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Abst r act . Mat ur e Dr osophi l a oocyt es ar e ar r est ed i n

met aphase of t he f i r st mei ot i c di vi si on . We have ex-

ami ned mi cr ot ubul e and chr omat i n r eor gani zat i on as

t he mei osi s I spi ndl e assembl es on mat ur at i on usi ng

i ndi r ect i mmunof l uor escence and l aser scanni ng conf o

cal mi cr oscopy. The r esul t s suggest t hat chr omat i n

capt ur es or nucl eat es mi cr ot ubul es, and t hat t hese sub-

sequent l y f or m a hi ghl y t aper ed spi ndl e i n whi ch t he

maj or i t y of mi cr ot ubul es do not t er mi nat e at t he pol es .

Nonexchange homol ogs separ at e f r om each ot her and

move t owar d opposi t e pol es dur i ng spi ndl e assembl y.

By t he t i me of met aphase ar r est , t hese chr omosomes

ar e posi t i oned on opposi t e hal f spi ndl es, bet ween t he

met aphase pl at e and t he spi ndl e pol es, wi t h t he l ar ge

nonexchange X chr omosomes al ways cl oser t o t he

met aphase pl at e t han t he smal l er nonexchange f our t h

chr omosomes . Nonexchange homol ogs ar e t her ef or e

or i ent ed on t he spi ndl e i n t he absence of a di r ect

ACCURATE chr omosome segr egat i on at mei osi s I gen-4ACC

er al l y r equi r es r ecombi nat i on bet ween homol ogs

dur i ng mei ot i c pr ophase, whi ch l eads t o t he physi cal
l i nkage of homol ogous chr omosomes by chi asmat a, whi ch

f or m at si t es of mei ot i c r ecombi nat i on ( f or r evi ew see

Hawl ey, 1988) . I t i s t hi s physi cal l i nkage, whi ch f or ms t he

bi val ent s t hat ar e al i gned on t he spi ndl e at met aphase I , t hat

i s t hought t o assur e mei ot i c chr omosome di sj unct i on i n most

syst ems . A si mpl e mechani cal model ( Ni ckl as, 1974) , sup-

por t ed by a ser i es of mi cr omani pul at i on st udi es ( Ni ckl as and

St aehl y, 1967; Ni ckl as, 1967 ; Ni ckl as and Koch, 1969) , ex-

pl ai ns t he need f or physi cal l y l i nked homol ogs dur i ng mei o-

si s I . The ki net ochor es associ at ed wi t h i ndi vi dual homol ogs

ar e f used i nt o si ngl e f unct i onal uni t s whi ch capt ur e mi cr ot u-

bul es f r omone of t he spi ndl e pol es. The bi val ent t hen moves

t owar d t he pol e, as a r esul t of a mi cr ot ubul e- dependent

pol ewar d f or ce act i ng at or near t he ki net ochor e . When t he

t wo ki net ochor es associ at ed wi t h a bi val ent ar e capt ur ed by
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physi cal l i nkage, and t he spi ndl e posi t i on of t hese

chr omosomes appear s t o be det er mi ned by si ze. Loss-

of - f unct i on mut at i ons at t he nod l ocus, whi ch encodes

a ki nesi n- l i ke pr ot ei n, cause mei ot i c l oss and nondi s-

j unct i on of nonexchange chr omosomes, but have l i t t l e

or no ef f ect on exchange chr omosome segr egat i on . I n

oocyt es l acki ng f unct i onal nod pr ot ei n, most of t he

nonexchange chr omosomes ar e ej ect ed f r omt he mai n

chr omosomal mass shor t l y af t er t he nucl ear envel ope

br eaks down and mi cr ot ubul es i nt er act wi t h t he chr o-

mat i n . I n addi t i on, t he nonexchange chr omosomes t hat

ar e associ at ed wi t h spi ndl es i n nod/ nod oocyt es show

excessi ve pol ewar d mi gr at i on . Based on t hese obser va-

t i ons, and t he st r uct ur al si mi l ar i t y of t he nod pr ot ei n

and ki nesi n, we pr opose t hat nonexchange chr omo-

somes ar e mai nt ai ned on t he hal f spi ndl e by opposi ng

pol ewar d and ant i - pol ewar d f or ces, and t hat t he nod

pr ot ei n pr ovi des t he ant i - pol ewar d f or ce .

mi cr ot ubul es f r om opposi t e pol es, t he chi asmat a pr event
homol og separ at i on and t he r esul t i ng mechani cal t ensi on

moves t he bi val ent t o t he met aphase pl at e . Thr ough an un-
known mechani sm, mechani cal t ensi on al so st abi l i zes t he

mi cr ot ubul e- ki net ochor e i nt er act i on . When bot h ki net ochor es
of a bi val ent ar e capt ur ed by mi cr ot ubul es f r om t he same
pol e, t he bi val ent moves t o t hat pol e . I n most cases t he mi -
cr ot ubul e- ki net ochor e bond i s unst abl e i n t he absence of
mechani cal t ensi on, however , and t he bi val ent t hen di ssoci -
at es . The f r ee ki net ochor es t hen go t hr ough a second r ound of
mi cr ot ubul e capt ur e and or i ent at i on . Thi s pr ocess cont i nues
unt i l t he ki net ochor es capt ur e mi cr ot ubul es f r om opposi t e
pol es and t he r esul t i ng mechani cal t ensi on posi t i ons t he bi -
val ent at t he met aphase pl at e and st abi l i zes t he mi cr ot ubul e-
ki net ochor e l i nk. I n t hi s model , nonexchange chr omosomes
ar e mei ot i cal l y unst abl e because t he si ngl e f unct i onal ki net o-
chor e associ at ed wi t h each uni val ent can onl y i nt er act wi t h
mi cr ot ubul es f r omone of t he pol es. As a r esul t , mechani cal
t ensi on cannot bal ance t he uni val ent at t he met aphase pl at e,
and t he uni val ent moves t o t he pol e and di ssoci at es .

Var i at i ons on t hi s model have domi nat ed di scussi ons of
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mei ot i c and mi t ot i c chr omosome al i gnment ( f or r ecent

r evi ews see McI nt osh and McDonal d, 1990 ; Mi t chi son,

1989a) . However , a number of obser vat i ons cannot be ex-

pl ai ned by bal anci ng pol ewar d f or ces . For exampl e, mi t ot i c

chr omosomes can st abl y at t ach t o, and osci l l at e on, mono-

pol ar spi ndl es ( Mazi a et al . , 1981; Baj er , 1982) , and non-

exchange and uni val ent mei ot i c chr omosomes segr egat e

pr oper l y i n sever al speci es ( f or exampl es see Aul t , 1986 ;

Nokkal a, 1986 ; Hughes- Schr ader , 1969) . I n t hese syst ems

chr omosomes t hat ar e not under mechani cal t ensi on bet ween

opposi t e pol es nonet hel ess st abl y associ at e wi t h t he spi ndl e .

Of t he mei ot i c syst ems i n whi ch chi asma- medi at ed bal anc-

i ng of opposi ng pol ewar d f or ces does not f ul l y expl ai n chr o-

mosome behavi or , f emal e mei osi s i n Dr osophi l a mel anogas-

t er i s t he best st udi ed genet i cal l y . Dur i ng mei osi s i n

Dr osophi l a f emal es, t he smal l f our t h chr omosomes never ex-

change, X chr omosomes f ai l t o exchange i n 5 %of mei oses,

and chr omosomes cont ai ni ng mul t i pl e i nver si ons ( Bal ancer

chr omosomes) r ar el y r ecombi ne wi t h nor mal homol ogs .

Never t hel ess, t hese chr omosomes segr egat e accur at el y at

t he f i r st mei ot i c di vi si on . The avai l abl e cyt ol ogi cal dat a on

f emal e mei osi s i n Dr osophi l a suggest t hat nonexchange

homol ogs ar e not physi cal l y j oi ned ( Pur o and Nokkal a,

1977; Pur o, 1991 ; Ki mbl e and Chur ch, 1983) , but r at her

move pr ecoci ousl y t owar d t he pol es . Nonexchange chr omo-

some segr egat i on i n t he oocyt e, t her ef or e, appear s t o be

achi eved by a syst em t hat does not r equi r e mechani cal t en-

si on bet ween opposi t e pol es .

Genet i c anal ysi s of mei osi s i n Dr osophi l a f emal es has l ed

t o t he pr oposal t hat di sj unct i on of nonexchange chr omo-

somes occur s t hr ough a pr ocess t hat i s i ndependent of t hat

whi ch assur es exchange chr omosome segr egat i on ; t hi s pr o-

cess has been t er med di st r i but i ve segr egat i on ( f or r evi ew

see Gr el l , 1976) . The phenot ype of mut at i ons at t he nod l o-

cus pr ovi des st r ong evi dence f or a speci f i c nonexchange

chr omosome segr egat i on syst emi n Dr osophi l a oocyt es . Mu-

t at i ons at t hi s l ocus cause l oss and nondi sj unct i on of nonex-

change chr omosomes i n f emal es, but have at most a ver y

weak ef f ect on ei t her t he exchange pr ocess i t sel f or on t he

di sj unct i on of t hose chr omosomes t hat have under gone ex-

change ( Car pent er , 1973 ; Zhang and Hawl ey, 1990) . I n ad-

di t i on, segr egat i on of nonexchange chr omosomes dur i ng

mal e mei osi s i s not af f ect ed by nod mut at i ons .

St r uct ur al anal ysi s of t he nod l ocus pr ovi des an i mpor t ant

i nsi ght i nt o t he mechani smof di st r i but i ve segr egat i on . Thi s

l ocus encodes a pr ot ei n wi t h si gni f i cant homol ogy t o t he

ATPbi ndi ng mechanochemi cal domai n of ki nesi n ( Zhang et

al . , 1990) . Ki nesi n, or i gi nal l y i sol at ed f r om squi d axons

( Val e et al . , 1985) , i s a pr ot ei n t hat can t r ansl ocat e mi cr ot u-

bul es i n vi t r o and i s l i kel y t o medi at e or ganel l e movement

al ong mi cr ot ubul es i n vi vo ( Hi r okawa et al . , 1991, Saxt on

et al . , 1991) . The st r uct ur al si mi l ar i t y of ki nesi n and nod

r ai ses t he i nt r i gui ng possi bi l i t y t hat t he nod pr ot ei n i s a

mi cr ot ubul e mot or t hat t r ansl ocat es chr omosomes al ong

mei ot i c spi ndl e mi cr ot ubul es .

