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ABSTRACT

	

We ar e i nvest i gat i ng t he r el at i on bet ween t he f or ce pul l i ng a ki net ochor e pol ewar d

and t he l engt h of t he cor r espondi ng ki net ochor e f i ber . I t was r ecogni zed by Ost er gr en i n 1950

( Her edi t as 36 : 1- 19) t hat t he met aphase posi t i on of a chr omosome coul d be achi eved by a

bal ance of t r act i on f or ces i f such f or ces wer e pr opor t i onal t o t he di st ance f r om ki net ochor e t o

pol e . For t he t ypi cal chr omosome ( i . e . , a mei ot i c bi val ent or mi t ot i c chr omosome) wi t h a si ngl e

ki net ochor e f i ber ext endi ng t o each pol e, t he r esul t ant f or ce ( RF) woul d equal zer o when t he

chr omosome l ay at t he mi dpoi nt bet ween t he t wo pol es . For speci al chr omosomes t hat have

unequal number s of ki net ochor e f i ber s ext endi ng t owar ds opposi t e pol es, Öst er gr en' s pr oposal

suggest s t hat RF = 0 when t he chr omosome i s shi f t ed cl oser t o t he pol e t owar d whi ch t he

gr eat er number of ki net ochor e f i ber s ar e pul l i ng . We have measur ed t he f or ce- l engt h r el at i on-

shi p i n l i vi ng spi ndl es by anal yzi ng t he met aphase posi t i ons of exper i ment al l y gener at ed

mul t i val ent chr omosomes havi ng t hr ee or f our ki net ochor e f i ber s . Mul t i val ent chr omosomes

of var i ed conf i gur at i ons wer e gener at ed by - y- i r r adi at i on of nymphs of t he gr asshopper Mcl an-

opl us di f f er ent i al i s, and t hei r behavi or was anal yzed i n l i vi ng f i r st mei ot i c sper mat ocyt es . The

l engt hs of ki net ochor e f i ber s wer e det er mi ned f r om t i me- l apse phot ogr aphs by measur i ng t he

ki net ochor e- t o- pol e di st ances f or f ul l y congr essed chr omosomes j ust bef or e t he onset of

anaphase . I n our anal ysi s, f or ce ( F) al ong a si ngl e ki net ochor e f i ber i s expr essed by : F = kL
eX° ,

wher e k i s a l engt h- i ndependent pr opor t i onal i t y const ant , L r epr esent s t he ki net ochor e f i ber

l engt h, and exp i s an unknown exponent . The RF on a chr omosome i s t hen gi ven by : RF =

Ek i Li exp , wher e ki net ochor e f i ber l engt hs i n opposi t e hal f - spi ndl es ar e gi ven opposi t e si gn . I f

f or ces on a met aphase chr omosome ar e at equi l i br i um ( RF = 0) , t hen f or asymmet r i cal

or i ent at i ons of mul t i val ent s we can measur e t he i ndi vi dual ki net ochor e f i ber l engt hs ( L I ) and

sol ve f or t he exponent t hat yi el ds a r esul t ant f or ce of zer o . The val ue of t he exponent r el at es

how t he magni t ude of f or ce al ong a ki net ochor e f i ber var i es wi t h i t s l engt h . For si x t r i val ent s

and one nat ur al l y occur r i ng quadr i val ent we cal cul at ed an aver age val ue f or exp = 1 . 06 ± 0. 18 .

Thi s r esul t i s consi st ent wi t h Öst er gr en' s hypot hesi s and i ndi cat es t hat t he magni t ude of

pol ewar d t r act i on f or ce al ong a ki net ochor e f i ber i s di r ect l y pr opor t i onal t o t he l engt h of t he

f i ber . Our f i ndi ng suggest s t hat t he bal ance of f or ces al ong a ki net ochor e f i ber may be a maj or

f act or r egul at i ng t he ext ent of ki net ochor e mi cr ot ubul e assembl y .

A si mpl e hypot hesi s t o expl ai n mei ot i c and mi t ot i c congr essi on
of chr omosomes has emer ged f r om t he t hought s and obser va-
t i ons of Rashevsky ( 1) , Hughes- Schr ader ( 2) , and Öst er gr en
( 3- 5) . As pr oposed by Öst er gr en, congr essi on of mei ot i c bi va-
l ent s i s pr oduced by t he pul l i ng of homol ogous ki net ochor es
t owar ds opposi t e pol es by t r act i on f or ces, t hese f or ces i ncr eas-

i ng i n magni t ude wi t h i ncr easi ng di st ance f r om t he pol e . A

si mi l ar f or ce- di st ance r el at i onshi p woul d hol d f or mi t ot i c chr o-

mosomes, i n whi ch ki net ochor es of t he si st er chr omat i ds ar e

ar r anged back- t o- back and ar e pul l ed t owar ds opposi t e pol es .

As a r esul t of t hi s f or ce- di st ance r el at i onshi p, chr omosomes

wi t h bi pol ar or i ent at i on become cent er ed on t he spi ndl e equa-
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f or si mpl y because t he equat or i s t he posi t i on wher e opposi t e

ki net ochor e f i ber s ar e of equal l engt h ; t her ef or e, t he t wo ki -

net ochor es ar e pul l ed equal l y t owar d t hei r r espect i ve pol es .

