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ABSTRACT

	

Dur i ng mei osi s I i n mal es of t he mol e cr i cket Neocur t i l l a ( Gr yl l ot al pa) hexadact yl a,

t he uni val ent X, chr omosome and t he het er omor phi c X2Y chr omosome pai r segr egat e nonr an-

doml y ; t he X, and X2 chr omosomes move t o t he same pol e i n anaphase . By means of

ul t r ast r uct ur al anal ysi s of ser i al sect i ons of cel l s i n sever al st ages of mei osi s I , met aphase of

mei osi s I I , and mi t osi s, we f ound t hat t he ki net ochor e r egi on of t wo of t he t hr ee nonr andoml y

segr egat i ng chr omosomes di f f er f r om aut osomel ki net ochor es onl y dur i ng mei osi s I . The

di st i nct i on i s most pr onounced at met aphase I when massi ve aggr egat es of el ect r on- dense

subst ance mar k t he ki net ochor es of X, and Y chr omosomes . The l at er al posi t i on of t he

ki net ochor es of X, and Y chr omosomes and t he associ at i on of t hese chr omosomes wi t h

mi cr ot ubul es r unni ng t owar d bot h pol es ar e al so char act er i st i c of mei osi s I and f ur t her

di st i ngui sh X, and Y f r om t he aut osomes . Nonr andoml y segr egat i ng chr omosomes ar e t ypi cal l y

posi t i oned wi t hi n t he spi ndl e so t hat t he ki net ochor i c si des of t he X2Y pai r and t he X,

chr omosome ar e bot h t ur ned t owar d t he same i nt er pol ar spi ndl e axi s . Thi s spat i al r el at i onshi p

may be a r esul t of a l i nkage of X, and Y chr omosomes l yi ng i n opposi t e hal f spi ndl es vi a a

smal l bundl e of mi cr ot ubul es t hat r uns bet ween t hei r unusual ki net ochor es . Thus, nonr andom

segr egat i on i n Neocur t i l l a hexadact yl a i nvol ves a uni que modi f i cat i on at t he ki net ochor es of

par t i cul ar chr omosomes, whi ch pr esumabl y af f ect s t he manner i n whi ch t hese chr omosomes

ar e i nt egr at ed wi t hi n t he spi ndl e .

The model f or chr omosome behavi or dur i ng mei osi s i n al l

hi gher or gani sms i s based upon Car ot her s' ( 3) car ef ul anal ysi s

of t he behavi or of het er omor phi c chr omosome pai r s and a

uni val ent sex chr omosome i n gr asshopper sper mat ocyt es . Each

het er omor ph was f ound t o assor t compl et el y r andoml y wi t h

r espect t o ever y ot her het er omor phi c pai r and wi t h r espect t o

t he si ngl e X chr omosome . These r esul t s ar e i n accor d wi t h t he

chr omosomal t heor y of i nher i t ance as f i r st st at ed by Sut t on

( 13) ; pai r s of homol ogous chr omosomes ar e ar r anged on t he

spi ndl e at mei osi s I wi t hout r egar d t o one anot her and, t her e-

f or e, assor t i ndependent l y, j ust as do unl i nked genes i n cr osses .

I r oni cal l y, obser vat i ons t hat cont r adi ct t he gener al i t y of t hi s

model wer e r epor t ed by Payne ( 10, 11) at about t he same t i me

as t he wor k of Car ot her s . I n sper mat ocyt es of t he Nor t her n

mol e cr i cket , a r el at i ve of t he gr asshopper , Payne r ecogni zed a

het er omor phi c chr omosome pai r f or med by associ at i on of t wo

chr omosomes of mar kedl y di f f er ent si zes and f ound t hat t he
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member s of t hi s pai r segr egat e nonr andoml y wi t h r espect t o a

uni val ent X chr omosome; t he l ar ger member of t he het er o-

mor ph al ways moves t o t he same spi ndl e pol e as t he X chr o-

mosome at anaphase I . Thi s nonr andombehavi or was obser ved

i n ever y cel l , despi t e t he f act t hat Payne coul d di scover no

physi cal connect i on bet ween t he chr omosomes i nvol ved. The

accur acy of Payne' s obser vat i ons has been conf i ned by Whi t e

( 15) who st udi ed f i xed cel l s and by Camenzi nd and Ni ckl as ( 2)

who obser ved l i vi ng sper mat ocyt es .

The t r ul y r emar kabl e nat ur e of nonr andomsegr egat i on i n

t he mol e cr i cket was r eveal ed by t he st udy of l i vi ng cel l s ( 2) .

Mi cr omani pul at i on of t he chr omosomes i nvol ved suppor t ed

t he opi ni on of ear l i er wor ker s t hat t her e i s no physi cal connec-

t i on bet ween t hose chr omosomes. Mor eover , when t he i nap-

pr opr i at e or i ent at i on ( X chr omosome and l ar ger member of

t he het er omor ph or i ent ed t o opposi t e pol es) was i nduced wi t h

t he mi cr omani pul at i on needl e, t he appr opr i at e or i ent at i on was
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act i vel y r est or ed ; t he sex chr omosome usual l y r eor i ent ed spon-

t aneousl y so as t o ensur e i t s passage t o t he same spi ndl e pol e

as t he l ar ge member of t he het er omor ph .

Pr ef er ent i al di st r i but i on of unconnect ed chr omosomes i s not

uni que t o t he Nor t her n mol e cr i cket ; i t has been r epor t ed f or

a number of unr el at ed or gani sms ( f or r evi ew see r ef er ences 7

and 8) . However , f undament al di f f er ences bet ween t he var i ous

exampl es suggest t hat no si ngl e mechani smgover ns al l cases of

nonr andomchr omosome behavi or . I n cr ane f l i es, f or exampl e,

physi cal l y separ at e chr omosomes t hat assume si mi l ar or i ent a-

t i on on t he spi ndl e r egul ar l y move t owar d opposi t e spi ndl e

pol es . I t i s, t her ef or e, necessar y t o expl ai n how pol ewar d

movement of one chr omosome can i nduce opposi t el y di r ect ed

movement of anot her chr omosome ( 5) . For t he mol e cr i cket ,

on t he ot her hand, t he f act t hat chr omosomes or i ent on t he

spi ndl e i n nonr andom manner r equi r es t hat we di scover how

or i ent at i on of t he X chr omosome can be i nf l uenced by t he

or i ent at i on of t he het er omor ph ( 2) .

Camenzi nd and Ni ckl as ( 2) suggest ed t hat t he st r uct ur al

or gani zat i on of t he spi ndl e coul d di ct at e nonr andom or i ent a-

t i on of par t i cul ar chr omosomes i f t her e exi st speci f i c di f f er ences

bet ween t he spi ndl e f i ber s of non- r andoml y segr egat i ng chr o-

mosomes and t hose of t he r emai ni ng chr omosomes of t he

compl ement . Our st udy was under t aken t o di scover i f t her e ar e

ul t r ast r uct ur al i ndi cat i ons of such di f f er ences . We have f ound

t hat an el ect r on- dense mat er i al i s associ at ed wi t h t he ki net o-

chor es of t he Xchr omosome and of t he smal l er chr omosome

of t he het er omor phi c pai r and t hat mi cr ot ubul es ar e ar r ayed

about t hese par t i cul ar ki net ochor es i n an unusual f ashi on . We

di scuss t he manner i n whi ch t hese st r uct ur al pecul i ar i t i es mi ght

be r el at ed t o nonr andomchr omosome behavi or .

MATERI ALS AND METHODS

Li vi ng speci mens of Neocur t i l l a ( Gr yl l oi al pa) hexadact yl a Per t y ( 4) wer e col l ect ed

near Gr assy Pond i n t he Sandhi l l s Wi l dl i f e Management Ar ea i n t he vi ci ni t y of

Sout her n Pi nes, N. C.