The cel l ul ar basi s of di st r i but i ve segr egat i on and t he ef f ect

of nod mut at i ons on t hi s pr ocess ar e not under st ood . Hi gh

r esol ut i on cyt ol ogi cal dat a on mi cr ot ubul e and chr omat i n

or gani zat i on i n mat ur e oocyt es ar e r equi r ed t o el uci dat e t he

mechani smof mei ot i c chr omosome segr egat i on . Thi s dat a

has pr oved di f f i cul t t o obt ai n, however , as mat ur e oocyt es ar e

sur r ounded by vi t el l i ne membr anes and t he chor i on, and
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t hese st r uct ur es ar e i mper meabl e t o ant i bodi es and t hus pr e-

vent i mmunocyt ochemi cal st udi es. Mechani cal sect i oni ng

can be used t o al l owant i body penet r at i on, but t he cyt oskel e-

t on i s not wel l pr eser ved i n t hese pr epar at i ons and t he t hr ee-

di mensi onal or gani zat i on i s di f f i cul t t o r econst r uct f r omt he

r esul t i ng i mages . The avai l abl e cyt ol ogi cal dat a on chr omo-

some behavi or dur i ng f emal e mei osi s i n Dr osophi l a wer e ob-

t ai ned on hypot oni cal l y t r eat ed oocyt es ( Pur o and Ni kkol a,

1977; Pur o, 1991) , or oocyt es f i xed i n a hypot oni c buf f er

( Ki mbl e and Chur ch, 1983) . Because hypot oni c t r eat ment

act i vat es Dr osophi l a oocyt es, i nduci ng anaphase chr omo-

some movement s ( Mahowal d et al . , 1983) , t hese dat a ar e

di f f i cul t t o i nt er pr et . Posi t i oni ng of nonexchange chr omo-

somes t owar d t he pol es i n so- t r eat ed oocyt es coul d ei t her

r ef l ect homol og al i gnment i n t he absence of di r ect physi cal

associ at i on, or di f f er ences i n t he behavi or of exchange and

nonexchange chr omosomes dur i ng anaphase .

We have t her ef or e det er mi ned mi cr ot ubul e or gani zat i on

and r eeval uat ed chr omosome behavi or i n unact i vat ed Dr o-

sophi l a oocyt es, usi ng whol e- mount i mmunocyt ochemi cal

l abel i ng and l aser scanni ng conf ocal mi cr oscopy ( Whi t e et

al . , 1987) . We show t hat t he mei ot i c spi ndl e i s st r uct ur al l y

at ypi cal , and pr esent cyt ol ogi cal evi dence suggest i ng t hat

chr omat i n pl ays a key r ol e i n spi ndl e mi cr ot ubul e or gani za-

t i on . I n addi t i on, we show t hat nonexchange chr omosomes

separ at e f r omt he exchange chr omosomes dur i ng spi ndl e as-

sembl y, and conf i r m t hat t hese chr omosomes ar e posi t i oned

i n a bi l at er al l y symmet r i c pat t er n bet ween t he spi ndl e pl at e

and t he pol es i n mat ur e oocyt es ( Pur o and Nokkal a, 1977;

Pur o, 1991) . Thus, homol ogs whi ch ar e not di r ect l y l i nked

nonet hel ess associ at e st abl y wi t h t he spi ndl e i n a manner

t hat causes homol ogs t o t r avel t o opposi t e pol es at anaphase.

We f i nd t hat l oss of nod f unct i on causes ej ect i on of nonex-

change chr omosomes ear l y i n t he spi ndl e assembl y pr ocess .

I n addi t i on, nonexchange chr omosomes l ost dur i ng spi ndl e

assembl y r andoml y r eassoci at e wi t h t he spi ndl e i n mat ur e

oocyt es, wher e t hey gener al l y show excessi ve pol ewar d

mi gr at i on . These obser vat i ons suppor t t he pr oposal t hat nod

pr ovi des an ant i - pol ewar d f or ce t hat subst i t ut es f or chi asma

by opposi ng f or ces di r ect ed away f r omt he met aphase pl at e

( Zhang et al . , 1990) . We al so pr esent evi dence t hat nonex-

change chr omosome l oss dur i ng spi ndl e assembl y, f ol l owed

by r andom chr omosome r eassoci at i on wi t h spi ndl es at

met aphase, i s t he physi cal basi s of genet i cal l y obser ved

nonexchange chr omosome l oss and nondi sj unct i on i n nod/

nod oocyt es . Based on t hese obser vat i ons we pr opose a

model f or mei ot i c chr omosome behavi or and di scuss t he

mechani smof nonexchange chr omosome or i ent at i on i n Dr o-

sophi l a f emal es .

Mat er i al s and Met hods

Egg Chamber I sol at i on and Cul t ur e

Oocyt es wer e i sol at ed by a modi f i cat i on of t he pr ocedur e of Mahowal d et

al . ( 1983) . 3- 5- d- ol d Or egon Rf l i es wer e anest het i zed wi t h COZ and t r ans-

f er r ed t o a bl ender cont ai ni ng 200 t o 300 ml of modi f i ed Robbs medi um

( Robb' s; 55 mMpot assi um acet at e, 40 mMsodi um acet at e, 100 mMsu-

cr ose, 10 mMgl ucose, 1. 2 mMmagnesi umchl or i de, 1. 0 mMcal ci umchl o-

r i de, 100 mMHepes, pH 7. 4) . The bl ender was pul sed t hr ee t i mes f or 2 s

at l ow speed and t he r esul t i ng mi xt ur e was passed t hr ough a l oose mesh

( - 500 wmpor e si ze) and col l ect ed i n a 1 l i t er beaker . The mat er i al r et ai ned

on t he mesh was t hen r et ur ned t o t he bl ender wi t h 200 ml of Robb' s and
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t he bl ender was t hen agai n pul sed t wo t o t hr ee t i mes at l ow speed. Thi s ma-

t er i al was t hen passed t hr ough t he same mesh and pool ed wi t h t he pr evi ous
f i l t r at e .

The pool ed f i l t r at e was l ef t undi st ur bed f or 5 mi n t o al l ow egg chamber s

t o set t l e t o t he bot t omof t he beaker . The super nat ant was t hen asper at ed

of f and t he set t l ed egg chamber s wer e r esuspended i n 200 ml of f r esh Robb' s

medi um. The mi xt ur e was passed t hr ough a 250- , um nyl on f i l t er and t he

f i l t r at e was col l ect ed i n a 250- ml beaker . The 250- Amf i l t er r emoves most

of t he l ar ger cont ami nant s . Egg chamber s i n t hi s f i nal f i l t r at e wer e t hen al -

l owed t o set t l e f or 2 t o 3 mi n bef or e t he super nat ant was asper at ed of f .

Fi xat i on and I ndi r ect I mmunof uor escence Label i ng

I sol at ed egg chamber s wer e f i xed as f ol l ows : egg chamber s wer e t r ansf er r ed

t o 10 x 75 mmt est t ubes and al l owed t o set t l e. The Robb' s medi um was

t hen r emoved and r epl aced by 5 ml of f i xat i on sol ut i on ( 100 mMpot assi um

cacodyl at e, pH 7. 2, 100 mM sucr ose, 40 mMpot assi um acet at e, 10 mM

sodi umacet at e, 10 mMEGTA, 8 %EMgr ade f or mal dehyde) . Thi s sol ut i on

i s sl i ght l y hyper t oni c, whi ch assur es t hat mat ur e oocyt es ar e not hypot oni -

cal l y act i vat ed dur i ng f i xat i on . Fi xat i on was al l owed t o pr oceed f or 5 t o 10

mi n at r oomt emper at ur e on a r ot at or . Fi xed egg chamber s wer e r i nsed t hr ee

t i mes i n PBS ( Kar r and Al ber t s, 1986) , ext r act ed wi t h 1%Tr i t on X- 100 i n

PBS f or 2 h, and t hen r i nsed t wi ce i n 0. 05 % Tr i t on X- 100 i n PBS ( PBST)

bef or e i mmunol abel i ng .

Al t er nat i vel y, oocyt es wer e f i xed by a r api d pr ocedur e t hat el i mi nat es i n-

cubat i on i n ar t i f i ci al medi um. Fl i es wer e anest het i zed, t r ansf er r ed t o a

bl ender cont ai ni ng f i xat i on sol ut i on, and i mmedi at el y di sr upt ed by sever al

pul ses of t he bl ender . Fi xed oocyt es wer e t hen i sol at ed f r omt he cr ude mi x-

t ur e by t he pr ocedur e descr i bed above f or i sol at i on of l i ve oocyt e .

Bef or e i nununol abel i ng f ol l i cl e cel l s, chor i on, and vi t el l i ne membr anes

wer e r emoved as f ol l ows : f i xed egg chamber s r i nsed i n PBSwer e t r ansf er r ed

t o t he f r ost ed sur f ace of a gl ass sl i de. Most of t he PBS was r emoved and

a 22 mmx 50 mmcover gl ass was pl aced over t he egg chamber s, whi ch

wer e t hen r ol l ed bet ween t he t wo sur f aces . The edge of t he cover gl ass must

be dr awn over t he egg chamber s t o ef f i ci ent l y di sr upt t he chor i on and vi t el -

l i ne membr anes . The densi t y of egg chamber s on t he sl i de i s cr i t i cal t o

ef f i ci ent r emoval of vi t el l i ne membr anes . At l ow densi t y t he oocyt es ar e eas-

i l y br oken open, and at hi gh densi t y t he egg chamber s cannot r ol l , and mem-

br anes ar e not ef f i ci ent l y r emoved . " Rol l ed" egg chamber s wer e t hen r i nsed

i nt o a 10 x 75 nun t est t ube wi t h PBST. The egg chamber s wer e al l owed

t o gr avi t y set t l e and t hen t he PBST was r emoved and t he egg chamber s wer e

ext r act ed 1%Tr i t on X- 100 i n PBS and r i nsed i n PBST as descr i bed above .

