er st age . ) The cover

gl asses wer e t hen pl aced over t he mycel i a and seal ed wi t h par af f i n . Af t er sui t abl e

cel l s had been sel ect ed and mapped f or subsequent r el ocat i on ( 18) , i r r adi at i ons

TABLE I I

wer e car r i ed out as descr i bed above . Nucl ei wer e obser ved and vi deot aped unt i l

- 5 s af t er i r r adi at i on t o conf i r m t hat t he t ar get i ng had been accur at e . Then t he

sl i de was qui ckl y r emoved f r om t he mi cr oscope st age, t he cover gl ass was

r emoved, and t he sl i de was i mmer sed i mmedi at el y i n Fi xat i ve A ( see pr ot ocol

bel ow) i n a McJunki n st ai ni ng di sh ( 18) . 10- 20 s el apsed bet ween i r r adi at i on and

i mmer si on i n t he f i xat i ve .

Fr eeze- subst i t ut i on ( 22) coul d not be used t o pr epar e i r r adi at ed speci mens f or

el ect r on mi cr ogr aphy because t he hyphae di d not adher e t o t he cel l ul ose- mem-

br ane suppor t s af t er t he cover sl i p had been r emoved f ol l owi ng i r r adi at i on .

Ther ef or e, we wer e unabl e t o t ake advant age of t he super i or ul t r ast r uct ur al

pr eser vat i on t hat t he t echni que pr ovi des . The f ol l owi ng chemi cal f i xat i on pr ot ocol

was devel oped and used f or t hi s st udy : ( a) f i x f or 1 h at 22° C i n Fi xat i ve A

( cont ai ns 15 par t s of CMC l i qui d medi um, pH 6 . 75; 2. 5 par t s of 0 . 2 Msodi um

cacodyl at e, pH 7 . 0 ; 3 par t s of 25% el ect r on mi cr oscope- gr ade gl ut ar al dehyde;

and 20 par t s of 0. 02% aqueous ur anyl acet at e) ; ( b) soak 10 mi n i n hal f - st r engt h

( aqueous di l ut i on) Fi xat i ve A; ( c) embed i n 1 . 5% wat er agar cont ai ni ng 0. 01%

ur anyl acet at e, at 48° C, and cool i mmedi at el y t o 22° C; ( d) t r ansf er squar es of

agar - embedded mycel i um i nt o st ai nl ess st eel wi r e- mesh basket s si t t i ng i n 0. 01%

aqueous ur anyl acet at e; ( e) soak t hr ee t i mes f or 20 mi n each i n aqueous 0. 01%

ur anyl acet at e; ( f ) t r ansf er i nt o aqueous 0 . I %OSO, pl us 0 . 01 %ur anyl acet at e f or

30 mi n; ( g) r i nse t wo t i mes, 15 mi n each, i n aqueous 0. 1% ur anyl acet at e; ( h)

soak i n f r esh aqueous 0. 1% ur anyl acet at e f or 1- 3 h ; ( i ) r i nse t wi ce i n di st i l l ed

Ef f ect s of Laser Mi cr obeamI r r adi at i on on t he Rat e of

Separ at i on of Post - anaphase, I nci pi ent Daught er Nucl ei of t he

Fungus, Fusar i um sol ani

St at i st i -

cal

Rat e of separ a-

	

compar

Tar get Schemat i c t i on* i sons$

pm/ mi n t 1 SD

7. 6 ± 1. 2

	

AUni r r adi at ed

Spi ndl e

Nucl eopl asm

Cyt opl asm

* Thi s speci men was f r eeze- subst i t ut ed ( 22) i n acet one cont ai ni ng 5%OS04 and 0 . 01% ur anyl acet at e .

$ A dash i ndi cat es t hat suf f i ci ent appr opr i at e sect i ons wer e not avai l abl e .

TABLE I

6. 1 ± 1. 5

	

C

* The r at e was det er mi ned f or a di st ance of 6. 7 Am of separ at i on f or t en

mi t oses i n each cat egor y .

$ Nonpai r ed St udent ' s t t est . Let t er s i n common i ndi cat e no si gni f i cant di f f er -
ence, wher eas di f f er ent l et t er s i ndi cat e si gni f i cance at <_5% l evel . These
anal yses wer e made usi ng t he act ual t i mes measur ed, not t he r at es .

Est i mat es of t he Number s of Spi ndl e Mi cr ot ubul es at Var i ous St ages of Mi t osi s i n Fusar i um spp.

22 . 4 t 12 . 9

	

B

8. 6 ± 1. 7

	

A
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Speci es St age Speci men Pr et r eat ment

No . near

pol e 1

No . near

cent er

No . near

pol e 2

F. sol ani Met aphase FS- 4* None - $ 133 -

F. sol ani Ear l y anaphase CF- 5 Nucl eopl asm i r r adi at ed 109 61 -

F. sol ani Ear l y t el ophase CF- 13 None 20 - -

F. sol ani Ear l y t el ophase CF- 15 None 20 21 -

F. sol ani Ear l y t el ophase CF- 1 Spi ndl e i r r adi at ed 23 - 26

F. sol ani Ear l y t el ophase CF- 2 Spi ndl e i r r adi at ed 21 - 18

F. sol ani Ear l y t el ophase CF- 6 Nucl eopl asm i r r di at ed 11 20 16

F. sol ani Ear l y t el ophase CF- 7 Nucl eopl asm i r r adi at ed 22 20 -

F. sol ani Ear l y t el ophase CF- 11 Cyt opl asm i r r adi at ed 11 15 14

F. sol ani Ear l y t el ophase CF- 12 Cyt opl asm i r r adi at ed 12 - -

F. oxyspor um Met aphase W- 1 None - 54 -

F. oxyspor um Met aphase W- 3 None - 72 -

F. oxyspor um Tel ophase W- 4 None 22 - -

F. oxyspor um Tel ophase W- 5 None 23 - -

F. oxyspor um Tel ophase W- 6 None 11 12 -



FI GURES 1 and 2

	

El ect r on mi cr ogr aphs showi ng nont ar get damage above t he f ocal poi nt of t he l aser mi cr obeam. Fi g . 1 shows

swol l en mi t ochondr i a ( SM) , l i pi d bodi es ( L) , and a membr ane whor l ( W) t hat r esul t ed f r om i r r adi at i on . Cel l wal l , CW; nor mal

mi t ochondr i on, NM. Bar , 1 I t m. x 30, 000 . Fi g . 2 shows a l aser l esi on subj acent t o t he pl asma membr ane wher e t he l aser beam

ent er ed t he cel l . Thi s l esi on i s composed of densel y st ai ni ng gl obul ar mat er i al and membr ane whor l s . Bar , 1 pm. x 43, 000 .

H, 0, 15- 30 mi n each; ( j ) dehydr at e i n an acet one ser i es ; ( k) embed i n Epon-

Ar al di t e; and ( 1) pol ymer i ze at 60° C.

The pl ast i c- embedded agar squar es cont ai ni ng mycel i um wer e t r ansf er r ed t o

l x 3- i nch gl ass sl i des f or pol ymer i zat i on . Af t er pol ymer i zat i on, t he t ar get cel l s

wer e r el ocat ed, r emount ed, and t hi n- sect i oned as descr i bed pr evi ousl y ( 18) . Af t er

ur anyl acet at e and l ead ci t r at e post st ai ni ng, el ect r on mi cr ogr aphs wer e t aken of

compl et e or near l y compl et e ser i es of adj acent sect i ons t hr ough bot h spi ndl e pol e

bodi es ( SPBs; 18) and t he cent r al spi ndl e of ei ght mi t ot i c appar at uses, t wo f r om

each of t he f our exper i ment al cat egor i es ( Tabl e 1) . Al so, one ear l y anaphase

nucl eus t hat bad been i r r adi at ed j ust i nsi de t he nucl ear envel ope about equi di st ant

f r omt he SPBs was i ncl uded .