Al l of t he pr epar at i ve pr ocedur es used i n t hi s st udy have been descr i bed

pr evi ousl y . To sel ect cel l s i n t he desi r ed st ages of sper mat ogenesi s, l i vi ng cul t ur es

of t est i cul ar t i ssue wer e pr epar ed f or l i ght mi cr oscopi c obser vat i ons as descr i bed

by Ni ckl as et al . ( 9) . Cel l s wer e obser ved on an i nver t ed phase cont r ast mi cr oscope

and phot ogr aphed by t i me- l apse ci nemi cr ogr aphy . Dur i ng obser vat i on and r e-

cor di ng, f i xat i on of sel ect ed cel l s was i ni t i at ed by mi cr oi nj ect i on of f i xat i ve i nt o

t he vi ci ni t y of t he t ar get cel l and was compl et ed by i mmer si on of t he cover sl i p

bear i ng t he at t ached t ar get cel l i n a l ar ge vol ume of f i xat i ve. Thi s r out i ne of

" mi cr of i xat i on" f ol l owed by " macr of i xat i on" and subsequent st eps of pr epar at i on

f or el ect r on mi cr oscopy wer e essent i al l y t hose of Ni ckl as et al . ( 9) . However , t he

composi t i on of f i xat i ves, buf f er s, et c . and t he schedul e of f i xat i on di f f er ed . Our

condi t i ons wer e as f ol l ows : ( a) Mi cr of i xat i on: 6%gl ut ar al dehyde i n PI PES- NaCl

buf f er ( 100 mMPI PES [ Si gma Chemi cal Co. , St . Loui s, Mo . ] , 0 . 3%NaCl , pH

6 . 8- 6 . 9) f or 4- 5 mi n . ( b) Macr of i xat i on : 3%gl ut ar al dehyde i n PI PES- NaCl buf f er

f or 30 mi n. ( c) Ri nse : PI PES- NaCI buf f er ; t wo changes of buf f er at l 0- mi n

i nt er val s f ol l owed by over ni ght st or age i n buf f er at 4 ° C. ( d) Second Fi xat i on : 2%

osmi umt et r oxi de i n PI PES- NaCl buf f er f or 0. 75- 1 hr . ( e) Ri nse : di st i l l ed wat er ;

t wo changes at 10- mi n i nt er val s . ( f ) Ur anyl acet at e t r eat ment : 0. 5% ur anyl

acet at e i n ver onal - acet at e buf f er f or 0. 75- 1 h ( 12) .

Fi xat i ves wer e pr epar ed i mmedi at el y bef or e use . As an assur ance of t he

qual i t y of t he gl ut ar al dehyde used, f i xat i ves wer e pr epar ed f r om a 70% st ock

sol ut i on st or ed i n seal ed ampoul es ( Ladd Resear ch I ndust r i es, I nc. , Bur l i ngt on,

Vt . ) ; onl y t hose l ot s havi ng an absor pt i on r at i o A230 _/ A~ _ <0 . 2 wer e used

( 1) .

Ser i al sect i ons t hr ough ent i r e cel l s wer e exami ned i n a Si emens 101 el ect r on

mi cr oscope, and mi cr ogr aphs of each sect i on i ncl udi ng nucl eus or spi ndl e wer e

pr epar ed usi ng Kodak 70- mmr ol l f i l m ( Kodal i t h LR 2572) . The over al l anal ysi s

was based upon t he st udy of ser i al negat i ves pr epar ed at or i gi nal magni f i cat i ons

r angi ng f r om X 2, 300 t o X 3, 900 and vi ewed usi ng t he X 14 or X 31 addi t i onal

magni f i cat i on pr ovi ded by an aer i al r ol l f i l m vi ewer ( Hoppmann Cor p . , Spr i ng-

I n r ef er ence 7, see pages 167 f f . and 243 f f . I n r ef er ence 8, see page

276 f f .
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f i el d, Va . ) . For i l l ust r at i ons i n t hi s publ i cat i on, new mi cr ogr aphs of t he sect i ons

of i nt er est wer e t aken at magni f i cat i ons r angi ng f r om X 2, 500 t o x 6, 500 .

Reconst r uct i ons wer e pr epar ed t o exami ne cer t ai n spat i al r el at i onshi ps i n t he

ser i al l y sect i oned cel l s . I n some cases, t hr ee- di mensi onal r econst r uct i ons wer e

r equi r ed . For t hese, t he mi cr ogr aph negat i ve of a sect i on was pr oj ect ed at X l 4'

or X 31 magni f i cat i on ont o a t r anspar ent cel l ul ose acet at e sheet at t ached t o t he

vi ewi ng scr een of t he r ol l f i l m vi ewer , and al l st r uct ur es of i nt er est ( e . g . , chr o-

mosome out l i nes i ncl udi ng ki net ochor e posi t i on, mi cr ot ubul e pr of i l es, and cen-

t r i ol es) wer e t r aced ont o t he acet at e . One t r aci ng of each sect i on was made . The

r econst r uct i on was t hen made by super posi ng i ndi vi dual acet at e sheet s i n or der ,

usi ng chr omosome out l i nes as a gui de t o cor r ect r egi st r at i on ( r egi st r at i on of

i ndi vi dual mi cr ot ubul e pr of i l es was not an obj ect i ve except as not ed i n t he l egend

of Fi g . 8) . The cor r ect spaci ng bet ween t r aci ngs was mai nt ai ned by i nt er posi ng

pl exi gl as sheet s of appr opr i at e t hi ckness ( sect i on t hi ckness X f i nal magni f i cat i on)

bet ween t hem. I n ot her cases, accur at e t hr ee- di mensi onal i nf or mat i on was not

necessar y, as, f or exampl e, when at t empt i ng t o i dent i f y par t i cul ar chr omosomes

on t he basi s of t hei r shape or when exami ni ng t he over al l di sposi t i on of chr o-

mosomes i n spi ndl e or nucl eus . For such pur poses, a si mpl i f i ed r econst r uct i on

met hod was used t o r ecor d i nf or mat i on f r om a l ar ge number of sect i ons on one

or a f ew acet at e sheet s . Af t er t he st r uct ur es i n one sect i on wer e t r aced on an

acet at e sheet , t he i mage of t he succeedi ng sect i on was pr oj ect ed ont o t he vi ewi ng

scr een, and t he chr omosome out l i nes pr evi ousl y t r aced on t he acet at e wer e

br ought i nt o r egi st er wi t h t he chr omosome pr of i l es appear i ng i n t he pr oj ect ed

i mage . For t hi s second sect i on and f or al l f ol l owi ng sect i ons, onl y si gni f i cant

changes or new st r uct ur es ( e. g . , i ncr eased chr omosome si ze, t he appear ance of

new chr omosomes, t he appear ance of ki net ochor es, ki net ochor e- associ at ed mi -

cr ot ubul es and cent r i ol es, changes i n out l i ne of t he nucl ear envel ope) wer e added

t o t he acet at e t r aci ng . The use of di f f er ent col or ed i nks f or di f f er ent st r uct ur es,

par t i cul ar l y f or separ at e chr omosomes, el i mi nat ed conf usi on caused by over l ap-

pi ng of st r uct ur es i n t he t r aci ng . I n t hi s way, a si ngl e t r aci ng i ncor por at i ng a t wo-

di mensi onal composi t e of i nf or mat i on f r om many sect i ons was pr oduced . We

r ef er t o t hese as " t wo- di mensi onal r econst r uct i ons" .

RESULTS

Our phase cont r ast mi cr oscopi c obser vat i ons of mei osi s i n

l i vi ng sper mat ocyt es of N. hexadact yl a ar e i n accor d wi t h

pr evi ous descr i pt i ons der i ved f r om f i xed mat er i al s ( 10, 11, 15)

or l i vi ng cel l s ( 2) . For a summar y of chr omosome behavi or

dur i ng mei osi s, see Fi g. 1 . I n t hi s account , X, r ef er s t o t he

uni val ent sex chr omosome, wher eas Y2 and Y desi gnat e, r e-

spect i vel y, t he l ar ger and smal l er chr omosomes composi ng t he

het er omor phi c pai r , as suggest ed by Whi t e ( 15) .

a

	

b

	

C

FI GURE 1

	

Mei osi s i n Neocur t i l l a hexadact yl a . ( a) At met aphase of

t he f i r st mei ot i c di vi si on, t he chr omosomes dest i ned t o segr egat e

nonr andoml y ar e easi l y r ecogni zed ; t he uni val ent chr omosome ( X, )

usual l y does not l i e at t he spi ndl e equat or , and t he X2Y chr omosome

pai r ( X2 ; Y) i s di st i ngui shed f r om aut osomal pai r s on t he basi s of i t s

assymmet r i cal shape . Not e t hat t he X2Y pai r i s somewhat shi f t ed of f

t he equat or so t hat Y i s cl oser t o a pol e t han i s X2 Char act er i st i cal l y,

chr omosome X, i s f ound i n t he hal f - spi ndl e t owar d whi ch X2 i s

or i ent ed . Thi s or i ent at i on pr esages t he nonr andom chr omosomes

di st r i but i on of t he ensui ng anaphase ( b) when t he physi cal l y un-

l i nked chr omosomes X, and X2 i nvar i abl y pass t o t he same pol e

whi l e chr omosome Y passes t o t he opposi t e pol e . As a r esul t of t he

f i r st mei ot i c di vi si on, t wo t ypes of secondar y sper mat ocyt es ar e

pr oduced ; one car r i es t he Y chr omosome but nei t her X chr omosome

( c) ; t he ot her ( not i l l ust r at ed) i ncl udes bot h X, and X2 but no Y.