Mi cr ot ubul es wer e l abel ed usi ng a monocl onal ant i - a- t ubul i n di r ect l y

conj ugat ed wi t h r hodami ne, pr epar ed as descr i bed el sewher e ( Theur kauf ,

W. , S. Smi l ey, M. L . Wong, and B. M. Al ber t s, manuscr i pt i n pr epar at i on) .

Nucl ei wer e vi sual i zed wi t h 4, 6- Di ami no- 2- phenyl i ndol e ( DAPI ) or i m-

munol abel ed usi ng a monocl onal ant i - hi st one ant i body ( Chemi con I nc. ,

Temecul a, CA) .

Oocyt es wer e doubl e l abel ed wi t h ant i - hi st one and ant i - a- t ubul i n ant i -
bodi es as f ol l ows : ext r act ed oocyt es wer e t r ansf er r ed t o 0. 5- ml Eppendor f

t ubes ( Br i nkman I nst r ument s I nc. , West bur y NY) and r esuspended i n 500
Al PBST cont ai ni ng monocl onal ant i - hi st one ( 1 : 500 di l ut i on) , and wer e i n-
cubat ed over ni ght at 4° C wi t h gent l e mi xi ng . Oocyt es wer e t hen r i nsed f our
t i mes f or 15 mi n each i n PBST at r oomt emper at ur e and t hen i ncubat ed f or
2 h at r oom t emper at ur e, or over ni ght at 4° C, i n a 1 : 500 di l ut i on of r ho-
dami ne- l abel ed goat ant i - mouse or r hodami ne- conj ugat ed goat ant i - r abbi t

secondar y ant i body pr eabsor bed agai nst f i xed Dr osophi l a embr yos, as pr e-
vi ousl y descr i bed ( Kar r and Al ber t s, 1986) . Unbound secondar y ant i body
was t hen r emoved by f our 15 mi n washes i n PBST. Oocyt es wer e t hen i ncu-
bat ed f or 1 h i n a 1 : 100 di l ut i on of nor mal mouse ser umi n PBST Thi s i ncu-
bat i on i s r equi r ed t o bl ock t he unoccupi ed bi ndi ng si t es on t he secondar y
ant i bodi es used t o det ect t he hi st one ant i body. The oocyt es wer e t hen i ncu-
bat ed wi t h r hodami ne- conj ugat ed mouse monocl onal ant i - a- t ubul i n over -
ni ght at 4° C. Af t er f our 15 mi n r i nsed i n PBST t he l abel ed oocyt es wer e
r esuspended i n mount i ng medi um ( 1 mg/ ml p- phenyl ene di ami ne, 90%
gl ycer ol , i n PBS) , t r ansf er r ed t o sl i des, and seal ed under a cover gl ass wi t h
nai l pol i sh. Al t er nat i vel y, l abel ed egg chamber s wer e dehydr at ed i n t hr ee
changes of 100%met hanol ( 5 mi n each) and t r ansf er r ed t o a 2 : 1 mi xt ur e
of benzyl benzoat e/ benzyl al cohol . Thi s mi xt ur e mat ches t he i ndex of r e-
f r act i on of t he yol k, cl ear i ng t he egg chamber s . Cl ear ed egg chamber s wer e
t r ansf er r ed t o gl ass sl i des and seal ed under a cover gl ass as descr i bed above .

1 . Abbr evi at i ons used i n t hi s paper : DAPI , 4, 6; Di ami no- Z- phenyl i ndol e ;
PBST, Tr i t on X- 100 + PBS.

Theur kauf and Hawl ey Di st r i but i ve Segr egat i on i n Dr osophi l a

Mi cr oscopy

St andar d epi f l uor escence mi cr oscopy was per f or med usi ng a mi cr ophot
FXA mi cr oscope ( Ni kon I nc. , Gar den Ci t y, NY) wi t h epi f l uor escence at -
t achment and a 20 x DI C, 0. 5 NA l ens . Laser scanni ng conf ocal mi cr os-

copy was per f or med usi ng t he MRC600 conf ocal head ( Bi o- Rad Labor at o-
r i es, Cambr i dge, MA) mount ed on a Ni kon phot oscope wi t h a 60x Pl anapo,

1 . 4 NA l ens . Li near pr oj ect i ons and f l uor escence i nt ensi t y pr of i l es wer e
pr oduced usi ng t he " pr oj ect " and " l engt h" ut i l i t i es suppl i ed wi t h t he Bi o- Rad

Labor at or i es conf ocal head. Vi deo di spl ays of conf ocal i mages wer e phot o-

gr aphed usi ng panat omi c X f i l m ( East man Kodak Co. , Rochest er , NY) .

Convent i onal epi f l uor escence mi cr ogr aphs wer e t aken usi ng t echni cal pan

f i l m ( East man Kodak Co. ) .

Dr osophi l a St ocks

Al l of t he chr omosomes used i n t hi s st udy ar e descr i bed i n Zhang and

Hawl ey ( 1990) . The nod" al l el e ( Car pent er , 1973) i s an et hyl met han sul -

f anat e ( EMS) - i nduced l oss- of - f unct i on al l el e of nod whi ch i s bor ne by a nor -

mal sequence X chr omosome. nodb27 i s a gamma- r ay i nduced al l el e of nod

car r i ed by t he mul t i pl y i nver t ed X chr omosome FM7a ( descr i bed i n Zhang

and Hawl ey, 1990) .

Resul t s

Mi cr ot ubul e Or gani zat i on i n Mat ur e Oocyt es

I n Dr osophi l a f emal es t he mei osi s I spi ndl e assembl es dur -

i ng st age 13 and t he mat ur e st age 14 oocyt e i s ar r est ed i n

met aphase of t he f i r st mei ot i c di vi si on ( Ki ng, 1970) . The

mei ot i c di vi si ons ar e compl et ed af t er act i vat i on, whi ch nor -

mal l y occur s as t he oocyt e ent er s t he ovi duct ( f or a r evi ew
of oogenesi s see Mahowal d and Kambysel l i s, 1980) . We have

exami ned mi cr ot ubul e and chr omat i n or gani zat i on i n mat ur e

st age 14 oocyt es usi ng i ndi r ect i mmunof l uor escence l abel i ng

and convent i onal epi f l uor escence and l aser scanni ng conf o-

cal mi cr oscopy. A monocl onal ant i - a- t ubul i n ant i body

( Bl ose et al . , 1984) was used t o l ocal i ze mi cr ot ubul es and
an ant i - hi st one ant i body was used t o l abel chr omosomes.

The mei ot i c spi ndl e i n mat ur e oocyt es i s hi ghl y t aper ed,
and r el at i vel y f ew spi ndl e mi cr ot ubul es appear t o t er mi nat e

at or near t he pol es ( Fi g . 1 b) . Si mi l ar l y t aper ed mei ot i c

spi ndl es have been obser ved i n asci di an eggs ( Sawada and
Schat t en, 1988) and mai ze ( St ai ger and Cande, 1990) . I n
most wel l - st udi ed syst ems t he maj or i t y of spi ndl e mi cr ot u-
bul es t er mi nat e at or near t he spi ndl e pol es ( McI nt osh and
Landi s, 1971) , appar ent l y as a r esul t of mi cr ot ubul e nucl ea-
t i on at cent r osomes whi ch ar e posi t i oned at t he pol es . Ther e-
f or e, t he mei ot i c spi ndl es i n sever al syst ems, i ncl udi ng Dr o-
sophi l a oocyt es, appear t o be st r uct ur al l y at ypi cal .

To conf i r m t he qual i t at i ve i mpr essi on t hat t he maj or i t y of
mi cr ot ubul es i n t he mei ot i c spi ndl e do not t er mi nat e at or
near t he pol es, we have used conf ocal mi cr oscopy t o est i -
mat e t he mi cr ot ubul e number pr of i l e al ong t he spi ndl e axi s.
I mages cont ai ni ng al l of t he i mr nunof l uor escent l y l abel ed
mi cr ot ubul es i n a gi ven spi ndl e wer e obt ai ned by const r uct -
i ng l i near pr oj ect i ons f r omopt i cal sect i ons t aken on a conf o-
cal mi cr oscope . The i nt ensi t y of ant i - t ubul i n l abel i ng was as-
sumed t o be pr opor t i onal t o t he number of mi cr ot ubul es
pr esent . As a cont r ol , we have used t hi s t echni que t o det er -
mi ne t he mi cr ot ubul e number s pr of i l e of mi t ot i c spi ndl es i n
ear l y embr yos . A nucl ear cycl e 1 mi t ot i c spi ndl e i n t he em-
br yo i s shown i n Fi g . 2 a. Thi s spi ndl e has wel l def i ned spi n-
dl e pol es and ast r al mi cr ot ubul es . Ant i - t ubul i n f l uor escence
i nt ensi t y i n t hi s spi ndl e r eaches a maxi mumwi t hi n 0. 5 um
of t he pol e, r emai ns r el at i vel y const ant f or 2 t o 3 t cm, and
t hen decr eases i n t he chr omosome cont ai ni ng r egi on near
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Fi gur e 1 . Mi cr ot ubul e or gani zat i on i n mat ur e oocyt es. ( a) Convent i onal epi f l uor escence mi cr ogr aph showi ng mi cr ot ubul e di st r i but i on i n
a st age 14 oocyt e . Mi cr ot ubul es ar e pr esent t hr oughout t he oocyt e and sur r ound t he spi ndl e, whi ch i s l ocat ed near t he ant er i or pol e ( ar r ow) .
( b) Li near pr oj ect i on of ser i al opt i cal sect i ons obt ai ned usi ng a l aser scanni ng conf ocal mi cr oscope showi ng det ai l s of mi cr ot ubul e or gani za-
t i on i n t he mei ot i c spi ndl e . The spi ndl e t aper s dr amat i cal l y t owar d t he pol es and i s sur r ounded by a mesh of cyt opl asmi c mi cr ot ubul es .
Thi s pr oj ect i on was const r uct ed f r omf i ve opt i cal sect i ons t aken at 1- Am i nt er val s . Mi cr ot ubul es wer e l abel ed wi t h a r hodami ne conj ugat ed
ant i - a- t ubul i n ant i body . Bar s : ( a) 50 Am; ( b) 10 Am.

t he met aphase pl at e ( Fi g. 2 a) . Thi s pr of i l e i s ver y si mi l ar

t o mi cr ot ubul e number pr of i l es det er mi ned by ser i al sect i on

el ect r on mi cr oscopi c anal ysi s of mi t ot i c spi ndl e number s

( McI nt osh and Landi s, 1971) and i s consi st ent wi t h nucl ea-

t i on of t he maj or i t y of spi ndl e mi cr ot ubul e at or ver y near

t he pol es . I n t he mei ot i c spi ndl es whi ch f or mi n t he oocyt e,

however , onl y 10 t o 20%of t he peak ant i - t ubul i n f l uor es-

cence i s det ect ed wi t hi n 1 p, m of a pol e ( Fi g. 2 b, ar r ows) .