Two met hods wer e used t o est i mat e number s of spi ndl e mi cr ot ubul es on pr i nt s

at x 12, 500- 50, 000. Mi cr ot ubul es i n cr oss- and near - cr oss sect i ons wer e count ed

di r ect l y on pr i nt s f r om t wo adj acent sect i ons af t er mar ki ng each mi cr ot ubul e

pr of i l e wi t h an i nk dot . The aver age of t he t wo count s, whi ch var i ed by onl y I -

3 mi cr ot ubul es, was t aken as t he best est i mat e . For near - cr oss sect i ons, vi ewi ng

t he pr i nt s at a l ow angl e wi t h t he mi cr ot ubul es vi ewed near l y end- on was of gr eat

hel p i n i dent i f yi ng val i d pr of i l es . To hel p avoi d i ncl usi on of ki net ochor e mi cr o-

t ubul es i n count s of t el ophase spi ndl e mi cr ot ubul es, count s wer e made onl y on

mi cr ogr aphs i n whi ch t he cent er of t he bundl e was at a di st ance f r omt he SPB

r epr esent i ng 0 . 5- 3 . 0 j am. For est i mat es f r om near - l ongi t udi nal sect i ons, onl y

compl et e ser i es of ser i al sect i ons t hr ough spi ndl es wer e used. Near spi ndl e pol es,

FI GURES 3- 6

	

El ect r on mi cr ogr aphs depi ct i ng var i ous aspect s of t he mi t ot i c appar at us i n F . sol ani . The mi t ot i c appar at us i n t he

nucl eopl asm- i r r adi at ed, ear l y anaphase nucl eus i n Fi g. 3 i s composed of t wo mai n st r ands of spi ndl e mi cr ot ubul es ( SMT) , spi ndl e

pol e bodi es ( SPB) , ast r al mi cr ot ubul es ( ar r ows) , and chr omosomes ( CH) wi t h ki net ochor es ( K) . Nucl ear envel ope, NE. Bar , 1 / Am.

x 26, 900 . Fi g . 4 i s ear l y t el ophase i n an uni r r adi at ed cel l and shows t wo mai n st r ands of SMT, CH near t he SPB, and ast r al

mi cr ot ubul es ( AM) . Bar , 1 j am. x 26, 900 . I n Fi g . 5, t he SPB appear s doubl e ( ar r owheads) at ear l y t el ophase . Bar , 0. 1 l am . x 52, 000.

Fi g . 6 ( same nucl eus as i n Fi g . 3) suggest s t he consi der abl e ext ent of t he ear l y anaphase ast er as evi denced by t he numer ous AMs

t hat ar e pr oj ect i ng f owar d f r om t he SPB. Bar , 0. 1 pm. x 41, 500.
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a pai r of l i nes per pendi cul ar t o t he spi ndl e and separ at ed by a st andar d di st ance

( 0. 15- 0 . 5 cm, dependi ng on t he magni f i cat i on) wer e f i r st dr awn on each pr i nt at

a di st ance f r omt he SPBr epr esent i ng 0. 375 ymand 0. 5 pm. Then, t he number of

mi cr ot ubul e pr of i l es t hat cr ossed each l i ne i n each pr i nt was count ed, usi ng a

x3 magni f i er , and t ot al l ed. The aver age of t hese t wo t ot al s was used as t he best

est i mat e . For est i mat es near t he spi ndl e cent er i n near - l ongi t udi nal sect i ons, t he

t wo l i nes wer e dr awn at set di st ances f r om t he SPBs, near t he mi dpoi nt of t he

spi ndl e. These l i nes wer e 0. 5 cmapar t on t he pr i nt s, r egar dl ess of magni f i cat i on .

Count s wer e made and aver aged as f or pol ar est i mat es . Bot h t he di r ect count

met hod and t he l i ne count met hod gave compar abl e and r epeat abl e est i mat es .

However , any count s f r om near - cr oss or near - l ongi t udi nal sect i ons have t he

pot ent i al t o under est i mat e somewhat t he number act ual l y pr esent because of

ver t i cal st acki ng of some mi cr ot ubul es wi t hi n t he sect i on. Ther ef or e, t he dat a i n

Tabl e 11 ar e i nt ended onl y as r ough est i mat es of mi cr ot ubul e number s . El ect r on

mi cr ogr aphs of sever al nucl ei of F. oxyspor umf r om a pr evi ous st udy ( 18) wer e

i ncl uded i n t hese est i mat es f or compar i son .

RESULTS

Sever al si de ef f ect s of l aser i r r adi at i on wer e not i ced . Rout i nel y,

t her e was a ver y sl i ght and i mmedi at e cont r act i on of some

cyt opl asm t owar d t he t ar get ed ar ea . Fr equent l y a mi t ochon-

dr i on 5- 10 I t m away f r omt he pat h of t he l aser beamwoul d be

i mmedi at el y j er ked t owar d or away f r om t he t ar get ar ea at t he

moment of t he l aser pul se. Mi t ochondr i a wi t hi n t he pat h of

t he l aser beamswel l ed r api dl y ( Fi g. 1) . Thi s sensi t i vi t y t o gr een

l aser l i ght pr obabl y r ef l ect s t he cyt ochr ome cont ent of mi t o-

chondr i a, si nce cyt ochr omes absor b heavi l y i n t he gr een wave-

l engt hs ( 23) . The l aser pul se al ways i nduced t he cel l s t o f or m

wal l apposi t i ons ( 24) wi t hi n a f ew mi nut es . Thi s r eact i on was

appar ent l y a r esponse t o consi der abl e l ocal i zed damage ( Fi g.

2) i n t he f i r st 1 I cm of cyt opl asm bel owt he cel l wal l wher e t he

conver gi ng l aser beam ent er ed t he cel l . Bel ow t hi s l ayer of

damaged cyt opl asm was a 1- 2 t i m t hi ck l ayer of undamaged

cyt opl asm, f ol l owed by a r oughl y spher i cal r egi on of l aser

damage - 0. 4 I t m i n di amet er ( Fi gs. 11- 15) .

Despi t e t he si de ef f ect s, i r r adi at ed cel l s consi st ent l y r emai ned

al i ve and damage r emai ned l ocal i zed . Al l nucl ei cont i nued t o

di vi de, and t hey pr oceeded not onl y i nt o i nt er phase, but t hose

t hat wer e moni t or ed f ur t her compl et ed t he next mi t ot i c cycl e

as wel l . Mor eover , t he gr owt h of hyphal t i p cel l s seemed

unaf f ect ed when t hese cel l s wer e i r r adi at ed subapi cal l y . I n

summar y, t he obser ved si de ef f ect s of l aser i r r adi at i on wer e

hi ghl y l ocal i zed t o t he i r r adi at ed si t e and di d not i nt er f er e

del ect abl y wi t h over al l cel l ul ar pr ocesses .