( Redr awn f r om r ef er ence 10 . )



The Fi r st Mei ot i c Di vi si on

The f eat ur es t hat di st i ngui sh nonr andoml y segr egat i ng chr o-

mosomes i n N. hexadact yl a ar e most evi dent dur i ng t he l at er

st ages of t he f i r st mei ot i c di vi si on. Ther ef or e, t he descr i pt i on

of met aphase and anaphase cel l s pr ecedes t hat of t he ear l i er

pr omet aphase and pr ophase cel l s .

KI NETOCHORE STRUCTURE AND SPI NDLE ORGANI ZATI ON I N

METAPHASE CELLS: Four met aphase cel l s wer e exami ned i n

ser i al sect i ons ; t hey ar e desi gnat ed cel l s A- D. I n each, massi ve

aggr egat es of ext r emel y el ect r on- dense mat er i al ar e l ocat ed on

t he X, and Ychr omosomes, as i l l ust r at ed i n cel l A( Fi gs . 2, 3,

and 4) . These aggr egat es ar e of i ndet er mi nat e st r uct ur e but ar e

char act er i zed by an el ongat e pr of i l e and by t he i r r egul ar ,

l abyr i nt hi ne r el at i onshi p among t he pat ches of el ect r on- dense

mat er i al composi ng t hem. The el ect r on- dense mat er i al mar ks

t he X, and Yki net ochor e r egi ons - onl y her e ar e mi cr ot ubul es

associ at ed wi t h t hese chr omosomes .

The r emai ni ng ki net ochor es i n met aphase cel l s, t hose of t he

aut osomes ( Fi g. 5) and of t he X2 chr omosome, ar e di scr et e

f i br i l l ar masses l ess dense t han t he chr omosomes ; t hey ar e

f ound at t he pol ewar d ext r eme of t he chr omosome, somet i mes

i n a cupl i ke depr essi on . Those t hat l i e near t he unusual X, or

Y ki net ochor e r egi ons may be mar ked by a si ngl e el ect r on-

opaque pat ch, as i s t he case f or one aut osomal ki net ochor e and

t he X2 ki net ochor e i n cel l A and f or t wo aut osomal ki net o-

chor es i n cel l B ( Fi g. 6) . I n gener al , t hough, aut osomal and X2

ki net ochor es ar e f r ee of such el ect r on- dense mat er i al ; none

appear s i n cel l s Cand D( because a number of sect i ons of cel l

Dwer e l ost , t he ki net ochor es of onl y ni ne of i t s 10 aut osomal

pai r s wer e exami ned) . Dur i ng ot her di vi si on st ages ( see descr i p-

t i ons of mei osi s I I and mi t osi s) , X, and Y ki net ochor es ar e

di scr et e f i br i l l ar st r uct ur es i ndi st i ngui shabl e f r om t he aut o-

somal and X2 ki net ochor es j ust descr i bed . Ther ef or e, we at -

t empt ed t o r ecogni ze such st r uct ur e wi t hi n t he X, and Y

ki net ochor e r egi ons dur i ng met aphase of mei osi s I . We con-

cl ude t hat i f X, and Y ki net ochor es per se ar e si mi l ar t o

aut osomal and X2 ki net ochor es, t hi s i s obscur ed by t he aggr e-

gat e of el ect r on- dense mat er i al i n t he ki net ochor e r egi on .

The X, and Y chr omosomes at met aphase I di f f er f ur t her

f r om aut osomes and t he X2 chr omosomes i n t he posi t i on of t he

ki net ochor e on t he chr omosome and i n t hei r associ at i ons wi t h

mi cr ot ubul es . The aut osomes and t he X2 chr omosome di spl ay

exact l y t he sor t of ki net ochor e- mi cr ot ubul e- pol e r el at i onshi p

whi ch i s char act er i st i c of or gani sms wi t h l ocal i zed ki net ochor es

( 6) ( Fi gs . 2, 5, and 6) ; ki net ochor es on or i ent ed met aphase

chr omosomes ar e si t uat ed so t hat t hey f ace di r ect l y t owar d one

cent r i ol ar pol e and mi cr ot ubul es t hat emanat e f r om t he ki net -

ochor e r un di r ect l y t owar d t hat pol e . I n cont r ast , t he ki net o-

chor e r egi ons of X, and Ychr omosomes ( Fi gs . 2, 3, and 4) ar e

not poi nt ed di r ect l y t owar d onl y one pol e. I nst ead, t he el ongat e

el ect r on- dense ki net ochor e r egi on i s l at er al t o t he body of t he

chr omosome; i t i s, t hus, al i gned par al l el t o t he i nt er pol ar axi s

and cannot be consi der ed t o f ace onl y one of t he t wo pol es .

Fur t her mor e, t he mi cr ot ubul es t hat i mpi nge on t he el ect r on-

dense aggr egat e ar e di r ect ed not t owar d t he near er spi ndl e pol e

excl usi vel y, but mi cr ot ubul e pr of i l es ar e ar r ayed about bot h

ends of t he aggr egat e as wel l as i n t he i nt er st i ces bet ween t he

el ect r on- dense pat ches ( Fi gs . 3 and 4; see al so Fi g . 8) . Thr ee-

di mensi onal r econst r uct i ons pr epar ed so as t o i ncl ude al l mi -

cr ot ubul e pr of i l es bet ween t he chr omosome and t he near pol e

demonst r at e t hat a mi cr ot ubul e bundl e pr oceeds f r om t he

ki net ochor e r egi on pol ewar d . Pr esumabl y, t hi s bundl e i s i n-

vol ved i n t he chr omosome' s or i ent at i on t o t hat pol e . I t i s
possi bl e t hat some or al l of t he mi cr ot ubul es t hat compose t hat
bundl e act ual l y pass t hr ough t he el ect r on- dense aggr egat e and

emer ge at i t s opposi t e end . Thi s woul d account f or t he mi cr o-

t ubul es f ound at t he t wo ends of t he aggr egat e and i n among
t he el ect r on- dense pat ches ( Fi gs . 3 and 4) . Al t er nat i vel y, sep-

ar at e bundl es of mi cr ot ubul es may associ at e wi t h t he opposi t e

ends of t he ki net ochor e r egi on. We coul d not eval uat e t hese

al t er nat i ves because t he densi t y of t he el ect r on- opaque mat er i al

i n t he ki net ochor e r egi on makes i t i mpossi bl e t o r ecogni ze any

mi cr ot ubul es whi ch may r un t hr ough i t .