Fl uor escence i nt ensi t y gr adual l y i ncr eases away f r om t he

pol es, and i s hi ghest adj acent t o chr omat i n at t he met aphase

pl at e ( Fi g. 2 b) . Based on t hese obser vat i ons, we concl ude

t hat t he vast maj or i t y of spi ndl e mi cr ot ubul es i n mat ur e oo-

cyt es do not t er mi nat e at t he pol es .

Chr omosome Or gani zat i on i n Mat ur e Oocyt es

Pr evi ous cyt ol ogi cal st udi es of mei ot i c chr omosome or gani -

zat i on i n Dr osophi l a f emal es suggest t hat t he smal l f our t h

chr omosomes, whi ch never under go exchange, ar e posi -

t i oned bet ween t he met aphase pl at e and spi ndl e pol es i n ma-

t ur e oocyt es ( Pur o and Nokkal a, 1977; Pur o, 1991 ; Ki mbl e

and Chur ch, 1983) . As di scussed above, i nt er pr et at i on of

t hese dat a i s compl i cat ed by t he use of hypot oni c shock be-
f or e f i xat i on ( Pur o and Nokkal a, 1977 ; Pur o, 1991) , or t he

use of hypot oni c f i xat i on buf f er s ( Ki mbl e and Chur ch,
1983) . Hypot oni c t r eat ment act i vat es mat ur e oocyt es, i nduc-

i ng t he onset of anaphase ( Mahowal d et al . , 1983) . We have

f i xed Dr osophi l a oocyt es under condi t i ons desi gned t o mi ni -

mi ze t he possi bi l i t y of act i vat i on ( see Mat er i al s and
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Met hods) . I n cont r ast t o pr evi ous r epor t s ( Nokkal a and

Pur o, 1977 ; Pur o, 1991 ; Ki mbl e and Chur ch, 1983) , we f i nd

t hat i ndi vi dual exchange chr omosomes cannot be r esol ved i n

t he mat ur e oocyt e ( Fi g . 3) , and t hat separ at i on of exchange

bi val ent s occur s onl y af t er hypot oni c shock ( Theur kauf , W. ,

unpubl i shed dat a) . We t her ef or e concl ude t hat t he condi t i ons

used i n ear l i er st udi es act i vat e mat ur e oocyt es, and t hat t he

chr omosome conf i gur at i ons r epor t ed i n t hese st udi es r epr e-

sent anaphase f i gur es.

The posi t i on of nonexchange chr omosome i n unact i vat ed

oocyt es was t her ef or e of par t i cul ar i nt er est . We have f ound

t hat nonexchange chr omosomes ar e posi t i oned bet ween t he

met aphase pl at e and t he spi ndl e pol e i n a bi l at er al l y sym-

met r i c manner ( Fi g . 3) , conf i r mi ng t he concl usi on t hat t hese

chr omosomes ar e pr eposi t i oned t owar d t he spi ndl e pol es

( Pur o and Nokkal a, 1977 ; Pur o, 1991 ; Ki mbl e and Chur ch,

1983) . The t wo f our t h chr omosomes, i dent i f i abl e by t hei r

smal l si ze, ar e posi t i oned bet ween t he met aphase pl at e and

t he pol es, whi l e t he r emai ni ng chr omosomes ar e t i ght l y

massed at t he met aphase pl at e ( Fi g . 3 a) . I n r ar e cases t he
X chr omosomes, whi ch f ai l t o cr ossover i n appr oxi mat el y
5 %of nor mal mei oses, ar e al so obser ved separ at ed f r omt he

mai n chr omosomal mass and ar e posi t i oned bet ween t he

f our t h chr omosomes and t he met aphase pl at e . We have al so
exami ned oocyt es i n whi ch X chr omosomal exchange i s
st r ongl y suppr essed as a consequence of her t er ozygosi t y f or

a mul t i pl y i nver t ed ( bal ancer ) X chr omosome known as

FM7a . I n FM7al + f emal es, t he t wo Xchr omosomes ar e con-

si st ent l y f ound bet ween t he met aphase pl at e and f our t h chr o-
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Fi gur e 2. Mi cr ot ubul e number pr of i l es of mei ot i c and mi t ot i c spi ndl es est i mat ed f r omant i - a- t ubul i n i mmunol l uor escence l abel i ng i nt ensi t y .

( a) Mei ot i c spi ndl e mi cr ot ubul es i n a st age 14 oocyt e ar r est ed i n met aphase of t he f i r st mei ot i c di vi si on . The i mage i s a l i near pr oj ect i on

of opt i cal sect i ons obt ai ned wi t h a scanni ng conf ocal mi cr oscope ( see Mat er i al s and Met hods) . ( b) Pi xel by pi xel i nt ensi t y of ant i - t ubul i n

st ai ni ng al ong a l i ne bi sect i ng t he spi ndl e shown i n ( a) . Ant i - t ubul i n st ai ni ng i s most i nt ense near t he cent er of t he spi ndl e and decr eases

t owar d t he pol es . ( c) Mi cr ot ubul e or gani zat i on i n t he f i r st mi t ot i c spi ndl e i n an ear l y embr yo. Thi s i mage was gener at ed f r omopt i cal sect i ons

as descr i bed f or t he mei ot i c spi ndl e i n a . ( d) Ant i - t ubul i n st ai ni ng i nt ensi t y al ong t he axi s of t he spi ndl e shown i n c . Ant i - t ubul i n st ai ni ng

i s hi ghest at t he pol es and decr eases t owar d t he met aphase pl at e . Li nes bi sect i ng t he spi ndl es i ndi cat e t he r egi ons sampl ed t o pr oduce

t he pr of i l es i n b and d . Bar , 10 gym.

mosomes ( Fi g. 3 b) . Ther ef or e, nonexchange homol ogs ar e

not di r ect l y l i nked at met aphase .

Spi ndl eAssembl y

We have det er mi ned chr omat i n and mi cr ot ubul e or gani za-

t i on as t he mei ot i c spi ndl e assembl es, dur i ng st ages 12

t hr ough 14 . At st age 12 t he mei ot i c chr omosomes have con-

densed i nt o a t i ght mass wi t hi n t he i nt act nucl ear envel ope

( Fi g. 4 a) , and r el at i vel y l ong mi cr ot ubul es ar e pr esent

t hr oughout t he cyt opl asm. Ther e i s no cent r osome- l i ke

mi cr ot ubul e or gani zi ng cent er i n t he oocyt e at t hi s t i me, i n-

st ead, t he maj or i t y of mi cr ot ubul es appear t o or i gi nat e at t he

ant er i or cor t ex ( Theur kauf , W. , S. Smi l ey, M. L . Wong, and

B. Al ber t s, manuscr i pt submi t t ed f or publ i cat i on) . Ear l y i n

st age 13, t he nucl ear envel ope br eaks down and mi cr ot ubul es

appear t o i nt er act end- on wi t h t he mass of condensed chr omo-

somes, associ at i ng wi t h t hei r ent i r e sur f ace ( Fi g. 4 b) . Ther e

i s no appar ent bi pol ar or gani zat i on t o t he mi cr ot ubul es asso-

ci at ed wi t h t he chr omosomes at t hi s st age.

Theur kauf and Hawl ey Di st r i but i ve Segr egat i on i n Dr osophi i a

Lat e st age 13 and st age 14 oocyt es cannot be di st i ngui shed

af t er t he chor i on has been r emoved . These oocyt es f al l i nt o

t wo cl asses based on mi cr ot ubul e and chr omat i n or gani za-

t i on, however . I n one cl ass, l ong t aper ed spi ndl es ar e pr es-

ent , and nonexchange f our t h chr omosome ar e al ways pr esent

bet ween t he met aphase pl at e and t he pol e ( Fi g. 1 and Fi g .

4 d) . I n t he second cl ass, ver y shor t bi pol ar mi cr ot ubul e ar -

r ays ar e pr esent ( Fi g . 4 c) , and smal l knobs ar e of t en f ound

on t he mai n mass of chr omat i n, whi ch appear t o be t he f our t h

chr omosomes ( Fi g. 4 c' ) . We bel i eve t hat t he si mpl est i nt er -

pr et at i on of t hese dat a i s t hat t he shor t spi ndl es ar e assembl y

i nt er medi at es i n whi ch t he nonexchange chr omosomes ar e

begi nni ng t o separ at e, and t hat t he l onger spi ndl es wi t h wel l -

separ at ed nonexchange chr omosomes r epr esent t he met a-

phase ar r est conf i gur at i on . Thi s model expl ai ns t he posi t i on

of nonexchange chr omosomes i n act i vat ed oocyt es, i n whi ch

t he nonexchange chr omosomes ar e posi t i oned t owar d t he

spi ndl e pol es ( Pur o and Nokkal a, 1977; Ki mbl e and Chur ch,

1983 ; Pur o, 1991) .
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The t i mi ng of nonexchange chr omosome separ at i on f r om

t he exchange chr omosome mass appear s t o be det er mi ned by

si ze. When r el at i vel y shor t spi ndl es ar e pr esent , i n oocyt es

wi t h nonexchange X chr omosomes, f our t h chr omosomes ar e

of t en obser ved away f r omt he met aphase pl at e whi l e t he X

chr omosomes ar e not vi si bl e . On mor e el abor at e spi ndl es

di spl ayi ng X chr omosomes separ at ed f r om t he exchange

chr omosomes, however , t he f our t h chr omosomes ar e al ways

vi si bl e . These obser vat i ons suggest t hat t he smal l f our t h

chr omosomes move away f r omt he met aphase pl at e bef or e

t he l ar ger X chr omosomes move.