Shoul d a chr omosome be di spl aced f r om t hi s equi l i br i um

posi t i on, t her e woul d be gener at ed a r esul t ant f or ce on t he

chr omosome so as t o r e- est abl i sh t he posi t i on of t he chr omo-

some equi di st ant f r om t he spi ndl e pol es .

For ces movi ng chr omosomes ar e nowknown t o be gener at ed

al ong t he ar r ay of ki net ochor e f i ber mi cr ot ubul es whi ch me-

chani cal l y l i nk t he ki net ochor e t o t he spi ndl e pol e ( 6) . Ther e-

f or e, t he f or ce- di st ance r el at i onshi p pr oposed by Öst er gr en ( 3)

concer ns t he r el at i onshi p bet ween t he f or ce appl i ed t o a ki net -

ochor e and t he l engt h of t he ki net ochor e f i ber .

I n cont r ast t o Öst er gr en' s f or ce- bal ance concept of congr es-

si on, chr omosomes coul d be moved t o an equi l i br i um posi t i on

at t he met aphase pl at e by r egul at i on of t he equi l i br i um l engt h

of t he ki net ochor e f i ber ( 7) . For exampl e, based on t he dynami c

equi l i br i um t heor y of I noué and Sat o ( 8) , Di et z speci f i cal l y

pr oposed ( 9) t hat , as a consequence of achi evi ng monomer -

pol ymer equi l i br i um, ki net ochor e mi cr ot ubul e l engt hs change

and t her eby r egul at e chr omosome posi t i on . I f al l ki net ochor es

par t i ci pat e equal l y i n t he f or mat i on of ki net ochor e f i ber s and

i f t ubul i n subuni t s ar e f r eel y di f f usi bl e, t hi s pr oposal pr edi ct s

t hat al l ki net ochor e f i ber s wi l l be of equal l engt h at met aphase

equi l i br i um. Ther ef or e a chr omosome woul d l i e at t he spi ndl e

equat or due t o a r equi r ement t hat equal l engt hs of mi cr ot ubul es

compose t he t wo opposi ng ki net ochor e f i ber s . As t he Di et z

hypot hesi s pr edi ct s, movement s of t he ki net ochor es ar e ob-

ser ved t o be cl osel y coupl ed t o changes i n ext ent of assembl y

of ki net ochor e f i ber mi cr ot ubul es ( 8, 10, 11) .

The t wo hypot heses pr oposed t o account f or chr omosome

congr essi on t her ef or e suggest t he f ol l owi ng quest i on : Does a

r equi r ement f or bal ance of f or ces gener at ed al ong mi cr ot ubul es

of t he ki net ochor e f i ber r egul at e t he ext ent of ki net ochor e f i ber

mi cr ot ubul e assembl y ( Ost er gr en hypot hesi s) , or does t he ki -

net ochor e mi cr ot ubul e assembl y mechani sm di r ect l y r egul at e

t he equi l i br i um l engt h of ki net ochor e f i ber s ( Di et z hypot hesi s) ?

An answer t o t hi s quest i on i s possi bl e t hr ough obser vat i on of

t he st abl e met aphase posi t i on of mul t i val ent chr omosomes t hat

have mor e t han t wo ki net ochor e r egi ons and asymmet r i cal

or i ent at i ons on t he spi ndl e, i . e . , unequal number s of ki net o-

chor es or i ent ed t o opposi t e pol es ( see Fi g. 1) . I f congr essi on i s

t he r esul t of a bal anci ng of f or ces, t hen mul t i val ent s or i ent ed

asymmet r i cal l y shoul d be shi f t ed of f t he equat or , cl oser t o t he

pol e t o whi ch t he gr eat er number of ki net ochor es ar e at t ached

( 3, 12) . Ot her wi se, i f an equi l i br i uml engt h- bal ance mechani sm

det er mi nes chr omosome posi t i on, t he asymmet r i cal l y or i ent ed

mul t i val ent s shoul d l i e at t he spi ndl e equat or , wi t h t he l engt hs

of al l ki net ochor e f i ber s equal ( Fi g . 1 c) .

I n t hi s st udy, we gener at ed mul t i val ent s i n gr asshopper s by

y- i r r adi at i on of nymphs, and i n l i vi ng- cel l pr epar at i ons we

exami ned t he posi t i ons of t hese newl y ar i sen mul t i val ent s at

congr essi on i n mei osi s I . Fr omour anal ysi s of t he posi t i ons of

congr essed mul t i val ent chr omosomes, we pr esent quant i t at i ve

evi dence consi st ent wi t h Ost er gr en' s hypot hesi s.

MATERI ALS AND METHODS

Exper i ment al Mat er i al and Pr oduct i on of
Mul t i val ent Chr omosomes

Mal es of t he gr asshopper speci es Mel anopl us d6f f er ent i al i s ( Acr i di dae, Or t hop-

t er a) wer e t aken f r om a l abor at or y col ony mai nt ai ned by Dr . R. B. Ni ckl as at

Duke Uni ver si t y, Dur ham, NC.