The gener al f eat ur es of mi t osi s i n F. sol ani wer e descr i bed

f r om obser vat i ons of l i vi ng cel l s by Thi el ke ( 25) and cl osel y

r esembl e t hose i n F. oxyspor um( 17, 18) . Mi t osi s ( Fi gs . 3- 8) i s

i nt r anucl ear , and t he mi t ot i c appar at us i ncl udes a mi cr ot ubul ar

spi ndl e, di sc- shaped or hemi spher i cal SPBs, di scr et e chr omo-

somes, and ast r al mi cr ot ubul es . Vi deot ape r epl ays cl ear l y

showed t hat dur i ng pr ophase t he daught er SPBs mi gr at e apar t

i n a di r ect i on per pendi cul ar t o t he l ong axi s of t he cel l , unt i l

t hey r each a posi t i on near t he opposi t e si des of t he cel l . When

t he hal f - spi ndl es have become al i gned t o f or m a compl et e

spi ndl e, t he spi ndl e el ongat es as t he ent i r e mi t ot i c appar at us

r ot at es sl owl y t o an or i ent at i on near l y par al l el t o t he cel l ' s l ong

axi s. Thi s met aphase st age l ast s f or - 2- 3 mi n and i s char act er -

i zed by i nt er mi t t ent r ot at i onal movement s of t he mi t ot i c ap-
par at us.

Dur i ng anaphase, an - - 20- 25%i ncr ease i n t he l engt h of t he
spi ndl e occur s as t he daught er chr omosomes mi gr at e t o t hei r

r espect i ve pol es . By ear l y anaphase ( Fi gs. 3 and 6) pr omi nent

ast er s have devel oped . I n t he exampl e shown i n Fi gs . 3 and 6,

onl y t wo or t hr ee ( per haps 10% of t he t ot al ) of t he ast r al
mi cr ot ubul es wer e f ound t o be or i ent ed back t owar d t he op-
posi t e pol e. The SPBs of t hi s nucl eus wer e per pendi cul ar t o
t he cel l ' s l ong axi s, and none of t he ast r al mi cr ot ubul es wer e
f ound, i n ser i al sect i ons, t o even appr oach t he vi ci ni t y of t he
pl asma membr ane. I n t wel ve adj acent ser i al sect i ons ( e . g. Fi g .
3) , t en ki net ochor es wer e f ound connect ed t o one spi ndl e pol e,
seven t o t he ot her . Ther e was one ki net ochor e per chr omosome
and one mi cr ot ubul e per ki net ochor e .

One i nt er est i ng f eat ur e of t he mi t ot i c appar at us of F. sol ani

i s t hat of t en t he spi ndl e i s basi cal l y bi par t i t e f r om ear l y ana-

phase ( Fi g . 3) t hr ough ear l y t el ophase ( Fi g . 4) . The spi ndl es
shown i n Fi gs . 3 and 4 each had an addi t i onal st r and of t wo t o
f our mi cr ot ubul es i n anot her pl ane of sect i on . SPBs f r equent l y

appear ed doubl e at ear l y t el ophase ( Fi g . 5) , but a speci f i c

spat i al r el at i onshi p bet ween t he t wo most pr omi nent bundl es

of spi ndl e mi cr ot ubul es and t he t wo SPBs at any one pol e was

not appar ent . Vi deot ape anal yses of anaphase demonst r at ed

t hat chr omat i ds coul d mi gr at e al ong bot h si des of t he bi par t i t e

spi ndl es t owar d t he pol es. Bet ween anaphase and t he mi ddl e

of phase I I , t he mai n st r ands of t he spi ndl e coal esced i nt o a

si ngl e, nar r ow bundl e of mi cr ot ubul es ( Fi g. 8) .
I nci pi ent daught er nucl ei i n uni r r adi at ed cel l s ( Fi g . 7) sepa-

r at ed at an aver age r at e of 7 . 6 pm/ mi n ( Tabl e I ) . Dur i ng t hi s
separ at i on, a bundl e of cent r al spi ndl e mi cr ot ubul es ( Fi gs . 8
and 9) el ongat ed bet ween t he SPBs . When t he spi ndl e was
i r r adi at ed ( Fi g. 10 c) , t he mi cr obeam br oke t he spi ndl e and t he
i nci pi ent daught er nucl ei separ at ed at an accel er at ed aver age
r at e of 22 . 4 I t m/ mi n . ( Tabl e I ) . Mor eover , t hese nucl ei usual l y

mi gr at ed f ar t her apar t t han di d t hose i n uni r r adi at ed cel l s .
Successf ul br eakage of t he spi ndl e was ver i f i ed i n vi deot ape

r epl ays and was char act er i zed by t he appear ance of a phase-

cl ear r egi on i n t he spi ndl e wher e i t was i r r adi at ed and, f r e-

quent l y, by t he subsequent appear ance of a dar k gl obul e ( Fi gs .

10d and 11) t hat r epl aced t he cl ear r egi on . One or bot h of t he

t wo shaf t s of t he br oken spi ndl e r out i nel y r ot at ed ( Fi gs . 10d

and 11) such t hat t hey wer e no l onger or i ent ed t owar d t he

opposi t e pol e . I n f i ve or si x addi t i onal nucl ei ( not i ncl uded i n

Tabl e I ) , onl y one of t he st r ands of t he spi ndl e was i r r adi at ed,

r esul t i ng i n r ot at i on of t he br oken hal ves of t he i r r adi at ed

st r and, whi l e t he ot her st r and cont i nued t o el ongat e wi t h t he

nucl eus . Once t hey r ot at ed, t he br oken spi ndl e shaf t s ( of ei t her

bi par t i t e or coal esced spi ndl es) mai nt ai ned t hei r new, obl i que

or i ent at i on t hr ough most or al l of t he subsequent separ at i on

phase ( Fi g. 11) . Some i nci pi ent daught er nucl ei j er ked abr upt l y

apar t an addi t i onal 2- 3 I t mi mmedi at el y upon spi ndl e i r r adi a-
t i on, whi l e ot her s ei t her exhi bi t ed onl y a gr adual accel er at i on
or paused f or 2- 3 s bef or e accel er at i ng r api dl y . The l esi on
cr eat ed by t he f ocused l aser beam had a coar sel y gr anul ar

Fi GUREs 7- 9

	

Aspect s of mi t osi s i n uni r r adi at ed cel l s . Fi g . 7 : t i me- l apse ser i es of a l i vi ng cel l of F . sol ani : a i s at met aphase ; b- e ar e

pr ogr essi vel y l at er t el ophase st ages of t he separ at i on of i nci pi ent daught er nucl ei ( i n par ent heses) . These ar e phase- cont r ast ,

vi deot ape i mages . Rel at i ve t i mes ( i n seconds) ar e i n t he upper r i ght of each f r ame . I nci pi ent daught er nucl ei , DN; and spi ndl e, 5.

Bar , 1 l t m . x 2, 250 . Fi g . 8 : a nucl eus f i xed - 20 sec af t er anaphase . Not e t he ( t ypi cal ) r et ent i on of t he i nt act nucl ear envel ope and

t he nar r ow bundl e of SMT . Nucl ear por e, NP. Bar , 1 l Am. x 20, 900 . Fi g . 9 i s an enl ar gement of t he SMT i n Fi g . 8. Bar , 0. 1 pm. x

41, 800.
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ul t r ast r uct ur e and was heavi l y st ai ned ( Fi gs . 11- 13) . I n onl y
one of t he t wo spi ndl e- i r r adi at ed nucl ei t hat wer e exami ned by

el ect r on mi cr oscopy di d a f ew mi cr ot ubul es r emai n i n t he

cent er of t he nucl eus, near t he l esi on ( Fi g . 13) ; t he ot her s wer e

car r i ed al ong wi t h t he r api dl y separ at i ng SPBs.