Chr omosome Behavi or i n nod/ nod 0ocyt es

The nod l ocus encodes a ki nesi n- l i ke pr ot ei n r equi r ed f or
nonexchange chr omosome segr egat i on ( Car pent er , 1973 ;

Zhang and Hawl ey, 1990 ; Zhang et al . , 1990) . To gai n f ur -

t her i nsi ght s i nt o t he mechani smof nonexchange chr omo-

some segr egat i on and t he f unct i on of t he put at i ve mi cr ot u-

bul e mot or encoded by t he nod l ocus i n t hi s pr ocess, we have

exami ned spi ndl e or gani zat i on i n oocyt es l acki ng f unct i onal

nod pr ot ei n . We have exami ned oocyt es of t he genot ype
nod° l FM7a, nodbz' i n det ai l . Ther e ar e t wo di st i nct advan-

The Jour nal of Cel l Bi ol ogy, Vol ume 116, 1992

Fi gur e 3. Or gani zat i on of mi cr ot ubul e and chr o-
mat i n i n mei ot i c spi ndl es at met aphase . Oocyt es
wer e doubl e i mmunol abel ed wi t h ant i - t ubul i n
ant i body ( pl ai n l ower case l et t er s) and ant i -
hi st one ant i body ( a' and b' ) . ( a and a' ) Wi l d- t ype
oocyt es . The smal l f our t h chr omosomes ( 4) ,
whi ch never exchange, ar e posi t i oned bet ween
t he mai n mass of exchange chr omosomes ( E) at
t he met aphase pl at e and t he spi ndl e pol es . ( b and
b' ) ( FM7al +) oocyt es . The Xchr omosomes ( X)
r ar el y exchange i n t hese oocyt es, and ar e posi -
t i oned bet ween t he f our t h chr omosomes and t he
exchange chr omosomes . Oocyt es wer e doubl e
l abel ed and pr oj ect i ons wer e const r uct ed f r om
conf ocal mi cr ogr aphs as descr i bed i n t he l egend
t o Fi g . 2 . Panel s ar e desi gnat ed as descr i bed i n

Fi g . 2 . Bar , 10 um.

t ages t o anal yzi ng oocyt es wi t h t hi s genot ype : f i r st , t he X

chr omosomes r ar el y exchange i n t hese oocyt es, al l owi ng

anal ysi s of t he behavi or of t wo set s of nonexchange chr omo-

somes, whi ch di f f er i n si ze, i n t he absence of nod , f unc-

t i on . Second, t he possi bi l i t y t hat t he obser ved def ect s ar e a

r esul t of ot her second si t e r ecessi ve mut at i ons, bor ne by ei -

t her st ock, i s r educed by usi ng t r ans- het er ozygot es .

Spi ndl e mi cr ot ubul e or gani zat i on i n nod oocyt es i s gener -

al l y si mi l ar t o wi l d t ype, al t hough asymmet r i c spi ndl es ar e

occasi onal l y obser ved ( Fi g . 5 a) , as wel l as nor mal spi ndl es

wi t h spur s associ at ed wi t h one pol e ( Fi g . 5 d) .

The spi ndl e or i ent at i on of nonexchange chr omosomes i n

nod oocyt es, i n cont r ast t o mi cr ot ubul e or gani zat i on, i s

hi ghl y var i abl e and al ways abnor mal . I n wi l d- t ype oocyt es
wi t h nonexchange X chr omosomes ( FM7al +) , t he f our t h

chr omosomes ar e f ound near er t o t he pol es t han t he X chr o-

mosomes, whi ch ar e posi t i oned bet ween t he f our t h chr omo-

somes and t he met aphase pl at e ( Fi g . 3 b) . I n nod oocyt es,

however , nonexchange chr omosome posi t i oni ng i s var i abl e.

The f our t h and Xchr omosomes ar e obser ved bot h f r ee i n t he

cyt opl asm and on t he spi ndl e ( Fi g . 5, c and e) , and X chr o-

mosomes can be f ound cl oser t o t he pol es t han f our t h chr o-
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Fi gur e S. Gal l er y of met aphase spi ndl es i n FM7a, nod/ nod oocyt es . The posi t i on of f our t h ( 4) and X ( X) chr omosomes var i es f r omoocyt e
t o oocyt e. ( a and a' ) Bot h pai r s of f our t h chr omosomes ar e or i ent ed t owar d t he same pol e . One X chr omosome i s at t he opposi t e pol e
and t he second Xchr omosome i s of f t he spi ndl e and i s not vi si bl e. ( b and b' ) . Bot h Xchr omosome homol ogs ar e at t he same pol e, whi l e
t he f our t h chr omosomes ar e or i ent ed t owar d opposi t e pol es . The f our t h chr omosome on t he hal f spi ndl e wi t h t he Xchr omosomes i s posi -
t i oned bet ween t he pol e and t he exchange chr omosomes. ( c and c' ) Bot h f our t h chr omosomes and one Xchr omosome ar e of f t he spi ndl e
cont ai ni ng t he exchange chr omosomes. The second Xchr omosome i s at one of t he spi ndl e pol es . Mi cr ot ubul e bundl es ar e associ at ed wi t h
t he f r ee chr omosomes. ( d and d' ) Bot h f our t h chr omosomes ar e or i ent ed t owar d one pol e, wi t h one at t he pol e and t he second di spl aced
somewhat t owar d t he met aphase pl at e . One Xchr omosome i s posi t i oned at t he opposi t e pol e, whi l e t he second i s at t he t i p of a mi cr ot ubul e
spur associ at ed wi t h t hat pol e . ( e and e' ) One f our t h chr omosome i s of f t he spi ndl e and t he second f our t h chr omosome i s at a spi ndl e
pol e . The Xchr omosomes ar e associ at ed opposi t e pol es, however , t he Xchr omosome on t he same hal f spi ndl e as t he f our t h chr omosome
i s posi t i oned bet ween t he exchange chr omosomes and t he pol e, whi l e t he Xchr omosome t hat i s al one on t he opposi t e hal f spi ndl e i s at
t he pol e. ( f andf ' ) . Bot h f our t h chr omosomes ar e of f t he spi ndl e and ar e not vi si bl e i n t he mi cr ogr aph . The Xchr omosomes ar e pr esent
at opposi t e pol es of t he spi ndl e. Oocyt es wer e doubl e l abel ed and pr oj ect i ons wer e const r uct ed f r om conf ocal mi cr ogr aphs as descr i bed
i n t he l egend t o Fi g . 3. Panel s ar e desi gnat ed as descr i bed i n Fi g . 3 . Bar , 10 pm.
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Tabl e L Nonexchange Chr omosome Or gani zat i on i n FM7a,

nod/ nod Oocyt es

Exchange chr omosomes

1 Nonexchange X- chr omosomes

Four t h chr omosomes

Cyt ol ogy

Schemat i c di agr ams i ndi cat e posi t i ons of nonexchange X and f our t h chr omo-
somes r el at i ve t o t he spi ndl e . Onl y oocyt es i n whi ch t he spi ndl e and al l nonex-

change chr omosomes wer e vi si bl e wer e scor ed . Number s i n i t al i cs i ndi cat e t hat

bot h homol ogs ar e on t he same hal f spi ndl e .

mosomes ( Fi g . 5 b) . I n addi t i on, bot h homol ogs ar e of t en

pr esent on t he same hal f spi ndl e ( Fi g. 5, a, b, and d) . Loss

of nod+ f unct i on t her ef or e l eads bot h t o di ssoci at i on of

nonexchange chr omosomes f r omt he spi ndl e and i mpr oper

or i ent at i on of t hose nonexchange chr omosomes t hat ar e on

t he spi ndl e .

We have al so exami ned homozygot es f or bot h nova and

nodbz' . The def ect s obser ved i n t hese oocyt es ar e si mi l ar t o

t hose obser ved i n t he nod° / nod° z' het er ozygot e . I n t hese t wo

homozygot es, however , f r ee X chr omosomes ar e obser ved at

much l ower f r equency . Thi s r esul t i s expect ed because nod°

and nodbz' homozygot es car r y i sosequent i al X chr omo-

somes t hat r ecombi ne at nor mal f r equenci es and ar e ex-

pect ed t o r emai n wi t h t he mai n mass of exchange chr omo-

somes t hat ar e at t he met aphase pl at e .

Sever al f eat ur es of mi cr ot ubul e and chr omosome or gani -

zat i on i n nod/ nod oocyt es bear comment . Fi r st , nonex-

change chr omosomes t hat ar e of f t he spi ndl e cont ai ni ng t he

exchange chr omosomes ar e of t en associ at ed wi t h spi ndl e-

l i ke mi cr ot ubul es bundl es ( Fi g . 5 c) , suggest i ng t hat chr oma-

t i n i t sel f can or gani ze spi ndl e mi cr ot ubul es . Si mi l ar mi cr o-

t ubul e ar r ays ar e t r i gger ed by chr omosomes mechani cal l y

r emoved f r omspi ndl es i n Dr osophi l a sper mat ocyt es ( Chur ch

et al . , 1986) . Second, when a si ngl e nonexchange chr omo-

some i s pr esent on a hal f spi ndl e, i t i s al ways posi t i oned at

t he pol e ( Fi g . 5, b, e, and f ) , not at t he wi l d t ype posi t i on

Theur kauf and Hawl ey Di st r i but i ve Segr egat i on i n Dr osophi l a

bet ween t he pl at e and t he pol e ( Fi g . 4 d) . Nod act i vi t y, t her e-
f or e, pr event s excessi ve pol ewar d mi gr at i on of nonexchange

chr omosomes. Thi r d, when mor e t han one nonexchange

chr omosome i s pr esent on a hal f spi ndl e, one of t hese chr o-

mosomes i s al ways at t he pol e ( Fi g. 5) . The second nonex-

change chr omosome, however , i s of t en posi t i oned away f r om

t he pol e, t owar d t he met aphase pl at e ( Fi g . 5, b, d, and e) .

The pr esence of one nonexchange chr omosome on a hal f

spi ndl e may t her ef or e i nf l uence t he behavi or of addi t i onal

nonexchange chr omosomes on t he same hal f spi ndl e.