At met aphase, nonr andoml y segr egat i ng chr omosomes ar e

posi t i oned i n t he spi ndl e i n a par t i cul ar manner . Most obvi ous,

of cour se, i s t he char act er i st i c or i ent at i on of t he physi cal l y

unl i nked X, and X2 chr omosomes t o one pol e, wher eas t he Y

chr omosome ( whi ch i s pai r ed wi t h t he X2 chr omosome) i s

or i ent ed t o t he opposi t e pol e. Al so, as i l l ust r at ed i n ear l i er

publ i cat i ons ( e. g . , r ef er ences 2 and 10) , t he X2Y pai r i s shi f t ed

of f t he equat or so t hat t he Ychr omosome i s cl oser t o a pol e

t han i s X2 ( Fi gs. 1 and 2) . Mor e subt l e spat i al r el at i onshi ps ar e

al so di scer ni bl e . Thr ee- di mensi onal r econst r uct i ons of al l f our

met aphase cel l s demonst r at e t hat t he X2Ychr omosome pai r i s

cent er ed wi t hi n t he spi ndl e vol ume so t hat i t l i es al most exact l y

on a l i ne dr awn bet ween t he cent r i ol es at opposi t e spi ndl e

pol es . Mor eover , i n t hr ee of t he f our cel l s ( cel l s A, B, and D) ,

t he r el at i onshi p bet ween t he cent r al X2Y pai r and t he mor e

per i pher al uni val ent X, chr omosome i s as i l l ust r at ed i n Fi gs . 2

and 7 a and b . I n Fi g . 2, because bot h X2 and Ychr omosomes

ar e i ncl uded i n t he same sect i on, i t i s pl ai n t hat t he ki net ochor i c

si des of t hese chr omosomes ar e al i gned mor e or l ess al ong t he

same spi ndl e axi s . I n cel l s B and D, t hi s r el at i onshi p i s not so

i mmedi at el y appar ent because X, and Y appear i n di f f er ent

sect i on pl anes . However , t he r econst r uct i ons show t hat t he

chr omosomes ar e si t uat ed exact l y as i n cel l A. Cel l C i s an

except i on i n t hi s r egar d ; t he chr omosomes i n quest i on ar e 90°

out of t he ar r angement t hat woul d br i ng t hei r ki net ochor i c

si des ont o t he same axi s ( Fi g . 7 c and d) .

We l ooked f or st r uct ur al f eat ur es t hat mi ght account f or a

def i ni t e spat i al r el at i onshi p bet ween X, and Ychr omosomes .

For bot h cel l s A and B, t he r econst r uct i ons suggest t hat a f ew

mi cr ot ubul es l i nk t he ki net ochor e r egi ons i n quest i on. The

cl ear est exampl e i s pr esent ed by cel l A, i n whi ch mi cr ot ubul e

pr of i l es r unni ng i n a ver y di f f er ent di r ect i on f r om t he maj or i t y

of spi ndl e mi cr ot ubul es t r ace a di r ect l i ne bet ween X, and Y

ki net ochor e r egi ons ( Fi g. 8) . I n cel l B, al so, a smal l bundl e of

mi cr ot ubul es ext ends bet ween t hese ki net ochor e r egi ons. Thi s

was not t he case i n cel l C wher e t he ki net ochor i c si des of X,

and Ychr omosomes ar e not on t he same axi s . Si mi l ar exami -

nat i on of cel l Dwas i mpossi bl e because of sect i on l osses .

I NAPPROPRI ATE CHROMOSOME ORI ENTATI ON:

	

We exami ned

a si ngl e cel l showi ng a wel l - def i ned met aphase pl at e but wi t h

t he nonr andoml y segr egat i ng chr omosomes i n i nappr opr i at e

or i ent at i on, i . e . , wi t h X, or i ent ed t o t he same pol e as t he Y

chr omosome ( Fi g . 9 a and b) . Agai n, t he ki net ochor es of

chr omosomes X, and Y ar e mar ked by pat chy el ect r on- dense

aggr egat es and t hese f ace a common axi s, as i n t he t ypi cal

met aphase cel l s al r eady descr i bed . However , t he X, ki net o-

chor e r egi on i s di st i nct l y di f f er ent i n t hi s cel l ; i t i s not el ongat ed

al ong t he i nt er pol ar axi s and al l of t he associ at ed mi cr ot ubul es

r un di r ect l y t owar d t he near est pol e ( Fi g . 9 c) . The onl y f eat ur e

of t he X2Y chr omosome pai r wor t hy of not e i s i t s somewhat

eccent r i c pl acement i n t he spi ndl e so t hat i t does not l i e on t he

cent r al i nt er pol ar axi s as i t does i n mor e t ypi cal met aphase
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FI GURE 3

	

Ki net ochor e r egi on of t he X, chr omosome i n met aphase of mei osi s I , cel l A. The chr omosome i s shown i n t he same

or i ent at i on as i n Fi g . 2; as det er mi ned f r om ser i al sect i ons, t he near er pol e i s above and t o t he l ef t of t he ar ea i ncl uded i n t hese

mi cr ogr aphs . The pat ches of el ect r on- dense mat er i al f ound i n t he ki net ochor e r egi on ( kr ) ar e ar r anged i n an i r r egul ar mass ; t hey

appear i n 14 ser i al sect i ons and, t hus, const i t ut e a si zeabl e el ongat e aggr egat e ( sect i ons a, 4 ; b, 6 ; c, 7; and d, 9 of t he ser i es ar e

shown) . Mi cr ot ubul es ( ar r ows) ar e f ound at t he end of t he ki net ochor e r egi on cl oser t o a pol e as wel l as at i t s opposi t e end and

i n among t he el ect r on- dense pat ches . Bar , 1 , um. X 24, 000 .

cel l s . Thi s i s evi dent i n a t hr ee- di mensi onal r econst r uct i on and

i n t he phase mi cr ogr aph i ncl uded i n Fi g . 9a .

ANAPHASE:

	

One ear l y anaphase cel l was st udi ed i n det ai l .

At t he t i me of f i xat i on, t he X2 and Y chr omosomes had al r eady

di sj oi ned and moved a si gni f i cant di st ance pol ewar d, but onl y

t wo of t he 10 aut osome pai r s wer e cl ear l y di sj unct . The pat chy

el ect r on- dense subst r uct ur e of X, and Y ki net ochor e r egi ons,

t he ar r ay of mi cr ot ubul es at bot h ends of t hose el ect r on- dense

aggr egat es, t he posi t i on of X2 and Y chr omosomes on t he

cent r al spi ndl e axi s, and t ur ni ng of t he ki net ochor i c si des of

t he X, and Y chr omosomes t owar d a common axi s ar e j ust as

t hey ar e i n t ypi cal met aphase cel l s. The spi ndl e r egi on bet ween

X, and Y ki net ochor e r egi ons cont ai ns no mi cr ot ubul es wi t h

t he di r ect i onal i t y whi ch woul d be expect ed i f mi cr ot ubul es

f or med a l i nk bet ween t hese chr omosomes . Al l aut osomal

ki net ochor es ar e f r ee of el ect r on- dense mat er i al .

The onl y cel l f i xed at a l at er st age i n anaphase was, unf or -

t unat el y, not ver y wel l pr eser ved ( poor vi si bi l i t y of mi cr ot u-

bul es, chr omat i n f usi on) . Never t hel ess, i t i s wor t h not i ng t hat

si ngl e smal l el ect r on- dense pat ches appear on t he ki net ochor es

of sever al chr omosomes but t hat no massi ve aggr egat i ons of

such mat er i al occur ; t hus, X, and Y chr omosomes ar e not

di st i nct i ve i n t hi s cel l .

PROMETAPHASE:

	

I n t he t hr ee pr omet aphase cel l s exami ned

( desi gnat ed cel l s E, F, and G) , t he X, and Y chr omosomes ar e

not r ecogni zabl e f r om i nspect i on of si ngl e sect i ons because t he

ki net ochor e r egi ons of al l chr omosomes have a si mi l ar appear -

ance. These r esembl e t he pecul i ar X, and Y ki net ochor e r egi ons

FI GURE 2

	

Met aphase of t he f i r st mei ot i c di vi si on, cel l A. ( a) I n t hi s phase mi cr ogr aph t aken i mmedi at el y af t er mi cr of i xat i on, t he

X, uni val ent ( X, ) , t he het er omor phi c bi val ent f or med by associ at i on of a l ar ge ( X2 ) and a smal l ( Y) chr omosome, and aut osomes

( A) ar e di st i ngui shabl e . As i s t ypi cal f or t hi s st age of mei osi s, X, has al r eady appr oached one pol e and t he X2 chr omosome i s

or i ent ed t o t he same pol e . Not e t hat t he X2Y pai r i s shi f t ed of f t he spi ndl e equat or so t hat t he Ychr omosome l i es cl oser t o a pol e

t han does X2 . Bar , 10 Am. X 2, 100. ( b) Thi s sect i on i ncl udes t he ki net ochor e r egi ons ( ar r ows) of t he f our chr omosomes i dent i f i ed

i n a . The ki net ochor e r egi ons of X, and Y chr omosomes appear as el ongat e el ect r on- dense masses l at er al t o t he body of t he

chr omosomes . Not e t hat t he ki net ochor i c si des of t hese t wo chr omosomes f ace t owar d a common axi s- a l i ne f r om pol e t o pol e

l yi ng bet ween t he X2Y pai r and t he X, chr omosome . The ki net ochor es of t he X2 chr omosome and of an aut osome ar e di f f i cul t t o

di scer n because of t hei r moder at e el ect r on densi t y and t he l ow magni f i cat i on of t hi s mi cr ogr aph . See Fi g . S f or a mi cr ogr aph of t he

aut osomal ki net ochor e at hi gher magni f i cat i on . Bar , 1 Am. X 11, 200 .