We sel ect ed t hi r d- i nst ar nymphs wi t h aver age head wi dt h and f emur l engt h of

3 . 6 mm and 12 mm, r espect i vel y, and exposed t hem t o a 480- r ad dose of - y-

i r r adi at i on ( cobal t sour ce oper at i ng at 160 r ad/ mi n) . Bot h t he age of nymphs

when i r r adi at ed and t he t i me post i r r adi at i on when gr asshopper s wer e sacr i f i ced

af f ect ed t he number of r ear r angement s per cel l and gener al cel l heal t h . Our

t r eat ment t ypi cal l y yi el ded I - 2 r ear r angement s per cel l , a usef ul number f or

anal ysi s . Hi gher number s of r ear r angement s pr oduced mul t i val ent chr omosomes

t oo compl ex f or anal ysi s .

FI GURE 1

	

( a) Phase- cont r ast mi cr ogr aph of a l i vi ng sper mat ocyt e i n mei ot i c met aphase I . The spi ndl e i s out l i ned by mi t ochondr i a
( m) . Ar r ows i ndi cat e t he ki net ochor es of a t r i val ent . The asymmet r i c or i ent at i on of ki net ochor es ( t wo ki net ochor es at t ached t o
one pol e, P, , and one ki net ochor e at t ached t o t he ot her pol e, P2) r esul t s i n congr essi on of t he t r i val ent t o an equi l i br i um posi t i on
shi f t ed of f t he equat or . Not e t hat t ypi cal bi val ent s ( 8) wi t h symmet r i cal or i ent at i ons l i e at t he spi ndl e equat or and def i ne t he
" met aphase pl at e . " Bar , 10, um. x 1, 800 . ( b) Schemat i c dr awi ng of t he cel l shown i n a . We measur ed t he i nt er pol ar l engt h P, P2 and
t he ki net ochor e f i ber l engt hs as appr oxi mat ed by t he ki net ochor e- t o- pol e di st ances A, , 8, , and A2 . The subscr i pt i dent i f i es t he
pol e f aci ng a gi ven ki net ochor e . A symmet r i cal l y or i ent ed bi val ent i s shown f or compar i son . ( c) Schemat i c dr awi ng of t he expect ed
posi t i on of a congr essed t r i val ent accor di ng t o t he Di et z hypot hesi s ( t r i val ent A) vs . t he Öst er gr en hypot hesi s ( t r i val ent 8) .
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Sper mat ocyt e Cul t ur es and
Phot ogr aphi c Met hods

9- 12 d af t er i r r adi at i on, l i vi ng- cel l pr epar at i ons wer e made of sper mat ocyt es

expl ant ed f r omt he gr asshopper s .

Pr epar at i on of cel l cul t ur es, phase- cont r ast mi cr oscopy, t i me- l apse ci nemat og-

r aphy, and f r ame- by- f r ame anal ysi s of f i l m r ecor ds wer e done accor di ng t o

met hods descr i bed by Ni ckl as and St aehl y ( 13) . The buf f er ed sal i ne we used f or

t he cel l pr epar at i on was descr i bed by Ni ckl as et al . ( 14) . Nor mal , heal t hy cel l s

wer e chosen f or anal ysi s on t he cr i t er i a of spi ndl e si ze and shape, mi t ochondr i al

di st r i but i on, and t he successf ul compl et i on of anaphase .

Measur ement s and Comput er Anal ysi s

The l engt hs of ki net ochor e f i ber s f or mul t i val ent s wer e measur ed as f ol l ows .

The di st ance bet ween each ki net ochor e and t he pol e t o whi ch i t was at t ached

was det er mi ned j ust bef or e anaphase f r om pr oj ect ed ci né r ecor ds ( see Fi g. 1) .

Ki net ochor es wer e i dent i f i ed by a sl i ght di f f er ence i n phase densi t y bet ween a

ki net ochor e and t he adj acent chr omat i n . The i dent i t y o£ ki net ochor es was l at er

TABLE I

Compar i son of Di st ances bet ween Ki net ochor es and Pol es i n
t he Two Hal f - spi ndl es f or Mul t i val ent s of Var i ous Or i ent at i on

at Met aphase

Spí n-

Mul t i va- St r uc-

	

EL, -

	

dl e

Cel l l ent t ur e L, * L 2 EL2 l engt h

l r m

	

t < m

	

, n m

	

, u m

( 1)

	

Tr i v 1

	

2 : 1

	

6 . 0/ 4 . 5

	

10. 5

	

0

	

27 . 5

( 2)

	

Tr i v 2

	

2 : 1

	

8 . 0/ 8. 0

	

10 . 0

	

6. 0

	

25 . 5

( 3)

	

Ti i v 3

	

2 : 1

	

5 . 5/ 5 . 0

	

11 . 5

	

1 . 0

	

25 . 0

( 4)

	

Tr i v 4

( 5)

	

Tr i v 5

( 6)

	

Tr i v 6

( 7)

	

Tr i v 7

t = 1 . 10 ( d . f . =

( 8)

	

Quad 1

( 9)

	

Quad 2f

( 10)

	

Quad 3

( 11)

	

Quad 4

( 12)

	

Quad 5

	

2: 2

	

7 . 0/ 8 . 5

	

6 . 0/ 9 . 0

	

0 . 5

	

27 . 5

( 13)

	

Quad 6

	

2 : 2

	

7 . 0/ 8 . 0

	

6 . 0/ 9 . 0

	

1 . 0

	

27 . 0

( 14)

	