Does t he ext r aor di nar y var i abi l i t y i n spi ndl e or gani zat i on,

obser ved i n f i xed nod oocyt es, r ef l ect i n vi vo var i abi l i t y? To

addr ess t hi s i ssue we have used t he cyt ol ogi cal var i abi l i t y ob-

ser ved i n nod oocyt es t o pr edi ct chr omosome segr egat i on,

and compar ed t hese pr edi ct i ons t o t he behavi or of nonex-
change chr omosomes i n vi vo as assayed genet i cal l y . The or -

gani zat i on of chr omosomes i n 21 nod/ nod oocyt es, i n whi ch

nonexchange chr omosomes posi t i ons coul d be accur at el y

det er mi ned, i s summar i zed i n Tabl e I . As shown i n Tabl e 11,

t hi s l i mi t ed set of cyt ol ogi cal dat a pr edi ct s r at es of f our t h and

X chr omosomal l oss and nondi sj unct i on t hat ar e i n excel l ent

agr eement wi t h est i mat es obt ai ned by genet i c means ( Zhang
and Hawl ey, 1990) . These dat a i ndi cat e t hat t he cyt ol ogi cal

pr epar at i ons accur at el y r ef l ect i n vi vo spi ndl e or gani zat i on .

How does i nappr opr i at e or i ent at i on of nonexchange chr o-

mosomes devel op i n nod oocyt es, wi t h bot h homol ogs f r e-
quent l y associ at ed wi t h t he same hal f spi ndl e? To addr ess
t hi s quest i on we have exami ned spi ndl e assembl y i n nod/ nod

oocyt es . The i ni t i al st ages of spi ndl e assembl y appear nor -

mal : chr omosomes condense i nt o a t i ght mass wi t hi n t he nu-

cl ear envel ope ( Fi g . 6 a) , t he nucl ear envel ope br eaks down,

and mi cr ot ubul es associ at e wi t h t he chr omosomal mass

( Fi g . 6 b) . I n oocyt es i n whi ch shor t bi pol ar spi ndl es ar e
pr esent , however , t he f our t h chr omosomes ar e essent i al l y al -

ways ( 24 of 25 exampl es scor ed) f ound f r ee i n t he cyt opl asm

( Fi g . 6 c) . X chr omosomes ar e f ound f r ee i n t he cyt opl asm

i n nod/ nod oocyt es, al t hough t hey appear t o separ at e af t er

t he f our t h chr omosomes have done so, and at l east one X
chr omosome i s of t en f ound on shor t spi ndl es . Commonl y,
one Xchr omosome i s f ound at a spi ndl e pol e whi l e t he sec-
ond X chr omosome and bot h f our t h chr omosomes ar e f r ee

i n t he cyt opl asm ( Fi g . 6 d) . Because nonexchange f our t h
chr omosomes ar e vi r t ual l y al ways of f t he spi ndl e ear l y i n as-
sembl y, whi l e at l east one f our t h chr omosome i s associ at ed
wi t h - 80%of spi ndl es at met aphase ( 16 of 21 exampl es, Ta-

Tabl e 11. Cyt ol ogi cal and Genet i c Assays of Xand f our t h

Chr omosomal Nondi sj unct i on i n FM7a, nod/ nod Femal es

Per cent

	

Per cent

Assay

	

X nondi sj unct i on

	

nul l os

	

4 nondi sj unct i on

	

nul l os

Cyt ol ogy 45 74 84 81

Genet i cs 53 60 82 97

The cyt ol ogi cal dat a ar e based on t he 21 mei ot i c f i gur es i n Tabl e I I , whi l e t he

genet i c dat a ar e obt ai ned f r oma cl assi cal mat i ng exper i ment r epor t ed i n Zhang
and Hawl ey ( 1990) . Cyt ol ogi cal est i mat es of nondi sj unct i on ar e based on t he

number of cases i n whi ch bot h homol ogs ar e at t ached t o a spi ndl e pol e and
t hose whi ch l ack ei t her an X or f our t h chr omosome or bot h . Af t er mei osi s I I

t hose pol es wi t h t wo homol ogs at t ached wi l l pr esumabl y pr oduce di pl o- X and
di pl o- 4 gamet es, whi l e t hose pol es whi ch l ack ei t her an X or f our t h chr omo-
some wi l l pr oduce nul l o- X or nul l o- 4 gamet es . Genet i c est i mat es of nondi s-
j unct i on ar e based on di r ect measur ement of t he number of pr ogeny der i ved
f r om di pl o- or nul l o- bear i ng ova .
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Number
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1 1 2
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Wi l d t ype

	

nod

4401,

Di scussi on

1 . Chr omosome
condensat i on .

2. Mi cr ot ubul e associ at i on f ol l owi ng
nucl ear envel ope br eakdown.

3. Bi pol ar mi cr ot ubul e
or gani zat i on. Four t h
chr omosomes begi n t o separ at e.

4. Met aphase ar r est .
Nonexchangechr omosome
seper t at i on .

bl e I ) , we concl ude t hat nonexchange chr omosomes l ost

ear l y i n spi ndl e assembl y of t en r eassoci at e wi t h t he spi ndl e

at met aphase . Abnor mal nonexchange chr omosome or i ent a-

t i on i n nod/ nod oocyt es, t her ef or e, appear s t o r esul t f r om i n-

appr opr i at e r eassoci at i on of nonexchange chr omosomes

wi t h t he spi ndl e .

Based on cyt ol ogi cal anal ysi s of chr omat i n and mi cr ot ubul e

r eor gani zat i on dur i ng oocyt e mat ur at i on, we have di vi ded

mei ot i c spi ndl e assembl y i n Dr osophi l a oocyt es i nt o f our

phases ( Fi g . 7) . The f i r st phase, whi ch begi ns dur i ng st age

11 and l ast s t hr ough nucl ear envel ope br eakdown at st age 13

( Mahowal d and Kambysel l i s, 1981) , consi st s of f or mat i on of

a t i ght mass of chr omat i n i n whi ch i ndi vi dual chr omosomes

cannot be di st i ngui shed . The second phase, mi cr ot ubul e

associ at i on, i s char act er i zed by mi cr ot ubul e capt ur e or nu-

cl eat i on by t he chr omat i n mass . Dur i ng t hi s phase t her e i s

no obvi ous bi pol ar mi cr ot ubul e or gani zat i on or gr oss r eor ga-

ni zat i on of t he chr omat i n . Dur i ng t he t hi r d phase, bi pol ar

mi cr ot ubul e or gani zat i on, a shor t ( <10 um) bi pol ar mi cr o-

t ubul e ar r ay assembl es ar ound t he chr omat i n. The f our t h

chr omosomes can of t en be obser ved as buds on t he mai n

mass of exchange chr omosomes dur i ng t hi s st age . The f our t h

phase i s met aphase ar r est . Thi s st age i s char act er i zed by a

r el at i vel y l ong ( 20- 25 / Am) bi pol ar spi ndl e wi t h nonexchange

chr omosomes posi t i oned bet ween t he met aphase pl at e and

t he pol es . The t empor al sequence of t he f i r st t wo phases i s

cl ear f r omoocyt e mor phol ogy. Dur i ng st ages t hr ee and f our

t he gr oss mor phol ogy of t he oocyt e i s t he same, however ,

maki ng st agi ng somewhat pr obl emat i c . Anal ysi s of chr omo-

some or gani zat i on i n phase f our oocyt es homozygous f or nod

mut at i ons ( Fi g . 5) accur at el y pr edi ct s t he f r equency of non-

exchange chr omosome l oss and nondi sj unct i on at anaphase

( Tabl e I I ) . I n addi t i on, t he posi t i ons of nonexchange chr omo-

somes i n wi l d t ype phase f our oocyt es pr edi ct s t he posi t i ons

of t hese chr omosomes at anaphase, as obser ved i n hypot oni -

cal l y act i vat ed oocyt es ( Pur o and Ni kkol a, 1977; Pur o,

1991) . These obser vat i ons st r ongl y suppor t t he concl usi on

t hat phase f our i ndeed r epr esent s t he ar r est conf i gur at i on .

Si mi l ar spi ndl e assembl y pat hways appear t o f unct i on i n

asci di an eggs ( Sawada and Schat t en, 1988) , and i n some

spor e- f or mi ng hi gher pl ant s ( Ost er hout , as descr i bed by Wi l -

Theur kauf and Hawl ey Di st r i but i ve Segr egat i on i n Dr osophi l a

4t sp. f .,

1177

3. Bi pol ar mi cr ot ubul e
or gani zat i on . Nonexchange X
chr omosome l oss .

4. Met aphase ar r est . Random
r eassoci at i on of nonexchange
chr omosomes.

Fi gur e 7. Summar y of spi ndl e
assembl y i n wi l d- t ype and nod/
nod oocyt es . Wi l d t ype spi ndl e
assembl y i s di vi ded i nt o f our
phases : ( 1) Chr omosome con-
densat i on . ( 2) Nucl ear enve-
l ope br eakdown and mi cr ot u-
bul e associ at i on . ( 3) Bi pol ar
mi cr ot ubul e or gani zat i on . ( 4)
Met aphase af f est / nonexchange
chr omosome separ at i on. I n nodl
nod ooWeS t he f our t h chr omo-
somes ar e essent i al l y al ways
l ost and t he Xchr omosome ar e
f r equent l y l ost dur i ng spi ndl e
assembl y. At met aphase some
of t hese chr omosomes r easso-
ci at e r andoml y wi t h t he spi ndl e.

son, 1925) . I n t hese syst ems di sper sed mei ot i c chr omosomes

appear t o capt ur e or nucl eat e r andomar r ays of mi cr ot ubul es,

whi ch t hen r eor gani ze i nt o bi pol ar spi ndl es . I n Dr osophi l a

f emal es, however , t her e i s no di aki nesi s . As a r esul t , t he

chr omosomes ar e i n a t i ght mass as spi ndl e assembl y begi ns,

and onl y t he nonexchange chr omosomes l eave t hi s mass as

t he spi ndl e assembl y pr oceeds . Ther ef or e, chr omosomes do

not congr ess t o t he met aphase pl at e. Rat her , t he chr omo-

somes appear t o def i ne t he posi t i on of t he met aphase pl at e,

and t he spi ndl e f or ms ar ound t hi s posi t i on . These obser va-

t i ons suggest t hat chr omosomes pl ay a speci al r ol e dur i ng

spi ndl e assembl y i n Dr osophi l a oocyt es .