KuBAI AND WI SE

	

Nonr andomSegr egat i on i n Neocur t i l l a hexadact yl a

	

28 5



FI GURE 4

	

Ki net ochor e r egi on of t he Ychr omosome i n met aphase of mei osi s I , cel l A. The chr omosome i s or i ent ed as i n Fi g . 2 ; t he

near er pol e i s di r ect l y bel ow t he ar ea i ncl uded i n t hese mi cr ogr aphs . The Y ki net ochor e r egi on ( kr ) i s si mi l ar t o t he X, ki net ochor e

r egi on shown i n Fi g . 3 i n i t s el ect r on densi t y, compl i cat ed el ongat e st r uct ur e, and i t s associ at i on wi t h mi cr ot ubul es ( ar r ows) . The

ki net ochor e i s massi ve and cont i nues i n a ser i es of 12 sect i ons ( sect i ons a, 5 ; b, 7 ; c, 8 ; and d, 10 ar e shown) . Bar , 1 , am. X 24, 000 .

FI GURE 5 An aut osomal ki net ochor e at met aphase of mei osi s I ,

cel l A. Thi s i s anot her sect i on of t he aut osomal ki net ochor e i ndi -

cat ed i n Fi g . 2 . The ki net ochor e ( k) i s a moder at el y el ect r on- dense,

f i br i l l ar mass embedded i n a cupl i ke depr essi on of t he chr omosome .
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i n met aphase cel l s i nsof ar as t hey have a mot t l ed or pat chy

char act er , but t hey ar e f ar l ess el ect r on- opaque ( Fi gs. 10 and

11) . Because cel l G i s i n a r el at i vel y advanced st age of pr o-

met aphase ( al l chr omosomes i n appr oxi mat el y equat or i al po-

si t i on, si x of 11 chr omosome pai r s bi pol ar l y or i ent ed) and wel l -

def i ned bundl es of mi cr ot ubul es ar e associ at ed wi t h t he maj or -

i t y of ki net ochor es, i t i s cl ear t hat t he obser ved ki net ochor e

st r uct ur e i s not a f eat ur e r est r i ct ed t o ear l i est pr omet aphase or

t o ki net ochor es whi ch ar e not associ at ed wi t h mi cr ot ubul es .

Two- di mensi onal r econst r uct i ons per mi t i dent i f i cat i on of t he

uni val ent X, chr omosome and t he X2Ychr omosome pai r ( Fi g .

12) i n al l t hr ee cel l s . By t hi s means, we can see t hat t he X, and

Y ki net ochor e r egi ons ar e mor e massi ve t han t hose of ot her

chr omosomes and t hat t hey ar e el ongat e and l at er al t o t he

body of t he chr omosome j ust as i n met aphase . Al so, as i n

met aphase, mi cr ot ubul es ar e associ at ed wi t h bot h ends of t he

ki net ochor e r egi ons; t hi s was evi dent f or bot h X, ( Fi g . 10) and

Ychr omosomes i n cel l Eand f or t he X, chr omosome i n cel l F.

Because pr omet aphase i s t he st age dur i ng whi ch chr omo-

somes assume appr opr i at e or i ent at i on on t he spi ndl e, associ a-

t i on bet ween X, and Ychr omosomes dur i ng t hi s st age mi ght

di ct at e t hei r nonr andombehavi or at l at er st ages . I n t hi s cont ext ,

we not e t hat t he X, uni val ent and t he X2Y pai r ar e not

obvi ousl y connect ed i n any of t he t hr ee cel l s but t hat t he

ki net ochor i c si des of X, and Ychr omosomes ar e t ur ned t owar d

each ot her i n t wo of t he t hr ee cel l s ( Fi g . 12) .

Mi cr ot ubul es ( ar r ows) r un f r om t he ki net ochor e t owar d t he near er

pol e . Bar , 1 pm. X 38, 900 .



FI GURE 6

	

Ki net ochor e of an aut osome and t he Y ki net ochor e r egi on i n met aphase of mei osi s I , cel l B. A pat ch of el ect r on- dense

mat er i al ( ar r ow) mar ks t he ki net ochor e of an aut osome ( A) i mmedi at el y adj acent t o t he massi ve el ect r on- dense ki net ochor e

r egi on ( kr ) of t he Ychr omosomes ( Y) . The aut osome- associ at ed el ect r on- dense mat er i al i s conf i ned t o t he si ngl e pat ch i l l ust r at ed

and appear s i n onl y t hr ee consecut i ve sect i ons . Bar , 1 , am. X 23, 800 .

FI GURE 7 The r el at i onshi p bet ween nonr andoml y segr egat i ng

chr omosomes as det er mi ned f r om t hr ee- di mensi onal r econst r uc-

t i ons of t he spi ndl e . ( a) I n met aphase cel l s A, B, and D, t he cent r al

X2Y pai r ( X2; Y) and t he mor e per i pher al X, chr omosome ( X, ) l i e i n

t he spi ndl e wi t h t hei r ki net ochor e r egi ons ( ar r ows) al i gned al ong a

common spi ndl e axi s ; i f t he spi ndl e wer e vi ewed f r om one pol e, as

i n b, X, and Y ki net ochor e woul d appear t o f ace each ot her acr oss

PROPHASE: We exami ned one cel l i n di aki nesi s, t he f i nal

pr ophase st age bef or e nucl ear envel ope br eakdown si gnal s t he

onset of pr omet aphase . Ki net ochor es ar e not r ecogni zabl e on

t he l oosel y condensed chr omosomes i n t hi s nucl eus ( Fi g . 13) .
I n t wo- di mensi onal r econst r uct i on, i ndi vi dual chr omosomes

ar e easi l y r ecogni zed. Because 12 chr omosomes ( 10 aut osome

pai r s, t he X2Y pai r , and chr omosome X, ) appear as di scr et e

ent i t i es i n t he r econst r uct i on, t her e i s evi dent l y no cl ose asso-

ci at i on bet ween X, and t he X2Y pai r such as mi ght pr omot e

t hei r coor di nat ed or i ent at i on i n t he ensui ng pr omet aphase and

nonr andomsegr egat i on at anaphase .

The Second Mei ot i c Di vi si on

The nonr andombehavi or of X, , X2 , and Ychr omosomes i n

t he f i r st mei ot i c di vi si on assur es t hat cel l s i n t he second mei ot i c
di vi si on car r y ei t her t he X, or t he Ychr omosome, never bot h.

Ther ef or e, i f t he di f f er ent i at i on of t he ki net ochor es of t hese
par t i cul ar chr omosomes per si st s i n t he second di vi si on, we can

one r adi us of t he spi ndl e . ( c) I n met aphase cel l C, t he X, and Y

chr omosomes have a di f f er ent r el at i onshi p; i f t he X2Y pai r i s vi ewed

so t hat t he Y ki net ochor e r egi on i s on t he si de of t he chr omosome

f aci ng t he r eader , a nonki net ochor i c si de of t he chr omosome l i es

on a common axi s wi t h t he X, ki net ochor e r egi on . When vi ewed

f r om t he pol e as i n d, t he X, ki net ochor e r egi on appear s t o f ace a

si de of t he X2Y pai r - 90° away f r om t he Y ki net ochor e r egi on .
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FI GURE 8

	