Quad 7

	

2 : 2

	

6. 5/ 11 . 5

	

8 . 0/ 9 . 5

	

0 . 5

	

25 . 0

( 15)

	

Quad 8

	

2 : 2

	

9 . 0/ 7 . 0

	

9 . 0/ 8 . 0

	

1 . 0

	

26 . 0

( 16)

	

Quad 9

	

2 : 2

	

12 . 5/ 4. 0

	

13 . 0/ 3 . 0

	

0 . 5

	

27 . 0

* Number s i n t he col umn l abel ed L, and L2 ar e di st ances bet ween ki net o-

chor es and t he pol es f or each hal f - spi ndl e ( P, and Pz) . The dat a ar e

pr esent ed such t hat L, al ways r epr esent s t he hal f - spi ndl e t o whose pol e, P, ,

mor e t han one ki net ochor e of t he mul t i val ent i s or i ent ed .

t Quadr i val ent 2 or i ent s i n a 2 : 1 : 1 f ashi on, i . e . , t wo ki net ochor e pai r s or i ent t o

pol e 1 ( P, ) , one ki net ochor e pai r or i ent s t o pol e 2 ( P2) , and t he f our t h

ki net ochor e pai r or i ent s amphi t el l i cal l y, t hat i s, t o bot h pol es . The ki net o-

chor e- t o- pol e di st ances ar e gi ven onl y f or t he monopol ar l y or i ent ed ki net -
ochor es . The amphi or i ent ed ki net ochor e l i es at t he equat or and has equi v-

al ent ki net ochor e- t o- pol e di st ances t o opposi t e pol es ( see Resul t s) .
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conf i r med by not i ng t hat t hese r egi ons of chr omat i n l ead t he way t o t he pol es
dur i ng anaphase; t he at t ached chr omat i n ar ms t r ai l behi nd t hese ki net ochor es .

The pol ar r egi on was i dent i f i ed by t he phase- dense i mage of t he cent r i ol e

compl ex i t sel f or was consi der ed t o occur appr oxi mat el y at t he poi nt of conver -

gence of mi t ochondr i a sur r oundi ng t he spi ndl e . A t ot al of 16 cel l s was anal yzed :
7 t r i val ent s and 9 quadr i val ent s . As cont r ol s, 12 bi val ent s f r om 4 of t he 16 cel l s
wer e al so anal yzed ( Tabl e 1) . Dat a anal ysi s was per f or med as descr i bed i n Resul t s
and Fi g . 2 usi ng an Appl e I I Pl us mi cr ocomput er ( Appl e Comput er I nc . ,
Cuper t i no, CA) and a Houst on I nst r ument s Hi - Pl ot di gi t al pl ot t er ( Houst on

I nst r ument s, Aust i n, TX) .

RESULTS

Tr i val ent s
Tr i val ent s assumed asymmet r i c or i ent at i ons ( t wo chr omo-

somes or i ent ed t o one pol e and onl y one chr omosome or i ent ed

t o t he opposi t e pol e) and wer e shi f t ed of f t he equat or as shown,

f or exampl e, i n Fi g. 3 . Tr i val ent s l i e cl oser t o t he pol e t o whi ch

t wo ki net ochor es ar e at t ached . Al l seven t r i val ent s anal yzed

showed a si mi l ar of f - equat or posi t i on at met aphase ; t he met a-

phase ki net ochor e- t o- pol e di st ances f or t he seven ar e l i st ed i n

Tabl e 1.

For each of t he anal yzed t r i val ent s t he sumof t he l engt hs of

t he t wo ki net ochor e f i ber s or i ent ed t o t he near er pol e appr ox-
i mat el y equal ed t he l engt h of t he si ngl e ki net ochor e f i ber

or i ent ed t o t he f ar pol e ; t he val ues ar e not si gni f i cant l y di f f er ent

based on a pai r ed St udent ' s t t est ( Tabl e 1) . Thi s r esul t suggest s

t hat al l ki net ochor es ar e near l y al i ke and t hat a l i near r el at i on-

FI GURE 2

	

Comput er anal ysi s of f or ce dependence on ki net ochor e

f i ber l engt h f or t he t r i val ent shown i n Fi g . 1 . The f or ce ( F) appl i ed

t o a ki net ochor e i s assumed t o be pr opor t i onal t o t he ki net ochor e

f i ber l engt h ( A, , B, , or A2) t o an exponent i al power of exp ( e . g . , F

= kA, " ' ). Whet her t he f or ces on t he t r i val ent ar e bal anced i s

cal cul at ed by subt r act i ng t he t r act i on f or ces t owar ds pol e 2 ( P2 )

f r om t hose t owar ds pol e 1 ( P, ) . For t he t r i val ent i n Fi g . 1, t he

r esul t ant f or ce( RF) = k( A, a" ° + B, a" ° ) -
A2 a

" o. The al gor i t hm sol ves

t he equat i on f or val ues of exp f r om 0 . 1 t o 4 . 0 . At met aphase t he

r esul t ant f or ce on t he chr omosome i s assumed t o be equal t o zer o

( RF= 0) . Ther ef or e, t he val ue of exp wher e ( A, " ' + B, e" ° ) - A2 a" °

= 0, best descr i bes t he f or ce- l engt h r el at i onshi p .