When t he mi cr obeam was ai med at t he nucl eopl asm, besi de

t he spi ndl e ( Fi g . 14) , t he i nci pi ent daught er nucl ei separ at ed at

an aver age r at e of 8 . 6 pi n/ mi n, whi ch was compar abl e ( P =

0. 1) t o t he r at e i n uni r r adi at ed cel l s ( Tabl e 1) . No ul t r ast r uc-

t ur al al t er at i ons wer e obser ved i n t hese spi ndl es ( Fi g . 15) ,

al t hough t he char act er i st i c l aser l esi on was pr oduced. Vi deo-

t ape r epl ays ver i f i ed t hat t he cent r al spi ndl e r emai ned i nt act

dur i ng f ur t her separ at i on of t he nucl ei .

I r r adi at i ons of t he cyt opl asm l at er al t o one of t he spi ndl e

pol es wer e i ncl uded as a check f or gener al , nonspeci f i c ef f ect s

of t he l aser pul se on phase I I . Our i nt ent was t o i r r adi at e as

cl ose as possi bl e t o t he nucl eus wi t hout damagi ng t he ast r al

mi cr ot ubul es . Never t hel ess, t hese i r r adi at i ons r esul t ed i n a

smal l but st at i st i cal l y si gni f i cant ( P = 0. 025) r educt i on ( f r om

7 . 6 pm/ mi n t o 6. 1 pm/ mi n) i n t he r at e of separ at i on of i nci pi ent

daught er nucl ei ( Tabl e I ) . As wi t h nucl eopl asm i r r adi at i ons, a

l aser l esi on was pr oduced ( Fi g . 16) and t he spi ndl e r emai ned

i nt act dur i ng f ur t her separ at i on. No ul t r ast r uct ur al damage t o

t he conspi cuous ar r ay of ast r al mi cr ot ubul es t hat t ypi f i es ana-

phase and t el ophase ( Fi gs . 17 and 18) was det ect ed . The l i mi t ed

ext ent of adj acent ser i al sect i ons and t he br oad di ver gence of

ast r al mi cr ot ubul es pr event ed quant i t at i on of t he mi cr ot ubul es

of t he ast er s . However , t he number s and l engt hs of ast r al

mi cr ot ubul es i n cyt opl asm- i r r adi at ed and uni r r adi at ed cel l s

appear ed t o be si mi l ar . Ther e wer e, of cour se, l aser - damaged

( swol l en) mi t ochondr i a ( Fi g . 16) near t he cyt opl asmi c t ar get

ar ea.

The di st al ends of some of t he ast r al mi cr ot ubul es cl osel y

appr oached t he pl asma membr ane ( Fi gs . 17, 19, and 20) . These

mi cr ot ubul e t er mi nat i ons wer e embedded i n a f l occul ent ma-

t r i x ( Fi g. 17) , or f l ar ed out at t he end ( Fi g . 19) , or bot h ( Fi g .

20) . Four t een ear l y t el ophase ast er s wer e anal yzed ( i n ser i al

sect i ons t hat i ncl uded t he ent i r e SPBs as wel l as r egi ons i n-

cl udi ng and beyond al l mi cr ot ubul e t er mi nat i ons i ndi cat ed)

f or t er mi nat i ons of ast r al mi cr ot ubul es . Four had one t er mi -

nat i on, f our had t wo t er mi nat i ons, t hr ee had t hr ee t er mi na-

t i ons, t wo had f our t er mi nat i ons and one had seven t er mi na-

t i ons of ast r al mi cr ot ubul es, al l near t he pl asma membr ane .

One ast r al mi cr ot ubul e ended i n a f l ar ed t er mi nus adj acent t o

a sheet of r ough endopl asmi c r et i cul um ( Fi g . 21) . Al l of t he
ear l y t el ophase spi ndl es wer e sl i ght l y angl ed wi t h r espect t o t he
l ongi t udi nal cel l s axi s ( Fi gs . 14 and 16) . Al so, t he SPBs wer e
al ways at an angl e wi t h r espect t o t he spi ndl es ( Fi gs . 16 and
18) , such t hat t he t wo SPBs of any one nucl eus wer e or i ent ed
t owar d opposi t e si des of t he cel l ( Fi g . 16) . The one except i on
i s t he mi t ot i c appar at us i n Fi g . 18, i n whi ch bot h SPBs wer e
f aci ng t he same si de of t he cel l . Wi t hout except i on, t he SPBs

wer e f ound t o have ast r al mi cr ot ubul es associ at ed wi t h t he

pl asma membr ane on onl y t he si de of t he cel l whi ch t hey f aced.

Some of t hese associ at i ons wer e ant er i or t o t he SPB, and ot her s

wer e post er i or . One of t wo " f r ee" t er mi nat i ons of ast r al mi cr o-

t ubul es t hat wer e f ound was f l ar ed : t he ot her was undi f f er en-

t i at ed .

Ast r al mi cr ot ubul es wer e commonl y at l east 2- 3 pm l ong,

and many wer e >5 pi n l ong . As est i mat ed 60- 80%of t he t ot al
number of ast r al mi cr ot ubul es at a pol e wer e or i ent ed ant e-

r i or l y, 15- 35%post er i or l y, and 5%l at er al l y wi t h r espect t o t he

SPB. The mi t ot i c appar at us i n a br anchi ng, penul t i mat e cel l

char act er i st i cal l y mi gr at es t owar d and i nt o ( at l east par t i al l y)

t he base of t he br anch dur i ng phase I I , wher e t he l eadi ng

nucl eus t akes up per manent r esi dence as t he t r ai l i ng nucl eus

mi gr at es back i nt o t he mai n hypha . Fi g . 18 i s t aken f r om a
sect i on t hr ough such a mi t ot i c appar at us and shows t hat t he
ast r al mi cr ot ubul es spl ay out i nt o t he base of t he br anch . Such
mi cr ot ubul es may come t o wi t hi n ~12 nm of t he pl asma
membr ane ( Fi g . 22) .

Rough est i mat es of t he number s of spi ndl e mi cr ot ubul es i n

Fusar i umspp . ar e pr esent ed i n Tabl e I I . I t i s obvi ous t hat about
t wo- t hi r ds of t he spi ndl e mi cr ot ubul es ar e depol ymer i zed be-
t ween met aphase and t el ophase. Depol ymer i zat i on of t he
shor t eni ng ki net ochor e mi cr ot ubul es coul d account f or onl y a
ver y smal l per cent age of t hi s dr amat i c decr ease ; onl y about
f our t o t wel ve ki net ochor e mi cr ot ubul es ar e at t ached t o each
pol e ( 18; and pr esent r esul t s) . The unusual l y hi gh est i mat e of
133 f or t he f r eeze- subst i t ut ed met aphase nucl eus may have
been due t o t he super i or pr eser vat i on of mi cr ot ubul es af f or ded
by t hi s t echni que ( 22) , or t o a hi gher number havi ng been

pr esent i n vi vo at met aphase i n F. sol ani , or t o bot h. Among

t el ophase nucl ei i n bot h speci es t her e seemt o be t wo di st i nct

cat egor i es of spi ndl es ; some have a hi gher number of spi ndl e

mi cr ot ubul es ( 20- 23 est i mat ed) and some a l ower number ( 11-
16 est i mat ed) . Thi s di f f er ence was especi al l y consi st ent near
t he spi ndl e pol es. Wi t h t he possi bl e except i on of one nucl eus

( CF- 6 i n Tabl e I I ) , t he number of mi cr ot ubul es at t he cent er s

of t el ophase spi ndl es was compar abl e t o t he number at t he

pol es.