Sever al addi t i onal obser vat i ons suggest t hat chr omat i n i s

i mpor t ant i n spi ndl e mi cr ot ubul e or gani zat i on i n Dr osophi l a

oocyt es : f i r st , ant i - t ubul i n f l uor escence i nt ensi t y i n mat ur e

spi ndl es i s hi ghest adj acent t o t he chr omat i n at t he met aphase

pl at e and dr amat i cal l y decr eases t owar d t he pol es ( Fi g . 2) .

Second, spi ndl e f or mat i on appear s t o i nvol ve capt ur e or

nucl eat i on of mi cr ot ubul es by t he ent i r e chr omosomal mass,

f ol l owed by r eor gani zat i on of t hese mi cr ot ubul es i nt o a bi -

pol ar spi ndl e ( Fi g. 4) . Thi r d, f r ee chr omosomes i n nod/ nod

oocyt es or gani ze spi ndl e- l i ke mi cr ot ubul e ar r ays ( Fi g . 5, c

and c' ) . Based on t hese obser vat i ons we suggest t hat chr o-
mat i n i s t he pr i mar y mi cr ot ubul e or gani zi ng mat er i al i n Dr o-
sophi l a oocyt es . Fur t her suppor t i ng t hi s hypot hesi s, sever al
cent r osome- speci f i c ant i gens, i ncl udi ng - y- t ubul i n ( Oakl ey et
al . , 1990) , DMAP60, and DMAP 190 ( Kel l ogg et al . , 1989)

f ai l t o l ocal i ze t o spi ndl e pol es i n mat ur e oocyt es ( Theur -

kauf , W. , unpubl i shed r esul t s) . Al l of t hese ant i gens ar e
f ound at spi ndl e pol es ear l y i n oogenesi s and i n ear l y em-
br yos, however . These obser vat i ons suggest t hat cent r osomes
ar e not pr esent at t he spi ndl e pol es, consi st ent wi t h t he con-

cl usi on t hat most of t he spi ndl e mi cr ot ubul es i n t hi s syst em

do not t er mi nat e at t he pol es .

Chr omosomal Loss and Nondi sj unct i on i n

nod/ nod Oocyt es

Loss- of - f unct i on mut at i ons at t he nod l ocus exhi bi t a f emal e-
speci f i c mei ot i c def ect i n whi ch nonexchange ( achi asmat e)
chr omosomes under go l oss at hi gh f r equenci es and nondi s-
j unct i on at l ower f r equency ( Car pent er , 1973 ; Zhang and
Hawl ey, 1990) . I n addi t i on, t he sever i t y of nod i nduced chr o-
mosome l oss and nondi sj unct i on i ncr eases as chr omosome



si ze di mi ni shes ( Car pent er , 1973 ; Zhang and Hawl ey, 1990) .

I n cont r ast t o t hei r ef f ect s on nonexchange chr omosome be-

havi or , nod mut at i ons have l i t t l e or no ef f ect on ei t her t he r e-

combi nat i on pr ocess i t sel f or on t he segr egat i on of exchange

bi val ent s .

The cyt ol ogi cal st udi es al l ow us t o pr esent a si mpl e model

t hat expl ai ns t hi s r at her compl ex phenot ype . The f our t h

chr omosomes ar e of f t he spi ndl e i n 96%of ear l y spi ndl es ( 24

of 25 exampl es) , whi l e at l east one f our t h chr omosome i s as-

soci at ed wi t h r v80% of mat ur e spi ndl es ( f r omdat a i n Ta-

bl e I ) . Nonexchange chr omosomes l ost dur i ng spi ndl e as-

sembl y t her ef or e r eassoci at e wi t h t he spi ndl e af t er i t has

f or med . We pr opose t hat mei ot i c chr omosome l oss r esul t s

when one or bot h homol ogs f ai l t o r eassoci at e wi t h t he

mat ur e spi ndl e, and t hat nondi sj unct i on occur s when t wo

homol ogs become associ at ed wi t h t he same pol e as a r esul t

of di ssoci at i on f r omt he spi ndl e f ol l owed by r andomr e- asso-

ci at i on . Nondi sj unct i on i n nod/ nod oocyt es, t her ef or e, i s not

t he r esul t of a f ai l ur e i n homol og separ at i on at anaphase .

Suppor t i ng t hi s model , est i mat es of l oss and nondi sj unct i on

f r equenci es i n FM7a, nodbz' / nod° f emal es made f r om t he

cyt ol ogi cal dat a ar e i n excel l ent agr eement wi t h t he f r equen-

ci es obser ved i n st andar d genet i c cr osses ( see Tabl e I I ) .

An expl anat i on f or t he ef f ect of chr omosome si ze on t he

sever i t y of t he nod phenot ype i s al so suggest ed by t he cyt o-

l ogi cal obser vat i ons . Loss of nod f unct i on causes di ssoci a-

t i on of nonexchange chr omosomes f r om t he mai n chr o-

mosomal mass dur i ng spi ndl e assembl y, wi t h t he smal l

f our t h chr omosomes vi r t ual l y al ways separ at ed f r om t he

mai n mass of chr omat i n by t he t i me mi cr ot ubul es ar e or ga-

ni zed i nt o bi pol ar ar r ays . The l ar ger nonexchange X chr o-

mosomes, i n cont r ast , separ at e f r omt he exchange chr omo-
somes af t er t he spi ndl e has mor e f ul l y f or med, and ar e of t en
r et ai ned at t he devel opi ng spi ndl e pol es ( Fi g . 6, d and d' ) .

We suggest t hat t hi s r ef l ect s t he pr esence of a st r uct ur e whi ch

pr event s chr omosome di ssoci at i on f r om t he spi ndl e pol es,

and t hat t hi s st r uct ur e f or ms as t he spi ndl e mat ur es . The di -

mi ni shed r esponse of l ar ger chr omosomes t o t he nod pheno-
t ype woul d t her ef or e r ef l ect t he i ncr eased pr obabi l i t y t hat
l at er separ at i ng chr omosomes wi l l be r et ai ned by t hi s pol ar

st r uct ur e.

The Cel l ul ar Basi s of Di st r i but i ve Segr egat i on

How ar e nonexchange chr omosomes or i ent ed on t he mei ot i c

spi ndl e? A pr evi ous genet i c model ( Gr el l , 1976) post ul at ed

t hat di st r i but i ve segr egat i on i nvol ved a second r ound of pai r -

i ng and segr egat i on whi ch f ol l owed t he segr egat i on of ex-

change chr omosomes . Our dat a and pr evi ous cyt ol ogi cal

st udi es ( Pur o and Nokkal a, 1977; Ki mbl e and Chur ch,

1983 ; Pur o, 1991) ar e not consi st ent wi t h a second r ound of

pai r i ng, as nonexchange chr omosomes ar e posi t i oned t owar d

opposi t e pol es bef or e t he spi ndl e has f ul l y f or med . Mor e r e-

cent l y, Car pent er ( 1991) has pr oposed t hat nonexchange

homol ogs ar e l i nked by a mi cr ot ubul e br i dge whi ch subst i -

t ut es f or chi asma . Nonexchange chr omosomes i n t hi s model

ar e al i gned by t he same opposi ng pol ewar d f or ces t hat al i gn

exchange chr omosomes i n ot her syst ems ( Ni ckl as, 1974) .

Model s based on i ndi r ect l y l i nked homol ogs, however , pr e-

di ct t hat uni val ent chr omosomes wi l l be l ost at hi gh f r e-

quency . Genet i c anal yses of uni val ent chr omosome behavi or

dur i ng mei osi s, however , i ndi cat es t hat t hi s i s not t he case .

The si ngl e Y chr omosome i n XXY f emal es car r yi ng ex-
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change Xchr omosomes, and si ngl e copi es of gr ossl y del et ed

copi es of t he X chr omosome, segr egat e r andoml y at mei -

osi s I , but ar e not l ost ( Cooper , 1948 ; Li nsl ey and Sandl er ,

1958) . Uni val ent chr omosomes coul d be st abl i zed on t he

spi ndl e t hr ough a mi cr ot ubul e l i nk t o exchange bi val ent s at
t he met aphase pl at e. Par t ner choi ce ( exchange bi val ent vs

nonexchange homol og) and si ze- dependent posi t i oni ng of

nonexchange chr omosomes ( di scussed bel ow) ar e di f f i cul t t o

expl ai n wi t h t hi s model .

How mi ght nonexchange chr omosomes be al i gned on t he

spi ndl e, i f not t hr ough t he act i on of opposi ng pol ewar d

f or ces? Pur o ( 1991) has suggest ed t hat di sj unct i on i n oocyt es

i s t he r esul t of t he pr edet er mi ned, non- r andomar r angement
of chr omosomes, not mechani cal al i gnment of chr omosomes
on t he mei ot i c spi ndl e . Our dat a i ndi cat e t hat al i gnment of

t hese chr omosomes t akes pl ace bef or e compl et i on of spi ndl e

assembl y, consi st ent wi t h t hi s hypot hesi s. We t her ef or e f avor

model s i n whi ch nonexchange chr omosomes ar e al i gned
dur i ng mei ot i c pr ophase, ei t her on t he basi s of het er ochr o-
mat i c homol ogi es ( Hawl ey, 1989, 1991 ; Pur o, 1991) , or nu-
cl ear posi t i on ( Novi t ski , 1978) , and t hose al i gnment s or

pai r i ngs coor i ent chr omosomes on devel opi ng spi ndl es .

We t her ef or e pr opose t hat t he f unct i on of nod i s t o mai n-

t ai n nonexchange chr omosome or i ent at i on, est abl i shed dur i ng
mei ot i c pr ophase, as t he spi ndl e assembl es . Mechani st i cal l y,
we pr opose t hat nod achi eves t hi s by del ayi ng di ssoci at i on

of or i ent ed nonexchange chr omosomes f r om t he exchange

chr omosomal mass unt i l a bi pol ar spi ndl e has f or med, at

whi ch t i me associ at i on wi t h t he spi ndl e i t sel f mai nt ai ns non-

exchange chr omosome or i ent at i on . Based on t he st r uct ur al
si mi l ar i t y of t he nod pr ot ei n and ki nesi n ( Zhang et al . ,
1990) , and t he cyt ol ogi cal dat a pr esent ed her e, we pr opose

t hat nod del ays nonexchange chr omosome separ at i on by

gener at i ng a mi cr ot ubul e- dependent f or ce whi ch act s on
t he chr omosomes, and i s di r ect ed t owar d t he mai n chr omo-
somal mass . Thi s f or ce count er act s an opposi ng mi cr ot ubul e-
dependent f or ce whi ch devel ops as t he spi ndl e f or ms . I t i s

t hi s opposi ng f or ce whi ch l eads t o ej ect i on of nonexchange

chr omosomes i n t he absence of nod act i vi t y .