The cur ve l abel ed Resul t ant For ce pl ot s t he r esul t ant f or ce/ k ( i n

r el at i ve uni t s) on t he chr omosome, cal cul at ed assumi ng var i ous

val ues f or t he exponent , exp. For ces shoul d be bal anced when RF

= 0 . RF becomes zer o when t he val ue of t he exponent i s 1 . 0 . For

val ues of t he exponent bet ween 0 . 1 and 4, Del t a gi ves t he di st ance

t hat t he chr omosome woul d need t o be di spl aced t owar ds pol e 2

( P2) t o make t he f or ces bal ance . ( Negat i ve val ues on x- axi s i ndi cat e

t owar d pol e 2 ; posi t i ve val ues i ndi cat e t owar d pol e 1 . ) For exampl e,

i f f or ce was pr opor t i onal t o t he squar e of di st ance, t hen t he t r i val ent

woul d need t o be shi f t ed 2 t Lmcl oser t o pol e 2 t o achi eve a bal ance

of f or ces . The ki net ochor e- t o- pol e di st ances, i . e . , k i net ochor e f i ber

l engt hs ( A, , B, , A2) , and t he i nt er pol ar l engt h ( P, P2) ar e gi ven i n t he

upper r i ght - hand cor ner . For exp= 1 . 0, bot h t he r esul t ant f or ce and

del t a val ues equal zer o .

t = 0 . 89 ( d . f . = 6, P > 0. 05)

( 10) Bi v 1 1 : 1 11 . 5 12 . 0 0 . 5 25 . 0
2 10. 5 11 . 0 0 . 5 25 . 0

3 11 . 5 11 . 0 0 . 5 25 . 0

( 11) Bi v 4 1 : 1 12 . 5 11 . 5 1 . 0 25 . 0
5 12 . 0 11 . 0 1 . 0 25 . 0

6 12 . 0 11 . 5 0 . 5 25 . 0
( 17) Bi v 7 1 : 1 13 . 5 13 . 5 0 26 . 0

8 9. 0 8 . 0 1 . 0 26. 0

9 10. 5 10 . 0 0 . 5 26 . 0

( 13) Bi v 10 1 : 1 12 . 5 13 . 0 0 . 5 27 . 0

11 10. 0 10 . 5 0 . 5 27 . 0

12 9 . 0 8 . 5 0 . 5 27 . 0

t = 1 . 39 ( d . f . = 11, P > 0. 05)

2 : 1 6 . 0/ 6. 5 13 . 0 0. 5
w

27. 0
8

2 : 1 7 . 5/ 2 . 0 9 . 5 0 25 . 0 a 6

2 : 1 4 . 0/ 6. 0 9 . 5 0. 5 25 . 0 â I - 4
2 : 1 6 . 0/ 5 . 0 9 . 0 2 . 0 24. 0 . . Q

6, P > 0 . 05) 2
QJ

3 : 1 9 . 5/ 4 . 0/ 3 . 0 15 . 0 1 . 5
H7

28. 0
J 0L' ,

L11

21 : 1 7. 0/ 8. 0 12 . 0 3 . 0 24. 0
o 0~ - 2

- 4

2 : 2 7 . 5/ 11 . 0 9 . 0/ 9 . 5 0 25 . 0

2 : 2 7. 0/ 10 . 0 7 . 5/ 8 . 5 1 . 0
- 6

25 . 0
- e



FI GURE 3

	

Two separ at e cel l s wi t h si ngl e t r i val ent s i n 2 : 1 conf i gur at i on . ( a) Cel l i ncl udi ng t r i val ent 5, see Tabl e I . ( b) Cel l i ncl udi ng
t r i val ent 6, see Tabl e I . Ti me( T) i s gi ven on each f r ame i n mi n r el at i ve t o met aphase ( T = 0) . At met aphase, t r i val ent s ar e shi f t ed
t owar ds t he l ower pol e ( P, ) t o whi ch t wo ki net ochor es ( ar r ows) ar e at t ached . The ki net ochor e- t o- pol e di st ances i n opposi t e hal f -
spi ndl es ar e not si gni f i cant l y di f f er ent ( see Tabl e I ) . At anaphase ( a, f r ame 07, b, f r ame 04) , ki net ochor es separ at e, conf i r mi ng t hat
bot h chr omosomes ar e t r i val ent s . Bar , 101, m. x 1, 290 .

shi p exi st s bet ween t r act i on f or ce and ki net ochor e f i ber l engt h,

assumi ng t hat t he measur ed ki net ochor e- t o- pol e di st ances cor -

r espond t o t he l engt hs of t he ki net ochor e f i ber s ( see bel ow) ,

and assumi ng, as Öst er gr en ( 3) pr oposed, t hat t he st abl e posi -

t i on of f ul l y congr essed chr omosomes r ef l ect s i somet r i c f or ces

on t he chr omosome.