DI SCUSSI ON

The dr amat i c i ncr ease i n t he r at e of separ at i on of i nci pi ent

daught er nucl ei when t he spi ndl e was br oken was qui t e unex-

pect ed and r equi r ed a r et hi nki ng of cur r ent concept s about t he

mechani cs of chr omosome separ at i on, especi al l y i n Fusar i um

spp. The most obvi ous i nt er pr et at i on i s t hat ext r anucl ear f or ces

ar e pul l i ng on t he SPBs dur i ng phase I I . Thi s i nt er pr et at i on i s

f ur t her suppor t ed, al bei t i ndi r ect l y, by t he obser vat i on t hat

l aser damage t o t he cyt opl asm besi de one of t he SPBs sl owed

t he r at e of separ at i on, and coul d be di r ect l y t est ed by addi t i onal

exper i ment s i n whi ch t he ast er s ar e i r r adi at ed. Pr evi ous i nf er -

ences and specul at i ons about such f or ces ( 4, 10, 15, 16, 26) ar e

FI GURES 10- 13

	

These cel l s wer e i r r adi at ed near t he cent er of t he ear l y t el ophase spi ndl e . Fi g . 10 : a t i me- l apse ser i es of a l i vi ng cel l

i n whi ch t he spi ndl e was sever ed : a i s at met aphase ; b shows t he i nt act , ear l y t el ophase spi ndl e ( S) ; c shows t he r esi dual

f l uor escence ( ar r ow) i nci t ed by l aser i r r adi at i on ; d shows one- hal f of t he br oken spi ndl e ( par al l el t o t he dashed l i ne) and l aser -

damaged mat er i al ( ar r ow) ; and e shows t he i nci pi ent daught er nucl ei ( i n par ent heses) upon compl et i on of separ at i on . These ar e

phase- cont r ast , vi deot ape i mages . Rel at i ve t i mes ( seconds) ar e i n t he upper r i ght of each f r ame . Bar , 1 Am. x 2, 250. Fi g. 11 : an ear l y

t el ophase cel l f i xed 10- 20 s af t er t he spi ndl e was sever ed by t he l aser . The st r ands of br oken SMT have r ot at ed, and an ar ea of

l aser - damaged mat er i al ( ar r ow) l i es bet ween t he i nci pi ent DN . Bar , 1 gm. x 17, 900 . Fi gs . 12 and 13 show, r espect i vel y, t he

ul t r ast r uct ur al det ai l s of , and t wo r esi dual SMT associ at ed wi t h, t he l aser l esi on i n Fi g . 11 . Fi g . 12 : bar , 0. 1 gm; x 88, 400. Fi g . 13 : bar ,

0. 1 pm; x 37, 800 .
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FI GURES 14- 16

	

El ect r on mi cr ogr aphs of cel l s i r r adi at ed i n t he nucl eopl asm or cyt opl asm. Fi g. 14 i s an ear l y t el ophase cel l f i xed 10-

20 s af t er t he nucl eopl asm was i r r adi at ed . The l aser - damaged mat er i al ( ar r ow) l i es next t o t he SMT, whi ch appear unal t er ed . Bar ,

1 Am. x 17, 900 . Fi g . 15 i s an enl ar gement of t he spi ndl e i n Fi g. 14. The SMT ar e not det ect abl y al t er ed, even t hough t he l aser l esi on

i s cl ose by . Bar , 0 . 1 j Am. x 49, 800 . Fi g . 16 i s a cel l f i xed 10- 20 s af t er t he cyt opl asm was i r r adi at ed adj acent t o t he i nci pi ent daught er

nucl eus at t he t op . Not e t he ar ea of l aser - damaged cyt opl asm ( ar r ow) and t he SM ( swol l en mi t ochondr i on) near by . The SPB ar e

sl ant ed t owar d opposi t e si des of t he cel l . Bar , 1 Am. x 14, 900 .

suppor t ed by our r esul t s . Our i nt er pr et at i on woul d expl ai n why

t he ent i r e mi t ot i c appar at us, at l east i n sever al f ungi , can

mi gr at e or osci l l at e i n t he cel l ( 10, 17, 18, 27) . I t al so woul d

suggest why, dur i ng nor mal mi t osi s, t he el ongat ed, t el ophase

spi ndl e somet i mes snaps i n t he mi ddl e wi t h a r ecoi l of t he f r ee

ends t owar d t he r espect i ve spi ndl e pol es ( 17, 25) : t he spi ndl e i s

appar ent l y under t ensi on f r ompol ar f or ces pul l i ng i n opposi t e

di r ect i ons. Such pol ar f or ces coul d al so cont r i but e t o coal es-
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cence of t he st r ands of spi ndl e mi cr ot ubul es i nt o a si ngl e,

t i ght l y packed bundl e at t el ophase by put t i ng t ensi on on t hem.

The post ul at ed pol ar f or ces woul d be i nt er mi t t ent , r esul t i ng i n

osci l l at i ons of t he mi t ot i c appar at us ( 10, 18) . I n t he pr esent

exper i ment s t he i nt er mi t t ent nat ur e of t he pol ar f or ces woul d

expl ai n t he obser ved di f f er ence i n el apsed t i me bet ween br eak-

age of t he spi ndl e and accel er at i on of i nci pi ent daught er nucl ei ;

some j er ked apar t i mmedi at el y, wher eas ot her s hesi t at ed bef or e



FI GURES 17- 22

	

Ul t r ast r uct ur al aspect s of ast er s i n ear l y t el ophase nucl ei . Fi g . 17 shows a t ypi cal ast er i n an uni r r adi at ed cel l . AM

( ar r ows) r adi at e f r om t he SPB i nt o t he cyt opl asm, wher e one ( doubl e ar r ow) t er mi nat es i n a smal l cl oud of f l occul ent mat er i al near

t he pl asma membr ane. Bar , 1 pm. X33, 200 . I n Fi g . 18, t he mi t ot i c appar at us was about t o ent er a hyphal br anch ( Br ) . The cel l had

been i r r adi at ed i n t he cyt opl asm besi de t hi s SPB ( t he l aser l esi on i s out of t he pl ane of sect i on, t o t he cent er r i ght ) . Thi s t ypi cal

ast er has t he nor mal ar r ay of mi cr ot ubul es ( ar r ows) , some of whi ch ( doubl e ar r ows) have spl ayed out i nt o t he br anch, ahead of

t he SPB whi ch i s sl ant ed t owar d t he br anch . The mai n hypha ( MH) i s or i ent ed par al l el t o t he dashed l i nes . Bar , 1 t am. X 32, 000.

Fi gs . 19- 22 show var i ous spat i al associ at i ons of AMwi t h ot her cel l st r uct ur es . I n Fi gs . 19 and 20, t wo adj acent , post er i or l y or i ent ed

mi cr ot ubul es t er mi nat e at or near t he pl asma membr ane ( PM) , wi t h ei t her a f l ar ed t er mi nus ( ar r ow, Fi g . 19) or a swol l en t er mi nus

embedded i n f l occul ent mat er i al ( ar r ows, Fi g . 20) . The f l ar ed mi cr ot ubul e t er mi nus ( ar r ow) of t he ant er i or l y or i ent ed mi cr ot ubul e

i n Fi g . 21 ends at a sheet of r ough endopl asmi c r et i cul um ( RER) . Fi g . 22 shows AMof t he ast er i n Fi g . 18 i n a di f f er ent sect i on . One

of t hese mi cr ot ubul es ( ar r ows) l i es wi t hi n 12 nmof t he PM and ext ends i nt o t he br anch ( Br ) . Al l of t hese mi cr ot ubul es wer e t r aced

back t o t he SPBs i n adj acent ser i al sect i ons, whi ch al so ver i f i ed t hei r t er mi nat i ons as i l l ust r at ed . Bar s, 0. 1 P, m. Fi g . 19, X 59, 700; Fi gs .