Our dat a show t hat , i n wi l d t ype oocyt es, t he f our t h chr o-

mosomes ar e al ways f ound cl oser t o t he pol es t han t he l ar ger

nonexchange X chr omosomes . I n addi t i on, a gr ossl y del et ed

copy of t he X chr omosome, whi ch i s smal l er t han t he f our t h

chr omosome, i s obser ved bet ween t he f our t h chr omosome

and t he spi ndl e pol e ( WSul l i van and G. Kar pen, per sonal
communi cat i on) . Nonexchange chr omosomes t her ef or e ap-

pear t o be posi t i oned on t he spi ndl e by si ze . A compl et e

descr i pt i on of nonexchange chr omosome behavi or must ex-
pl ai n si ze- dependent posi t i oni ng of t hese chr omosomes on
t he mei ot i c spi ndl e .

We have const r uct ed a model f or di st r i but i ve segr egat i on

whi ch account s f or si ze- dependent posi t i oni ng of nonex-

change chr omosomes, and shoul d ser ve as a basi s f or f ur t her

exper i ment at i on . Thi s model , out l i ned i n Fi g. 8, i s based on

t he f ol l owi ng assumpt i ons : ( a) Chr omosomes ar e or i ent ed

pr i or t o spi ndl e assembl y ; ( b) t he pol ar or gani zat i on of chr o-

mosomes det er mi nes spi ndl e or i ent at i on ; ( c) opposi ng pol e-

war d and ant i - pol ewar d f or ces, whi ch act wi t hi n t he hal f

spi ndl e, bal ance t he nonexchange chr omosomes on t he

spi ndl e.
Si ze- dependent posi t i oni ng of nonexchange chr omosomes

on t he spi ndl e suggest s t hat ei t her t he pol ewar d or ant i -
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Fi gur e 8. Model f or nonexchange chr omosome posi t i oni ng on met a-
phase spi ndl es . ( a) Spi ndl e or gani zat i on, showi ng st abl e posi t i ons

of nonexchange Xand f our t h chr omosomes . ( b) Gr aphi cal r epr esent a-
t i on of t he f or ces pr oposed t o act on nonexchange chr omosomes .
Cur ves sl opi ng away f r om t he mi dl i ne ( posi t i on of t he met aphase

pl at e) i ndi cat e t he magni t ude of t he mi cr ot ubul e number - dependent
pol ewar d f or ce, as a f unct i on chr omosome posi t i on on t he spi ndl e .

The magni t ude of t he chr omosome- si ze dependent f or ces, pr oposed

t o be gener at ed by t he nod pr ot ei n, ar e i ndi cat ed by t he ar r ows . The
posi t i ons at whi ch t hese f or ces bal ance ar e i ndi cat ed ( X and 4) .

pol ewar d f or ce i s pr opor t i onal t o chr omosome si ze. Wor k i n

ot her syst ems i ndi cat es t hat an ant i - pol ewar d f or ce, r ef er r ed

t o as t he pol ar ej ect i on f or ce ( Ri eder et al . , 1986 ; Sal mon,

1989) , act s al ong t he chr omosome ar ms ( f or a r evi ew of t he

r ol e of bul k chomat i n i n chr omosome t r anspor t see Fuge,
1990) . We t her ef or e pr opose t hat t he hypot hesi zed ant i -

pol ewar d f or ce act s al ong t he l engt h of t he chr omosome

ar ms, and t hat t hi s f or ce i s pr opor t i onal t o chr omosome si ze.

For t he pur pose of model i ng chr omosome behavi or , we pr o-

pose t hat t he pol ewar d f or ce i n t he oocyt e i s chr omosome

si ze i ndependent , and l i kel y act s at t he ki net ochor e . The

combi nat i on of a chr omosome si ze pr opor t i onal ant i -

pol ewar d f or ce and a si ze- i ndependent pol ewar d f or ce woul d

pr oduce net pol ewar d f or ces t hat ar e i nver sel y pr opor t i onal

t o si ze .

To account f or st abl e posi t i oni ng of nonexchange chr omo-

somes on t he hal f spi ndl e, however , t he pol ewar d and ant i -

pol ewar d f or ces must bal ance. To achi eve bal anced f or ces,

we pr opose t hat t he pol ewar d f or ce i s pr opor t i onal t o spi ndl e

mi cr ot ubul e number , and t her ef or e decr eases t owar d t he

pol es, whi l e t he ant i - pol ewar d f or ce i s i ndependent of mi cr o-

t ubul e number s . The ant i - pol ewar d f or ce, whi ch i s pr oposed

t o act al ong chr omosome ar ms, woul d be r el at i vel y i ndepen-

dent of mi cr ot ubul e number i f a chr omosome ar mcoul d ei -

t her i nt er act wi t h mul t i pl e mi cr ot ubul es, or f or mmany con-

t act s wi t h one or a f ew mi cr ot ubul es . These modi f i cat i ons

l ead t o a model t hat pr edi ct s t he obser ved si ze- dependent po-

si t i oni ng of nonexchange chr omosomes on t he mei ot i c spi n-

dl e ( Fi g. 8) . Nonexchange chr omosomes wi l l move away f r om
t he met aphase pl at e unt i l t he pol ewar d f or ce decr eases t o a
l evel t hat mat ches t he ant i - pol ewar d f or ce. Because t he ant i -
pol ewar d f or ce i s pr opor t i onal t o chr omosome si ze, t he
smal l f our t h chr omosomes mi gr at e f ur t her t owar d t he pol e

bef or e t he f or ces bal ance t han t he l ar ger X chr omosomes .

Mi t chi son ( 1989b) has pr oposed t hat opposi ng pol ewar d and
ant i - pol ewar d f or ces, act i ng at t he ki net ochor e, ar e i nvol ved
i n posi t i oni ng mi t ot i c chr omosomes on spi ndl es . Our model

f or mei ot i c chr omosome behavi or i n Dr osophi l a f emal es di f -
f er s i n t he si t e of act i on of t he ant i - pol ewar d f or ce, and i n

t he mechani smwhi ch gener at es bal anced f or ces .
The cel l ul ar phenot ype of nod mut at i ons, as . di scussed

Theur kauf and Hawl ey Di st r i but i ve Segr egat i on i n Dr osophi l a

above, i ndi cat e t hat t he nod pr ot ei n pr ovi des t he hypot he-
si zed ant i - pol ewar d f or ce . The model t her ef or e expl ai ns t he
excessi ve pol ewar d mi gr at i on of si ngl e nonexchange chr o-
mosomes i n nod/ nod oocyt es . The behavi or of mul t i pl e

nonexchange chr omosomes on t he same hal f spi ndl e i n

nod/ nod oocyt es, however , cannot be compl et el y expl ai ned

by t hi s model . At l east one nonexchange chr omosome i s al -
ways f ound at t he pol e i n nod/ nod oocyt es, as pr edi ct ed . Ad-
di t i onal chr omosomes, however , ar e of t en posi t i oned cl oser
t o t he met aphase pl at e ( Fi g. 5, b and b' and e and e' , f or exam-
pl e) . Thi s obser vat i on suggest s t hat t he pr esence of a nonex-
change chr omosome at t he pol e can i mpede t he pol ewar d

mi gr at i on of a second chr omosome. Nonexchange chr omo-
somes can cl osel y associ at e wi t h one anot her at t he spi ndl e
pol e ( Fi g . 5, b, and b' ) , i ndi cat i ng t hat nonexchange chr omo-
somes do not have an i nt r i nsi c " zone of excl usi on" t hat pr e-
vent s t he cl ose appr oach of ot her chr omosomes . I t i s possi bl e
t hat t he spaci ng of nonexchange chr omosomes i n nod/ nod

oocyt es r ef l ect s t he exi st ence of an nod- i ndependent f or ce,

and such a f or ce coul d pl ay an i mpor t ant r ol e i n det er mi ni ng

chr omosome behavi or . Al t er nat i vel y, t hese f i gur es may si m-

pl y r epr esent i nt er medi at es i n whi ch chr omosomes ar e f i xed

as t hey pr ogr ess t owar d t he pol e. Thi s i ssue i s di f f i cul t t o r e-

sol ve f r om anal ysi s of f i xed sampl es .

A number of quest i ons must be answer ed bef or e t he mech-

ani smof di st r i but i ve segr egat i on and t he f unct i on of t he nod
pr ot ei n i n t hi s pr ocess can be f ul l y under st ood : wher e i s t he
nod pr ot ei n l ocat ed? I s nod a mi cr ot ubul e mot or and i f so
what i s i t s di r ect i onal i t y? What i s t he or i ent at i on of mi cr ot u-
bul es i n t he mei ot i c spi ndl e? When ar e t he mei ot i c chr omo-
somes or i ent ed? These quest i ons ar e exper i ment al l y ap-

pr oachabl e and t he answer s shoul d pr ovi de val uabl e i nsi ght s

i nt o t he f or ces act i ng on chr omosomes i n t hi s syst em.
Wi l l t he l essons l ear ned f r om anal ysi s of di st r i but i ve

segr egat i on appl y t o chr omosome segr egat i on i n ot her Sys-

t ems? Al t hough t he nod pr ot ei n i s onl y r equi r ed dur i ng mei -
osi s, and t her ef or e onl y f or di st r i but i ve di sj unct i on, t wo l i nes
of evi dence suggest t hat t hi s pr ot ei n al so pl ays a r ol e i n mi t o-

si s . Fi r st , as shown by Zhang et al . ( 1990) , t he nod t r anscr i pt

i s pr esent t hr oughout devel opment . Second, an ant i mor phi c
al l el e of nod, known as nod° - , af f ect s bot h mei ot i c and mi -

t ot i c behavi or ( Wr i ght , 1974 ; Rasool y et al . , 1991) . The

f i ndi ng t hat nod pr ot ei n i s pr esent but not r equi r ed i n mi t ot i -

cal l y di vi di ng cel l s suggest s, at l east mi t ot i cal l y, t hat t he nod

pr ot ei n i s ei t her f unct i onal l y or genet i cal l y r edundant .
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