Si nce f or t hese t r i val ent s t he summed l engt hs of t he t wo

shor t er ki net ochor e f i ber s i n one hal f - spi ndl e usual l y do not

equal exact l y t he l engt h of t he si ngl e ki net ochor e f i ber i n t he

opposi t e hal f - spi ndl e, t he possi bi l i t y t hat t he f or ce- l engt h r e-

l at i onshi p i s not st r i ct l y l i near must be consi der ed . Ther ef or e,

i n addi t i on t o compar i ng t he summed ki net ochor e f i ber l engt hs

of opposi t e hal f - spi ndl es, we used an al gor i t hmt o cal cul at e t he

power t o whi ch t hese measur ed ki net ochor e- t o- pol e di st ances

must be r ai sed i n or der t o make t he di f f er ence bet ween t hem

exact l y equal t o zer o . The val ue of t he exponent r el at es how

t he magni t ude of f or ce al ong a ki net ochor e f i ber var i es wi t h

f i ber l engt h. I f t he f or ce- l engt h r el at i onshi p i s l i near , t hen we

expect t he exponent val ue t o equal 1 .

I n our al gor i t hm, t he f or ce ( F) appl i ed t o a ki net ochor e i s

assumed t o be pr opor t i onal t o t he ki net ochor e f i ber l engt h ( L)

r ai sed t o t he power exp i n t he r el at i on : F= kL" P, wher e k

r epr esent s a l engt h- i ndependent f act or whi ch i n t he f ol l owi ng

anal ysi s i s assumed t o be t he same f or al l ki net ochor es . I f t he

met aphase posi t i on of a chr omosome r epr esent s t he posi t i on at
whi ch f or ces i n opposi t e di r ect i ons on a chr omosome ar e

exact l y bal anced, t he r esul t ant f or ce ( RF) wi l l equal zer o. For

exampl e, see t he t r i val ent of Fi gs . 1 and 2, wher e RF = 0 =
A, exP + B, exP - A2exp ( A, and B, ar e t he ki net ochor e f i ber s t o

pol e 1, A2 i s t he ki net ochor e f i ber t o pol e 2) . The exponent

val ues wer e der i ved f r om comput er - gener at ed pl ot s, such as

t hose shown i n Fi g. 4a and b . For si x of t he seven t r i val ent s

anal yzed, a l i near r el at i on bet ween f or ce and ki net ochor e f i ber
l engt h i s i ndi cat ed by t he f act t hat RF = 0 when t he exponent

i s appr oxi mat el y 1 . The mean exponent f or t hese si x chr omo-

somes ( excl udi ng t r i val ent 2) i s 1 . 06 ± 0. 18 ( see Tabl e I I ) ;

t r i val ent 2 was anomal ous and gave an exponent val ue of 3. 15

( see Di scussi on) .

We eval uat ed t he si gni f i cance of our cal cul at ed exponent

val ues by aski ng how gr eat a di f f er ence woul d occur i n t he

equi l i br i um chr omosome posi t i on f or di f f er ent exponent val -

ues . That i s, f or exponent s t hat di d not yi el d RF = 0 f or t he

obser ved posi t i on of t he chr omosome, how much woul d t he

posi t i on of t he chr omosome need t o be shi f t ed f or RF t o equal

0. I f such an anal ysi s showed t hat shi f t s of chr omosome posi t i on

as smal l as 0. 25 t t m woul d al l ow exponent s much gr eat er or
l ess t han 1 t o yi el d an RF = 0, t hen t he si gni f i cance of t he

exponent 1 woul d be quest i onabl e si nce our measur ement s

f r om t he ci n6 f i l ms coul d not det ect such smal l changes wi t h

accur acy . For val ues of t he exponent bet ween 0. 1 and 4, we

det er mi ned t he di st ance, del t a ( A) , t hat a mul t i val ent woul d

have had t o be di spl aced f r om i t s obser ved equi l i br i umposi t i on

bet ween t he spi ndl e pol es t o achi eve an RF = 0 . Thi s anal ysi s

suppor t s our concl usi on t hat an exponent val ue of 1 best f i t s

t he f or ce- bal ance dat a si nce a 1- t t t m or gr eat er shi f t i n t he

obser ved met aphase chr omosome posi t i on i s necessar y t o yi el d

exponent val ues gr eat er or l ess t han 1 ± 0. 4 ( see Fi g. 2) .

A sour ce of er r or i n i nt er pr et i ng our r esul t s st ems f r om t he
possi bi l i t y t hat t he ki net ochor e f i ber ends at some di st ance

f r om t he pol e ( 15, 16) . For exampl e, mechani cal anchor age of

a ki net ochor e f i ber may occur at t he per i pher y of t he cent r o-
some compl ex, cl oser t o t he ki net ochor e t han we assumed by

consi der i ng t he cent r i ol e compl ex t o be t he t er mi nus of ki net -

ochor e f i ber s . I f so, our measur ement of ki net ochor e- t o- pol e

di st ances over est i mat es t he t r ue l engt hs of t he ki net ochor e
f i ber s . To est i mat e t he possi bl e cont r i but i on of such er r or , t he
measur ed ki net ochor e- t o- pol e di st ances wer e shor t ened by an
amount appr oxi mat el y equal t o t he r adi us of t he per i cent r i ol ar

mat er i al ( 0 . 5- 1 . 0 f m) and t hese new l engt hs wer e used t o

det er mi ne t he exponent val ues . Onl y smal l di f f er ences wer e
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The anal ysi s of t he f or ce bal ance, f or ( a) t r i val ent 5, cf .

Fi g . 3 a and Tabl e I and ( b) t r i val ent 6, cf . Fi g . 3 b and Tabl e I .