20 and 21, X 51, 900; Fi g . 22, X 50, 000.

accel er at i ng r api dl y . The exi st ence of pol ar f or ces woul d hel p

ensur e t hat i nci pi ent daught er nucl ei coul d separ at e even i f a

pr omi nent cent r al spi ndl e di d not f or m, as occur s i n aber r ant

mi t oses i n ol der cel l s of F. oxyspor um ( Ai st , unpubl i shed

obser vat i ons) and i n cul t ur ed newt cel l s ( 28) .

The ast r al mi cr ot ubul es ar e i nf er r ed t o pl ay a r ol e i n t he

depl oyment of t hese put at i ve pol ar f or ces because t hey ar e

at t ached t o t he SPB and i ncr ease i n number and l engt h at an

appr opr i at e t i me ( 10, 16, 18) . I n addi t i on, t hey seem t o pl ay a

r ol e i n mi gr at i on of i nt er phase nucl ei , whi ch appar ent l y i n-

vol ves a f or ce t r ansmi t t ed t o t he SPB ( 18, 26, 29- 31) . Si nce

f ungi cont ai n act i n ( 32) , as wel l as mi cr of i l ament s t hat ar e

somet i mes cl osel y associ at ed wi t h mi cr ot ubul es ( 33) , i t i s pos-

si bl e t hat t he pol ar f or ce i s gener at ed by a mi cr of i l ament - based
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FI GURE 23 Di agr ammat i c r epr esent at i on ( not t o scal e) of f or ces

post ul at ed t o act on t he SPB dur i ng chr omosome separ at i on i n F.

sol ani . The number s and l engt hs of t he ar r ows r epr esent r ough

appr oxi mat i ons of t he magni t udes and di r ect i ons of t he f or ces . The

di st i ngui shi ng f eat ur es of t hi s model ar e t he ast r al f or ces and

opposi ng ( r esi st i ve) spi ndl e count er f or ces t hat wer e r eveal ed pr i -

mar i l y by br eaki ng t he spi ndl e at ear l y t el ophase .

mot i l i t y syst em. The r esi dual abi l i t y, al bei t r educed, of f ungal

nucl ei t o di vi de ( 34, 35) i n t he pr esence of ant i mi cr ot ubul e

agent s may be evi dence of such a f or ce- gener at i ng syst em, and

suggest s t hat t he r ol e of mi cr ot ubul es coul d be l ar gel y one of

f aci l i t at i ng net f or ce pr oduct i on by mai nt ai ni ng t he or i ent at i on

of mi cr of i l ament s mor e or l ess par al l el t o t he hyphae, as

suggest ed by Heat h ( 29) . However , t hi s concept al one coul d

not expl ai n how t he t wo pol es coul d be pul l ed i n opposi t e

di r ect i ons at t he same t i me . I t seems mor e l i kel y t hat t he mai n

f or ce woul d be t r ansmi t t ed f r om mi cr of i l ament s t o t he ast r al

mi cr ot ubul es by an i nt er act i on bet ween t hese t wo cyt oskel et al

el ement s ( 36, 37) . Si nce ast er s can move smal l par t i cl es t owar d

t hei r cent er s ( 1) , i t i s not di f f i cul t t o i magi ne t hat an i nt er act i on

bet ween a st at i onar y, cyt oskel et al el ement ( e . g. mi cr of i l ament s)

and ast r al mi cr ot ubul es woul d pr opel t he ast er f or war d . The

i nher ent pol ar i t y of mi cr ot ubul es ( 1) coul d somehow conf er

opposi t e di r ect i onal i t y t o t he f or ces oper at i ng on t he t wo SPBs,

si nce most of t he mi cr ot ubul es of t he t wo opposi ng ast er s ar e

or i ent ed f or war d, away f r om t he nucl eus . Unf or t unat el y, t he

ul t r ast r uct ur al pr eser vat i on of mi cr of i l ament s i n our st udy was

i nadequat e t o shed l i ght on t hi s possi bi l i t y ; mi cr of i l ament s

wer e r out i nel y det ect ed onl y at devel opi ng sept a and i n Spi t z-

enkor per s, wher e t hey ar e known f r omf r eeze- subst i t ut i on st ud-

i es t o occur i n abundance i n F. sol ani ( Ai st and Ber ns, unpub-

l i shed obser vat i ons) and i n Fusar i um acumi nat um ( 38) .

The cl ose associ at i ons obser ved her e bet ween ast r al mi cr o-

t ubul es and t he pl asma membr ane suggest t hat some of t hese

mi cr ot ubul es ar e anchor ed near t he cel l sur f ace . Cyt opl asmi c

mi cr ot ubul es have been shown t o be at t ached or associ at ed

wi t h t he pl asma membr ane of var i ous pl ant cel l s by means of

f l ar ed or swol l en t er mi ni ( 380) . An al t er nat i ve possi bi l i t y i s

t hat t hese pl asma membr ane- associ at ed mi cr ot ubul es r ecei ve

a mot i l e f or ce by i nt er act i ng wi t h an act i n- myosi n compl ex l i ke

t he one associ at ed wi t h t he pl asma membr ane of asci t es t umor

cel l s ( 41) . I n suppor t of t hi s i dea i s Howar d' s ( 38) i l l ust r at i on

of mi cr of i l ament s associ at ed wi t h t he pl asma membr ane of F.

acumi nat um.

Cyt opl asmi c i r r adi at i on may have r educed t he r at e of sepa-

r at i on of i nci pi ent daught er nucl ei by damagi ng a mi cr of i l a-

ment syst em or t he mi t ochondr i a i n t he vi ci ni t y of t he ast er

and t her eby i nhi bi t i ng one or mor e of t he component s neces-

sar y t o gener at e t he mot i l e f or ce ; a di r ect ul t r ast r uct ur al ef f ect

on ast r al mi cr ot ubul es was not appar ent . Gr i f f i n et al . ( 42)

f ound t hat cyt opl asmi c i r r adi at i on of Physar um pol ycephal um

wi t h a l aser i nt er r upt ed cycl osi s whi ch, i n t hi s or gani sm, i s

based on a mi cr of i l ament syst em ( 43) .

The ot her maj or i nt er pr et at i on of t hese dat a i s t hat t he

cent r al spi ndl e i n F. sol ani act s as a mechani cal gover nor t hat

l i mi t s t he r at e at whi ch t he SPBs ( and, t her ef or e, t he i nci pi ent

daught er nucl ei ) separ at e dur i ng phase I I . Thi s r ol e of t he

spi ndl e was i nf er r ed by Gi r bar dt ( 10) on t he basi s of osci l l at i ons

and mi gr at i ons of mi t ot i c nucl ei of t he Basi di omycet e, Tr amet es

ver si col or , and by Cr ackower ( 34) on t he basi s of nucl ear

behavi or i n t he Ascomycet e, Asper gi l l us ni dul ans, i n t he pr es-

ence of a spi ndl e poi son, gr i seof ul vi n . Our st udy pr ovi des di r ect

conf i r mat i on of t hi s r egul at or y r ol e of t he cent r al spi ndl e .

For er ( 12) has post ul at ed a r el at ed r ol e f or ki net ochor e mi cr o-

t ubul es dur i ng pol ewar d mi gr at i on of chr omosomes i n ana-

phase, but t he r el evance of our r esul t s t o hi s post ul at e i s

uncl ear .