Reconst r uct i on of a smal l por t i on of t he spi ndl e i n me-

t aphase of mei osi s I , cel l A. I n t hi s composi t e dr awi ng, made by

r et r aci ng t he super posed t r aci ngs of si x sect i ons, onl y a f ew of t he

mi cr ot ubul es ( m) i n t he spi ndl e r egi ons bet ween t he X, chr omo-

some ( X, ) and t he X2Y pai r ( X2; Y) ar e i ncl uded ; t he gr eat maj or i t y of

mi cr ot ubul es have been el i mi nat ed t o avoi d conf usi on . The mi cr o-

t ubul es shown wer e chosen because t hey have an or i ent at i on cl ear l y

di f f er ent f r om t hat of t he maj or i t y of spi ndl e mi cr ot ubul es and

because t hey f ol l ow a pat h bet ween X, and Y ki net ochor e r egi ons

( kr ) . The pr edomi nant di r ect i onal i t y of ot her spi ndl e mi cr ot ubul es

i s i ndi cat ed by t he ar r ows, whi ch r epr esent aut osomal ki net ochor e

f i ber s . Despi t e car e t aken t o di scover any compl et e mi cr ot ubul es

t hat mi ght span t he di st ance bet ween X, and Y ki net ochor e r egi ons,

no cl ear l y cont i nuous mi cr ot ubul es wer e f ound ( or i gi nal r econst r uc-

t i on was made at X 96, 000 magni f i cat i on ; al l cl ear l y i dent i f i abl e

mi cr ot ubul e pr of i l es wer e i ncl uded ; r egi st r at i on of succeedi ng t r ac-

i ngs was based not onl y upon t he super posi t i on of chr omosome

out l i nes but al so upon al i gnment of mi cr ot ubul e pr of i l es so as t o

gener at e t he gr eat est degr ee of mi cr ot ubul e cont i nui t y t hr ough

cont i guous sect i ons) . The mi cr ot ubul es i l l ust r at ed, however , suggest

t hat at l east some mi cr ot ubul es associ at ed wi t h t he ends of X, and

Y ki net ochor e r egi ons i nt er connect t hose chr omosomes . Ot her mi -

cr ot ubul es ar e cl ear l y not i nvol ved i n such l i nkage, i n par t i cul ar
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expect t o f i nd di st i nct i ve ki net ochor e r egi ons on onl y one

chr omosome per cel l .

The met aphase I I cel l we exami ned i s a Y- bear i ng cel l , as

j udged by t he appr eci abl y smal l er si ze of one chr omosome i n

t he compl ement ( Fi g. 14; cf . Fi g . 1) . At t hi s st age, t he ki net o-

chor es of t he put at i ve Y chr omosome ar e not di st i nct i ve .

Though el ect r on- dense mat er i al appear s at t he ki net ochor es of

bot h chr omat i ds of t he Y, t hi s mat er i al i s r est r i ct ed t o a si ngl e

smal l pat ch . Fur t her mor e, t he l ocat i on of t he ki net ochor es on

t hi s chr omosome and t he associ at i on bet ween ki net ochor e and

mi cr ot ubul es i s convent i onal . Thus, t he ki net ochor e r egi ons of

t he Ychr omosome ar e not st r uct ur al l y pecul i ar as t hey wer e at

met aphase of t he f i r st mei ot i c di vi si on . Most of t he aut osomal

ki net ochor es ar e al so associ at ed wi t h a pat ch of el ect r on- dense

mat er i al . The ki net ochor es of si x of t he ei ght aut osomes ex-

ami ned ar e so mar ked, f our of t hem at each of t hei r t wo

ki net ochor es, wher eas t wo ot her s have a pat ch at onl y one

ki net ochor e .

Mi t osi s

Ki net ochor e st r uct ur e was exami ned i n sper mat ogoni al mi -

t osi s t o di scover whet her X, and Y chr omosomes mani f est

pecul i ar ki net ochor e st r uct ur e even when t hei r behavi or i s not

except i onal . For one sper mat ogoni al met aphase and one sper -

mat ogoni al anaphase cel l , al l ki net ochor es wer e exami ned i n

ser i al sect i ons . Al l r esembl e t he undi f f er ent i at ed aut osomal

ki net ochor es descr i bed f or t he f i r st mei ot i c met aphase and

anaphase; no el ect r on- dense pat ches appear on any of t hem.

Thus, X, and Y ki net ochor es ar e not di st i nct i ve dur i ng mi t osi s .

DI SCUSSI ON

Any hypot hesi s f or mul at ed t o expl ai n nonr andomsegr egat i on

i n N. hexadact yl a must t ake i nt o account t he i nf or mat i on

der i ved f r om exper i ment al st udy of l i vi ng cel l s ( 2) t oget her

wi t h t he f ol l owi ng st r uct ur al f act s est abl i shed by our st udy .

Fi r st , di st i nct i ve ki net ochor es r egi ons ar e f ound on onl y t wo

of t he nonr andoml y segr egat i ng chr omosomes, t he unl i nked X,

and Ychr omosomes, whi ch or i ent t o opposi t e pol es .

Second, t he ki net ochor e r egi ons of X, and Ychr omosomes

become pr ogr essi vel y mor e di st i nct i ve dur i ng mei osi s I . I n

mi t osi s and mei osi s I I , X, and Yki net ochor es ar e as smal l as

t he ki net ochor es of al l ot her chr omosomes and t hey i nt er act

wi t h mi cr ot ubul es i n t he same way as do ot her ki net ochor es .

I n pr omet aphase of mei osi s I , changes i n X, and Yki net ochor e

r egi ons ar e al r eady evi dent . They ar e appr eci abl y l ar ger t han

t hose numer ous mi cr ot ubul es at t he nonpol ar end of t he X, ki net -

ochor e r egi on whi ch l i e at angl es pr ecl udi ng t hei r i ncl usi on i n a

mi cr ot ubul e bundl e r unni ng bet ween t he t wo chr omosomes . p,

Pol e . Bar , 1 gm.

FI GURE 9

	

I nappr opr i at e chr omosome or i ent at i on i n mei osi s I . ( a) I n t hi s phase mi cr ogr aph t aken i mmedi at el y af t er mi cr of i xat i on,

t he i nappr opr i at e or i ent at i on of t he X, chr omosome ( X, ) and t he XZYpai r ( X2; y) i s appar ent . Pr esumabl y X, woul d have r eor i ent ed

t o r est or e appr opr i at e or i ent at i on ( 2) . The posi t i on of t he XZY pai r , wi t h Y cl oser t o a pol e, i s as i n t ypi cal met aphase cel l s, wher eas

i t s somewhat eccent r i c posi t i on i s not . Bar , 10 gm. X2, 100 . ( b) Lat er al l y posi t i oned el ect r on- dense ki net ochor e r egi ons ( ar r ows) ar e

f ound on t he i nappr opr i at el y or i ent ed X, and Y chr omosomes . The X, ki net ochor e r egi on, however , i s not el ongat e as i t al ways i s

when t he chr omosome i s appr opr i at el y or i ent ed . The el ect r on densi t y of cent r i ol es ( c) i s a char act er i st i c of al l cel l s, mei ot i c or

mi t ot i c . Bar , 1 pm. X 10, 900 . ( c) Anot her sect i on of t he ki net ochor e r egi on shown i n b. I t i s cl ear t hat mi cr ot ubul es ( m) r un

bet ween t he ki net ochor e r egi on and t he near pol e ( p) . I n t he ser i al sect i ons, al l of t he mi cr ot ubul es associ at e wi t h t hi s ki net ochor e

r egi on have t he same di r ect i onal i t y as t hose i l l ust r at ed . Bar , 1 gm. X 21, 800 .
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FI GURE 10

	

The X, ki net ochor e r egi on i n pr omet aphase of mei osi s

I , cel l E. The pr esence of onl y one ki net ochor e r egi on ( kr ) on t hi s

chr omosome i dent i f i es i t as t he X, uni val ent ( X, ) ( see al so Fi g . 12) .

The ki net ochor e r egi on i s si mi l ar t o X, ki net ochor e r egi ons i n

met aphase cel l s i n i t s i nhomogeneous, pat chy subst r uct ur e, el on-

gat e pr of i l e, posi t i on l at er al t o t he body of t he chr omosome and

associ at i on wi t h mi cr ot ubul es ( ar r ows) at opposi t e ends . Yet , i t

di f f er s f r om met aphase X, ki net ochor e r egi ons i n bei ng no mor e

el ect r on- dense t han t he chr omosome . Bar , 1 f , m. X 38, 000 .

ot her ki net ochor es, t hey have an at ypi cal l ocat i on l at er al t o t he

body of t he chr omosome, and t hey associ at e wi t h mi cr ot ubul es

i n a di st i nct i ve manner . Lat er , i n met aphase I and ear l y ana-

phase I , t hese f eat ur es ar e especi al l y cl ear ; and, addi t i onal l y,

t he X, and Y ki net ochor e r egi ons have become ver y conspi c-

uous by vi r t ue of t hei r ext r eme el ect r on densi t y and convol ut ed

st r uct ur e .