Ki net ochor e t r act i on f or ce t o opposi t e pol es i s bal anced at t he

exponent val ue ( exp) = 1 . 05 f or bot h t r i val ent s . ( c) Hypot het i cal

shor t eni ng of t he measur ed ki net ochor e- t o- pol e di st ances has l i t t l e

ef f ect on t he exponent val ue .

not ed bet ween t he mean exponent val ue der i ved f r om t he

measur ed di st ances ( 1 . 06 ± 0 . 18) and t hose val ues cal cul at ed

f r omt he hypot het i cal l y shor t ened di st ances : 0 . 98 ± 0. 18 when

shor t ened by 0 . 5 Lum, 0. 90 ± 0. 17 when shor t ened by 1 . 0 t t m

( see al so Fi g . 4 c and Tabl e I I ) . I t must , of cour se, be bor ne i n

mi nd t hat any over est i mat i on of t he t r ue ki net ochor e f i ber

l engt hs by our di st ance measur ement s i s count er act ed by spi n-

dl e geomet r y . The spi ndl e at t he met aphase pl at e i s el l i pt i cal

i n cr oss sect i on due t o f l at t eni ng dur i ng t he cul t ur e pr epar at i on .

The maj or and mi nor axes of t hi s el l i pse ar e r epr esent ed by

t he wi dt h and t hi ckness of t he spi ndl e . The ki net ochor e- t o-
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pol e di st ance measur ement s ar e accur at e f or ki net ochor es i n

t he same opt i cal f ocal pl ane as t he spi ndl e i nt er pol ar axi s . For

ki net ochor es on t he per i pher y of t he spi ndl e, above or bel ow

t hi s i nt er pol ar axi s, our measur ement s wi l l r epr esent a pr oj ec-

t i on of t he t r ue ki net ochor e- t o- pol e di st ance. Taki ng an aver age

pol e- t o- pol e spi ndl e l engt h of 261Lmand a 5- Am r adi us f or t he

mi nor axi s of t he el l i pse ( 17) , we have cal cul at ed t hat our

ki net ochor e f i ber l engt h val ues under est i mat e t he cor r ect val -

ues by 0. 5 t Lm or l ess .

Quadr i val ent s

Symmet r i c or i ent at i ons of quadr i val ent s ( ki net ochor es or i -

ent ed t wo t o each pol e) ar e appar ent l y mor e st abl e t han

asymmet r i c ones ( 18- 21) . Seven of t he ei ght exper i ment al l y

gener at ed quadr i val ent s had symmet r i cal 2 : 2 or i ent at i ons, as

shown i n t he exampl e of Fi g. 6. I n t hi s si t uat i on, wi t h equal

number s of ki net ochor es or i ent ed t o opposi t e pol es, t he con-

gr essed quadr i val ent s l i e on t he spi ndl e equat or , on a l i ne wi t h

nor mal bi val ent s . The l engt h of i ndi vi dual ki net ochor e f i ber s

wi t hi n a hal f - spi ndl e can be si gni f i cant l y unequal because of

t he geomet r y of t he quadr i val ent chr omosome as, f or exampl e,

i n Fi g . 6 . Yet f or each quadr i val ent t he sums of ki net ochor e

f i ber l engt hs i n opposi t e hal f - spi ndl es ar e not si gni f i cant l y

di f f er ent ( P = 0. 05) and suppor t a l i near f or ce- l engt h pr opor -

t i onal i t y ( Tabl e I ) . However , t he dat a obt ai ned f r om symmet -

r i cal l y or i ent ed mul t i val ent s do not yi el d uni que sol ut i ons f or

t he exponent ( exp) i n our comput er al gor i t hm.

One of t he ei ght exper i ment al l y pr oduced quadr i val ent s

r ecor ded was asymmet r i cal l y or i ent ed i n a 2 : 1 : 1 f ashi on . I n t hi s

conf i gur at i on t he f our t h ki net ochor e pai r was separ at ed f r om

t he ot her ki net ochor es by an ext ended chr omat i n ar m( ^' 12 , um

l ong) , and appear ed t o behave i ndependent l y, congr essi ng t o

TABLE I I

Compar i son of t he Exponent Val ue " exp" i n t he Uni que

Sol ut i on of Ef = EkLa" P = 0 f or Asymmet r i cal l y Or i ent ed

Mul t i val ent s

* Exponent val ues ar e gi ven f or t he sol ut i on t o EF= EkLa` ° = 0 usi ng t he

act ual measur ed, ki net ochor e- t o- pol e di st ances ( L) , and hypot het i cal

l engt hs L - 0. 5, um and L - 1 . 0 ] am.