For ces gener at ed by el ongat i ng spi ndl es ar e usual l y t hought

t o r esul t f r om gr owt h of t he mi cr ot ubul es, t hei r l at er al i nt er -

act i ons ( sl i di ng) or bot h ( 1, 8, 44) . I n vi ew of t hese r esul t s, we

must consi der t he possi bi l i t y t hat one or bot h of t hese mecha-

ni sms l i mi t s t he r at e of separ at i on of t he i nci pi ent daught er

nucl ei . The mi cr ot ubul e count s l end suppor t t o t he vi ew t hat

mi cr ot ubul e gr owt h occur s, si nce most t el ophase nucl ei had

si mi l ar number s of mi cr ot ubul es near bot h t he pol es and t he

cent er of t he spi ndl e. Accor di ng t o t hi s concept , t he r at e of

pol ymer i zat i on of ( pr esumabl y) cont i nuous mi cr ot ubul es coul d

l i mi t t he r at e at whi ch t he nucl ei separ at e . The cont i nuous

mi cr ot ubul es woul d have t o be somehow pr ot ect ed f r om t he

depol ymer i zi ng condi t i ons t hat gi ve r i se t o t he decl i ne i n

number s of mi cr ot ubul es t hat pr ecedes t el ophase. The dat a do

not excl ude t he possi bi l i t y t hat mi cr ot ubul e sl i di ng may occur

al so . Ext ensi ve mi cr ot ubul e t r acki ng dat a woul d hel p cl ar i f y

t hese i mpor t ant aspect s of spi ndl e i nf r ast r uct ur e .

The concept t hat t he spi ndl e gener at es count er f or ces t hat

r esi st t he pul l on t he SPBs shoul d not be t aken t o i mpl y t hat

t he spi ndl e i s not capabl e of gener at i ng a pushi ng f or ce as wel l .

Cer t ai nl y i n si t uat i ons wher e t he el ongat i ng cent r al spi ndl e

becomes bent or f r act ur ed ( 6, 7, 17, 45, 46) , t her e i s r eason t o

t hi nk t hat i t i s pushi ng. The cent r al spi ndl e i n t he Ascomycet e,

Cer at ocyst i s f agacear um, i s somet i mes cur ved t empor ar i l y

dur i ng i t s el ongat i on phase ( 17) . Thi s cur vat ur e coul d be

br ought about dur i ng br i ef per i ods when t he pol ar f or ces ar e

r el at i vel y weak, t her eby al l owi ng t he pushi ng capabi l i t y of t he

spi ndl e t o pr edomi nat e and mani f est i t sel f . Al t er nat i vel y, t he

spi ndl e coul d be bent by a moment ar y r ever sal i n di r ect i on of

t he f or ces act i ng on t he SPBs .

Coul d t he spi ndl e pr ovi de a necessar y f unct i on by l i mi t i ng

t he r at e of separ at i on of t he SPBs? One possi bl e answer t o t hi s

quest i on can be der i ved f r om a consi der at i on of pol ewar d

chr omosome mi gr at i on i n Ascomycet es . Chr omosomes begi n

t hei r anaphase mi gr at i on asynchr onousl y f r omdi f f er ent poi nt s

of at t achment al ong t he mi ddl e t wo- t hi r ds of t he spi ndl e ( 17,

47) . Many chr omosomes have r eached t he pol e whi l e ot her s

( l aggi ng chr omosomes) t ypi cal l y ar e st i l l near t he cent er of t he

spi ndl e. A cent r al spi ndl e t hat r est r i ct s t he r at e of SPB sepa-

r at i on t o a speed sl ower t han t hat of pol ewar d mi gr at i on of t he

chr omosomes woul d hel p ensur e t hat bot h pol es woul d r ecei ve

t he f ul l compl ement of chr omosomes bef or e t he nucl ear enve-

l ope cl oses behi nd t hem.

Our over al l concept of f or ce depl oyment r el at ed t o t he



mi t ot i c cycl e i n Fusar i um spp. woul d have SPB- associ at ed

mi cr ot ubul es pl ayi ng a key r ol e at ever y st ep, as was suggest ed

by Poon and Day ( 31) f or a Basi di omycet e, Ust i l ago vi ol aceae.

At i nt er phase, nucl ear mi gr at i on and posi t i on woul d depend

pr i mar i l y on ext r anucl ear f or ces exer t ed on t he SPB vi a ast r al

mi cr ot ubul es ( 18, 26) . Dur i ng pr ophase, t her e ar e r el at i vel y

f ew ast r al mi cr ot ubul es and t he nucl eus i s r el at i vel y qui escent

( 18) . Rot at i onal movement s of met aphase nucl ei coul d r esul t

f r om t r ansi t or y or weak associ at i ons of cyt opl asmi c mi cr ot u-

bul es wi t h t he SPBs ( 18) or t he nucl ear envel ope ( 31) . Fi g. 23

pr esent s di agr ammat i cal l y our concept s of t he f or ces act i ng on

t he SPBs dur i ng anaphase and t el ophase . Dur i ng anaphase,

t he ki net ochor e mi cr ot ubul es woul d depol ymer i ze at t he ki -

net ochor es and pul l t he ki net ochor es and chr omosomes t o t he

pol es ( 17, 18) i n a manner anal ogous t o phase I i n hi gher pl ant

and ani mal mi t osi s ( 1, 2, 44) . The cent r al spi ndl e, by vi r t ue of

t he r i gi di t y and gr owt h of i t s component mi cr ot ubul es, woul d

pr ovi de a count er f or ce agai nst chr omosome separ at i on . The

f or ce bei ng exer t ed on t he SPBs by ast r al mi cr ot ubul es woul d

be r esi st ed by i nt er mol ecul ar f or ces bet ween t ubul i n subuni t s

i n t he spi ndl e mi cr ot ubul es . The bal ance of f or ces woul d be

t i pped sl i ght l y i n f avor of t he ast er s, and some separ at i on of

t he pol es woul d occur dur i ng anaphase, as obser ved . Dur i ng

ear l y t el ophase, ast r al f or ces woul d cont i nue t o oper at e, and

t he r at e of separ at i on of t he SPBs woul d be gover ned pr i mar i l y

by t he magni t ude of t he ast r al f or ces and t he gr owt h r at e of

spi ndl e mi cr ot ubul es . Dur i ng br i ef per i ods when t he ast r al

f or ces woul d wane, t he cont i nui ng gr owt h of t he cent r al spi ndl e

mi cr ot ubul es woul d gener at e a f or ce t hat woul d push t he pol es

f ar t her apar t , possi bl y at a r educed r at e. Sever i ng t he cent r al

spi ndl e by l aser mi cr obeam at ear l y t el ophase woul d neut r al i ze

al l of i t s ascr i bed f or ces and count er f or ces t hat act on t he SPB,

t i p t he bal ance heavi l y i n f avor of ast r al f or ces, and r esul t i n

t he obser ved accel er at i on i n t he r at e of separ at i on of t he SPBs .

The i ncr eased mot i l i t y of daught er nucl ei t hat occur s when t he

spi ndl e br eaks, ei t her nat ur al l y ( 17) or as a r esul t of l aser

i r r adi at i on, woul d si mpl y r ef l ect a cont i nuat i on of t he ast r al

f or ces t hat wer e act i ng on t he SPBs dur i ng t he pr evi ous st ages .