Thi r d, t he X, uni val ent and t he X2Ypai r ar e not physi cal l y

associ at ed dur i ng t he ear l y st ages of mei osi s 1 . Ther e i s si gni f i -

cant di st ance bet ween t hese chr omosomes i n t he di aki nesi s and

pr omet aphase cel l s we exami ned .

Four t h, an unusual spat i al r el at i onshi p bet ween t he X, chr o-

mosome and t he X2Y pai r i s evi dent i n l at er st ages of mei osi s

I . Ther e i s an obvi ous t endency f or t he ki net ochor i c si des of

t he X, and Y chr omosomes t o be t ur ned t owar d a common

axi s . Of si x cel l s i n l at er st ages of mei osi s I ( met aphase cel l s A-

D, t he at ypi cal met aphase cel l , and t he ear l y anaphase cel l ) ,

onl y one di d not conf or mt o t hi s pat t er n ( met aphase cel l C) .

Mor eover , t he X2Y chr omosome pai r i s cent er ed wi t hi n t he

spi ndl e i n met aphase cel l s showi ng appr opr i at e or i ent at i on

( cel l s A- D) as wel l as i n t he ear l y anaphase cel l , wher e appr o-

pr i at e di st r i but i on was i n pr ogr ess at t he t i me of f i xat i on, but

i s shi f t ed of f t he cent r al axi s i n t he one case wher e i nappr opr i at e

or i ent at i on was obser ved ( t he at ypi cal met aphase cel l ) .

I t was t hought t hat pai r i ng bet ween t he X, uni val ent and
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FI GURE 11

	

The ki net ochor e of an aut osome ( A) i n pr omet aphase

of mei osi s I , cel l G. Thi s aut osomal ki net ochor e ( k) , l i ke al l aut o-

somal ki net ochor es i n t he pr omet aphase cel l s exami ned, i s si mi l ar

t o t he pr omet aphase ki net ochor e r egi ons of X, and Y chr omosomes

( cf . Fi g . 10) i n i t s i nhomogeneous, pat chy appear ance . Never t hel ess,

t he posi t i on of t he ki net ochor e at a chr omosome end, t he pr esence

of a second ki net ochor e at t he opposi t e end of t he bi val ent , and

t he mi cr ot ubul es ( ar r ow) , whi ch cl ear l y t er mi nat e at t he ki net o-

chor e, al l per mi t an unambi guous di st i nct i on bet ween aut osomal

and X, or Y ki net ochor e r egi ons . Bar , 1 t an . X 28, 500 .

FI GURE 12

	

Chr omosomes i n pr omet aphase of mei osi s I , cel l s E, F,

and G. For t he sake of cl ar i t y, onl y chr omosome out l i nes and t he

ki net ochor e r egi ons ( dot t ed l i nes) of X, and Y chr omosomes ar e

i ncl uded i n t hese dr awi ngs, whi ch wer e t r aced f r om t wo- di men-

si onal r econst r uct i ons of compl et e spi ndl e r egi ons . I n each cel l , t he

X2Y ( X2; y) pai r i s unambi guousl y i dent i f i abl e on t he basi s of i t s

dr umst i ckl i ke shape . The X, chr omosome ( X, ) i s i dent i f i ed as t he

onl y chr omosome i n t he cel l bear i ng but one el ongat e, l at er al

ki net ochor e r egi on, as expect ed f or t hi s uni val ent . The X, and Y

ki net ochor e r egi ons ar e bot h el ongat e and l at er al t o t he body of t he

chr omosome, exact l y as i n met aphase cel l s . a, Cel l E ; b, cel l F; c, cel l

G.

t he X2Ychr omosome pai r i n ear l y mei ot i c st ages mi ght pr ovi de

a r el at i vel y si mpl e devi ce f or t hei r nonr andomor i ent at i on ( 15,

162) ; i f pr esent , t he pai r i ng coul d const r ai n X, and Y ki net o-

2 I n r ef er ence 15, see page 292 ; i n r ef er ence 16, see page 656 ; and i n

r ef er ence 8, see page 258 f f .



FI GURE 13

	

Phosphase of mei osi s I . ( a) I n di aki nesi s, t he chr omosomes ( 1 and 2) ar e l oosel y condensed and each i s i n cont act wi t h

r egi ons of t he nucl ear envel ope ( ne) f r ee of nucl ear por es . Nucl ear por es ( ar r ows) ar e concent r at ed i n t he r emai ni ng chr omosome-

f r ee ar eas of t he envel ope and si zeabl e f l occul ent el ect r on- dense masses ( m) appear on t he cyt opl asmi c si de of t he envel ope i n

t hese ar eas ( 14 . ) . Bar , 1 gm. x 19, 400 . ( b) I n an ear l i er pr ophase cel l ( chr omosomes mor e l oosel y or gani zed and nucl eol us l ess

di sper sed t han i n di aki nesi s) , t he associ at i on of el ect r on- opaque mat er i al wi t h i ndi vi dual por es i s cl ear ( ar r ows) . The pr esence of

aggr egat es of si mi l ar el ect r on- dense subst ance i n t he cyt opl asm of met aphase cel l s ( not i l l ust r at ed) i ndi cat es t he per si st ence of

t he mat er i al i n l at er st ages of mei osi s . Bar , 1 pm. x 36, 700 .

chor es t o f ace opposi t el y so t hat t he sor t of expl anat i ons of f er ed

f or bi pol ar or i ent at i on of or di nar y mei ot i c bi val ent s ( 8) woul d

be appl i cabl e . The exper i ment s of Camenzi nd and Ni ckl as ( 2)

demonst r at ed t hat r eor i ent at i on l eadi ng t o appr opr i at e segr e-

gat i on pr oceeds wi t hout pai r i ng, but t he possi bi l i t y t hat i ni t i al

or i ent at i on r equi r es pai r i ng r emai ned open . Now, wi t h t he

knowl edge t hat t he X, uni val ent and t he X2 Y pai r ar e not

associ at ed ei t her bef or e ( di aki nesi s) or dur i ng ( pr omet aphase)

t he t i me chr omosomes ar e est abl i shi ng t hei r spi ndl e connec-

t i ons, we can di smi ss t he i dea t hat pai r i ng i s ever concer ned

wi t h t he pr ef er ent i al di st r i but i on of t hese chr omosomes .

We must i nst ead consi der t hat nonr andom segr egat i on i n N.

hexadact yl a i s a f unct i on of ext r aor di nar y pr oper t i es of t he X,

and Y ki net ochor es and t hei r associ at ed mi cr ot ubul es . The

i nf er ence t hat nonr andom segr egat i on i s somehow dependent

on t he uni que nat ur e of X, and Y ki net ochor es i s j ust i f i ed by

t he cont r ast bet ween var i ous di vi si ons . X, and Y ki net ochor e

r egi ons ar e gr ossl y di f f er ent f r om ot her ki net ochor es onl y

dur i ng t he f i r st mei ot i c di vi si on i n mal es, pr eci sel y when

pr ef er ent i al or i ent at i on and di st r i but i on occur , but t hey ar e not

at al l di st i nct i ve i n t he second mei ot i c di vi si on or i n mi t osi s

when al l chr omosomes behave si mi l ar l y . Al t hough di ver se

ki net ochor e t ypes ar e known f r om a var i et y of or gani sms ( 6) ,

t hi s mol e cr i cket i s t he f i r st exampl e i n whi ch massi ve aggr e-

gat es of el ect r on- dense mat er i al di st i ngui sh par t i cul ar ki net o-

chor es ; t hus, al t hough ki net ochor es l i ke t hose of t he aut osomes

and t he X2 chr omosome ar e known, t he di st i nct i ve X, and Y

ki net ochor e r egi ons as obser ved dur i ng t he f i r st mei ot i c di vi -

si on i n mal es ar e unl i ke any pr evi ousl y descr i bed .