Once t he daught er nucl ei had r eached an appr opr i at e posi t i on

i n t he cel l , t hey woul d r ever t t o t he r el at i vel y qui escent i nt er -

phase condi t i on ( 17) wi t h a r educed compl ement of ast r al

mi cr ot ubul es ( 18 ; Ai st and Ber ns, unpubl i shed obser vat i ons) .

These ast r al mi cr ot ubul es woul d f aci l i t at e t he per si st ent osci l -

l at or y and t r ansl at i onal mot i ons t hat char act er i ze t he SPB at

i nt er phase ( 10, 17, 25, 26) .

The ext ent t o whi ch our pr oposed model ( Fi g . 23) of t he

mechani cs of mi t osi s i n F. sol ani may appl y al so t o ot her

or gani sms i s a mat t er f or f ut ur e exper i ment at i on . I t woul d

cer t ai nl y seem t o be a possi bi l i t y f or t he numer ous ot her

si t uat i ons wher e bot h ast r al mi cr ot ubul es and a di st i nct ana-

phase- t el ophase el ongat i on of t he cent r al spi ndl e occur . I n-

cl uded i n t hi s gr oup ar e numer ous f ungi ( 10, 16, 17, 48- 57) ,

sever al sl i me mol ds ( 58- 60) , some al gae ( 61, 62) , cer t ai n pr o-

t ozoans ( 45, 63) , and hi gher ani mal s ( 1, 2, 9, 11) . Gi r bar dt ' s

concept ( 10) of mi t osi s i n t he Basi di omycet e, Tr amet es ver si -

col or , i s especi al l y concor dant . Ber gan ( 9) pr oposed t hat t he

el ongat i ng cent r al spi ndl e i n f i sh embr yos pl ays a passi ve r ol e,

whi l e cent r i ol e mi gr at i on- whi ch can occur i n t he absence of

a cent r al spi ndl e- pr ovi des t he mot i l e f or ce t o separ at e i nci p-

i ent daught er nucl ei . I n t hese and ot her mi t oses i n whi ch

separ at i on of nucl ei can occur i n t he absence of a cent r al

spi ndl e ( 28, 64) , pol ar f or ces seemal most cer t ai n t o pl ay a r ol e .

Baj er et al . ( 28) obser ved t hat , i n cer t ai n aber r ant mi t oses i n

cul t ur ed l ung epi t hel i um f r om t he newt , separ at i on of t he

spi ndl e pol es occur r ed wi t hout i nt er zonal mi cr ot ubul es . They

concl uded t hat hal f - spi ndl es moved aut onomousl y and i nde-

pendent l y . Mor eover , t he cent r al spi ndl e dur i ng phase I I i n

many or gani sms besi des Fusar i um spp . i s composed of ver y

f ew, possi bl y weak, or decr easi ng number s, of mi cr ot ubul es ( 1,

8, 49, 57, 65, 66, 67) , whi ch suggest s t hat t he mot i l e f or ces

separ at i ng t he pol es i n t hese or gani sms may not r esi de pr i nci -

pal l y i n t he cent r al spi ndl e . Most st udent s of mi t osi s have

assumed t hat ast r al f or ces ar e i noper at i ve or i nsi gni f i cant wi t h

r espect t o t he mechani cs of chr omosome separ at i on, si nce a

possi bl e r ol e of ast er s i s r ar el y ment i oned . Our r esul t s, and

t hose of Baj er et al . ( 28) and Ber gan ( 9) , suggest t hat t hi s

quest i on shoul d now be r e- exami ned on a br oad scal e .

The bi par t i t e spi ndl e post ul at ed t o occur i n F. sol ani on t he

basi s of phasecont r ast obser vat i ons of mi t osi s i n l i vi ng cel l s

( 21) i s conf i r med her e by el ect r on mi cr oscopy . Ol i ve ( 53)

r epor t ed a si mi l ar spi ndl e ar chi t ect ur e f or l at e anaphase and

ear l y t el ophase i n f i xed and st ai ned pr epar at i ons of mei osi s I

i n t he r ust f ungus, Col eospor i um ver noni ae. Accor di ng t o Ol i ve,

t he chr omosomes passed t o t he spi ndl e pol es al ong t hese t wo

spi ndl e st r ands, r esul t i ng i n a bi l obed appear ance of t he i nci p-

i ent daught er nucl ei . We al so obser ved t hat i n l i vi ng cel l s t he

chr omosomes mi gr at e al ong t hese spi ndl e st r ands, but i t was

uncl ear whet her or not al l chr omosomes wer e cl osel y associ at ed

wi t h a vi si bl e st r and . The chr omosomes i n Ascomycet es and

Basi di omycet es commonl y appear t o mi gr at e al ong t wo r ows

at anaphase ( 17, 18, 68) and i nci pi ent daught er nucl ei ar e

t ypi cal l y bi l obed ( 69) . Si nce r epor t s of bi par t i t e spi ndl es i n

f ungi ar e r ar e, any gener al r el at i onshi p bet ween t he dual i t y of

t he spi ndl e and anaphase r ows of chr omosomes i s obscur e .

Lat er al associ at i ons of spi ndl e mi cr ot ubul es t o f or m sever al

mi cr ot ubul e bundl es i s a common occur r ence i n l ar ger spi ndl es

( 1, 8) , and such associ at i ons coul d be i mpor t ant i n t he gener -

at i on of f or ces t hat cont r ol chr omosome separ at i on .

Rot at i on of t he br oken hal ves of t he spi ndl e, usual l y i n

opposi t e di r ect i ons, was a char act er i st i c r esul t of spi ndl e i r r a-

di at i on . Thi s obser vat i on i s r emi ni scent of r epor t s t hat daught er

nucl ei r ot at e af t er nat ur al br eakdown of t he spi ndl e ( 70- 72)

and may i ndi cat e t hat t or ques of opposi t e di r ect i on ar e act i ng

on t he nucl ei dur i ng and af t er phase I I . The obser ved associ a-

t i ons of ast r al mi cr ot ubul es f r om t he t wo spi ndl e pol es wi t h

t he pl asma membr ane on opposi t e si des of t he cel l pr esent s a

possi bl e expl anat i on of t hese obser vat i ons; a pul l i ng f or ce

t r ansmi t t ed t o t he SPBs vi a t hese mi cr ot ubul es woul d t end t o

sl ant t he SPBs t owar d t he l at er al wal l s and r ot at e t he br oken

spi ndl es or daught er nucl ei i n opposi t e di r ect i ons . The consi st -

ent or i ent at i on of t he SPBs t owar d t he si de wal l s at ear l y

t el ophase, as obser ved i n t hi s st udy, i s i nt er pr et ed as evi dence

of t hi s t or que . Rot at i on of i ndi vi dual spi ndl e st r ands t hat wer e

sel ect i vel y sever ed by t he l aser i s par t i cul ar l y i nt er est i ng, si nce

i t i ndi cat es t hat , under cer t ai n condi t i ons, t or que can be ex-

pr essed on onl y par t of t he SPB; t he SPB can appar ent l y pi vot

or f ol d as a r esul t of t he pul l of ast r al f or ces .

We ar e gr at ef ul t o L. Li aw and M. Koonce f or t echni cal assi st ance .

Suppor t f or t hi s st udy was pr ovi ded i n par t by Nat i onal I nst i t ut es of

Heal t h ( NI H) gr ant GM23445- 04 and Hat ch Pr oj ect No. 153432 . The

wor k was conduct ed i n t he NI H Bi ot echnol ogy Resour ce Faci l i t y

suppor t ed by NI H gr ant RRO 11921 .

Recei ved f or publ i cat i on 6 Apr i l 1981, and i n r evi sed f or m 19 June 1981 .
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