The di f f er ent i at i on of X, and Y ki net ochor e r egi ons dur i ng

mei osi s I i nvol ves i ncr eases i n si ze and el ect r on densi t y whi ch

pr esumabl y occur because t hose ki net ochor es associ at e wi t h an

el ect r on- dense subst ance. The el ect r on- dense mat er i al r espon-

si bl e f or t he conspi cuous appear ance of X, and Ychr omosomes

at met aphase I and anaphase I i s obvi ousl y not an i nt egr al par t

of t he chr omosome nor i s i t absol ut el y speci f i c f or t hese par t i c-

ul ar ki net ochor es, as i s i ndi cat ed by t he pr esence of sol i t ar y

pat ches of el ect r on dense mat er i al on aut osomal or X2 ki net o-

chor es l yi ng near t he massi ve el ect r on- dense aggr egat es on X,

and Y chr omosomes ( met aphase cel l s A and B) and by t he
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FI GURE 14

	

Met aphase of mei osi s I I . Most of t he ki net ochor es ( k) i n t hi s cel l ar e mar ked by a pat ch of el ect r on- dense mat er i al

( ar r ows) . The smal l si ze of one of t he chr omosomes suggest s t hat t hi s i s t he Y chr omosomes ( Y) . Bar , 1 t , m. x 23, 100 .

occur r ence of such pat ches on numer ous chr omosomes when

massi ve el ect r on dense aggr egat es ar e not pr esent ( t he l at e

anaphase I cel l and t he met aphase I I cel l ) . Nonet hel ess, X, and

Y chr omosomes ar e t he onl y ones ever associ at ed wi t h sub-

st ant i al quant i t i es of el ect r on- dense mat er i al , and t he el ect r on-

dense mat er i al appear s on bot h X, and Ychr omosomes even

when t hey ar e i nappr opr i at el y or i ent ed . We can do no mor e

t han specul at e as t o what r ol e, i f any, t hi s subst ance may pl ay

i n chr omosome behavi or . An obvi ous and i nt er est i ng possi bi l -

i t y i s t hat t he el ect r on- dense mat er i al conf er s unusual pr oper -

t i es on t he X, and Ychr omosomal f i ber s and t hat st abl e spi ndl e

st r uct ur e ( hence, st abl e or i ent at i on of X, and t he X2Ypai r ) i s

possi bl e onl y when one at ypi cal chr omosomal f i ber i s i ncl uded

i n each hal f spi ndl e ( cf . r ef er ence 2) . Al t er nat i vel y, t he el ect r on-

dense mat er i al may not di r ect l y al t er t he pr oper t i es of spi ndl e

f i ber s ; i nst ead i t s pr esence may be a secondar y ef f ect whi ch

der i ves f r om pr esent l y unr ecogni zed speci al pr oper t i es of t he

X, and Ychr omosomes . I n any case, t he speci f i ci t y of associ -

at i on of t hi s mat er i al wi t h par t i cul ar ki net ochor es does at l east

si gnal t hat t hose chr omosomes have uni que pr oper t i es whi ch

pr oduce an af f i ni t y bet ween ki net ochor e and el ect r on- dense

mat er i al and pr obabl y det er mi ne t he obser ved pat t er n of non-

r andom segr egat i on .

The di f f er ent behavi or of aut osomes and t he nonr andoml y

segr egat i ng chr omosomes must depend most di r ect l y on t he

ver y di f f er ent chr omosome- mi cr ot ubul e i nt er act i ons obser ved .
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The ki net ochor e mi cr ot ubul es of aut osomes and t he X2 chr o-

mosome r un onl y t owar d t he near pol e . I t i s obvi ous t hat t hese

or di nar y chr omosomes ar e i nt egr at ed i n t he spi ndl e synt el i -

cal l y; t hat i s, bot h si st er ki net ochor es on t he t wo chr omat i ds

composi ng a chr omosome connect t o t he same pol e vi a a si ngl e

chr omosomal f i ber . I n cont r ast , appr opr i at e or i ent at i on of t he

unl i nked X, and Ychr omosomes i s at l east cor r el at ed wi t h an

unusual associ at i on of mi cr ot ubul es wi t h not onl y t he end of

t he ki net ochor e r egi on cl osest t o a pol e but al so wi t h t he

opposi t e end . Thi s pecul i ar r el at i onshi p i s t he r ul e f or appr o-

pr i at el y or i ent ed X, and Y chr omosomes i n met aphase cel l s

and i s al r eady evi dent i n pr omet aphase ( X, and Y chr omo-

somes i n cel l E; and X, chr omosome i n cel l F) . Concei vabl y,

t he ar r ay of mi cr ot ubl es i n t he vi ci ni t y of t he ext r aor di nar y X,

and Y ki net ochor e r egi ons i ndi cat es amphi t el i c or i ent at i on

( si st er ki net ochor es connect ed t o opposi t e pol es vi a mi cr ot u-

bul es r unni ng t owar d opposi t e pol es) . Because mei ot i c uni va-

l ent s ar e of t en amphi t el i cal l y or i ent ed ( f or r evi ew see r ef er ence

83 ) , t hi s woul d not be unexpect ed f or t he uni val ent X, , and i n

t hi s l i ght i t i s t he Ychr omosome, whi ch i s anomal ous. How-

ever , we cannot concl ude t hat ei t her X, or Yi s i n f act amphi -

t el i cal l y or i ent ed because we coul d not est abl i sh t hat separ at e

bundl es of mi cr ot ubul es emanat e f r om each end of t he ki net -

ochor e, wi t h each bundl e connect ed t o a di f f er ent si st er ki net -

See page 272 .



ochor e.

Wher eas t he mi cr ot ubul e bundl es associ at ed wi t h X, and Y

chr omosomes ar e unmi st akabl y di f f er ent f r om t he or di nar y

ki net ochor e mi cr ot ubul e bundl es i n t he same spi ndl e, i t i s not

cl ear t hat t he i nt egr at i on of such at ypi cal f i ber s wi t hi n t he

spi ndl e woul d necessar i l y const r ai n t he X, and Ychr omosomes

t o segr egat e t o opposi t e pol es. The posi t i on of X, and Y r el at i ve

t o each ot her may be i nf l uenced by t he mi cr ot ubul es t hat we

f ound t o r un di r ect l y bet ween X, and Y ki net ochor e r egi ons

l yi ng i n opposi t e hal f spi ndl es ( met aphase cel l s A and B) . I f

t hese mi cr ot ubul es const i t ut e a mechani cal l y si gni f i cant l i nk

bet ween X, and Y chr omosomes, t hey coul d cer t ai nl y cause

t hese chr omosomes t o l i e wi t h t hei r ki net ochor i c si des f aci ng

a common axi s, as i s t ypi cal l y obser ved. Whet her such l i nkage

al so pr omot es t he or i ent at i on of X, and Y chr omosomes t o

opposi t e pol es i s a mat t er f or conj ect ur e . Per haps, f or exampl e,

t he el ongat i on of mi cr ot ubul es, or sl i di ng bet ween i nt er di gi -

t at ed mi cr ot ubul es, whi ch ext end bet ween X, and Y ki net o-

chor es i ncr eases t he di st ance bet ween t hose ki net ochor es so

t hat t hey must come t o l i e i n opposi t e hal f spi ndl es . Thus, i t i s

at l east concei vabl e t hat l ong- r ange i nt er act i ons bet ween X,

and Y chr omosomes vi a mi cr ot ubul es pr ovi des a st r uct ur al

basi s f or nonr andomsegr egat i on .

I n summar y, we have suggest ed t hat nonr andomsegr egat i on

i n N. hexadact yl a coul d, i n pr i nci pl e, depend upon a) hal f -

spi ndl e ef f ect s- onl y one chr omosome bear i ng a modi f i ed

ki net ochor e can be accommodat ed i n hal f spi ndl e and upon b)

" i nt er zonal " ef f ect s- t he l i nkage of modi f i ed ki net ochor es vi a

mi cr ot ubul es t hat cr oss t he equat or i nf l uences t he r el at i ve

posi t i on of t hese ki net ochor es . These ar e not mut ual l y excl usi ve

possi bi l i t i es ; f or exampl e, i ni t i al or i ent at i on of modi f i ed ki ne-

t ochor es t o opposi t e pol es may be pr omot ed by hal f - spi ndl e

ef f ect s, wher eas st abi l i zat i on of t hat or i ent at i on i s dependent

upon i nt er zonal ef f ect s. Thi s i dea i s consi st ent wi t h exper i men-

t al dat a whi ch demonst r at e t hat t he X, chr omosome does not

achi eve st abl e or i ent at i on when t he X2Ypai r i s i nappr opr i at el y

or i ent ed or has been r emoved f r om t he cel l ( 2) .
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