$ The mean and st andar d devi at i on ar e r ecal cul at ed excl udi ng t he val ues

obt ai ned f or t r i val ent 2, whose behavi or i s anomal ous ( see Di scussi on) .

a

w 8 TRI V sU

0 6 aI , BI . 7 . 5,
A2 . 9 . 5

Y F- 4 P1P2 , 25
32

F- 2
<t J

0JN
WW 1, EXPoK _2

I

I
_4

I - 6

- e

b

w 8 TRI V 6 - . 5
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0 6 al . ES] , 5 . 5,
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2: r 4 P1P2 , 24
3z
~d

2
( 1-, J

JN 0
Mul t i val ent no . L* L - 0. 5 I Lm L - 1 . 0 gm

Tr i v 1 1 . 00 0. 95 0. 85

Tr f i v 2 3. 15 2. 95 2. 75

Tr f i v 3 0. 85 0. 85 0. 75

Tr f i v 4 0. 95 0. 85 0. 85

Tr f i v 5 1 . 05 0. 85 0. 75

Tr f i v 6 1. 05 1 . 05 0. 95

Tr f i v 7 1. 45 1 . 35 1. 25

Mean 1. 36 1 . 22 1. 16

SD 0. 74 0. 73 0. 66

t = 1 . 19 ( d . f . = 6, P> 0. 05)

Excl udi ng t r i v 2 : $

Mean 1 . 06 0. 98 0. 90

SD 0. 18 0. 18 0. 17

t = 0. 80 ( d . f . = 5, P> 0. 05)

Quad 1 1 . 15 1. 05 0. 95

( 3 : 1)

Quad 2 1. 45 1 . 35 1 . 35

( 2 : 1 : 1)

w
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t he spi ndl e equat or wi t h t he nor mal bi val ent s, so t hat equal

l engt hs of ki net ochor e f i ber s ext ended t o opposi t e pol es. Ther e-

f or e, we consi der ed t he r emai ni ng t hr ee ki net ochor e pai r s as

member s of a t r i val ent and det er mi ned t hat an exponent of

1 . 45 was r equi r ed t o yi el d an RF = 0 on t he chr omosome i n i t s

obser ved posi t i on . Thi s exponent val ue r epr esent s a devi at i on

f r om l i near i t y . An expl anat i on f or t hi s except i on may l i e i n t he

st r uct ur e of t he chr omat i n j oi ni ng t he ki net ochor es . That i s,

despi t e t he appar ent i ndependent behavi or of t he f our t h ki net -

ochor e, t he ext ended and f ol ded chr omat i n ar mconnect i ng i t

t o t he r est of t he mul t i val ent may have pr esent ed st r uct ur al

const r ai nt s on t he posi t i on of t he r est of t he chr omosome .

We have al so i ncl uded i n our anal ysi s a nat ur al l y occur r i ng

quadr i val ent descr i bed ear l i er by Wi se and Ri ckar ds ( 22) . Fi g .

5 depi ct s t hi s nat ur al quadr i val ent i n t he obser ved asymmet -

r i cal 3 : 1 or i ent at i on. Thr ee chr omosomes ar e or i ent ed t o t he

l ower pol e and t he f our t h i s or i ent ed t o t he upper pol e . As

not ed by t he aut hor s, t he chr omosome i s shi f t ed of f t he spi ndl e

equat or and cl oser t o t he pol e t o whi ch t hr ee chr omosomes ar e

or i ent ed. The ext ent of shi f t i s consi st ent wi t h a l i near f or ce-

l engt h r el at i onshi p as i ndi cat ed by t he gr aph r esul t i ng f r omt he

comput er anal ysi s shown i n Fi g . 5 b. Bot h t he r esul t ant f or ce

pl ot and t he del t a pl ot pass t hr ough zer o at t he exponent val ue

of 1 . 15 . Shor t eni ng al l t he measur ed ki net ochor e- t o- pol e di s-

t ances by 0. 5 or 1 . 0 Am had l i t t l e ef f ect on t he comput ed

exponent val ue ( Tabl e I I ) .

Uni val ent s

Occasi onal l y, i r r adi at i on of t he sper mat ocyt es pr oduced
uni val ent s . Such uni val ent s, much l i ke t he X- chr omosome ( 7,

DI SCUSSI ON

FI GURE 5

	

( a) Nat ur al l y occur r i ng 3 : 1 quad-

r i val ent ( unpubl i shed f i gur e cour t esy of Wi se

and Ri ckar ds) . Ki net ochor es ar e mar ked by

ar r ows . At met aphase, t he quadr i val ent i s

shi f t ed t owar ds pol e 1 . Bar , 10 A. m. x 1, 290.

( b) Anal ysi s of quadr i val ent posi t i on . The ki -
net ochor e- t o- pol e di st ances ( A, , 8, , C, , A2)
and i nt er pol ar di st ance ( P, P2) ar e gi ven i n t he

upper r i ght hand cor ner of t he gr aph . The

sol ut i on of F = A, e" a + 8,
e" ° + C,

e" ° - A2exo

= 0 ( see Fi g . 2) yi el ds an exponent ( exp) _

1 . 15 .

FI GURE 6 Ti me- l apse ser i es of a quadr i val ent i n a bal anced 2 : 2 or i ent at i on . Two ki net ochor es ar e or i ent ed t owar ds each pol e

( ar r ows) . Ti me ( T) i n mi n i s gi ven on each f r ame . At met aphase ( T = 81) , when al l bi val ent s l i e on t he equat or , t he bal anced

quadr i val ent i s al so at t he equat or . Bar , 10 Am. x 1, 290 .

15, 23) , di d not congr ess but cont i nued t o cour se back and

f or t h bet ween spi ndl e pol es. At t he onset of anaphase, t he

uni val ent r emai ned i n t he hal f - spi ndl e i n whi ch i t happened t o

l i e . Thus, wi t h uni di r ect i onal f or ce appl i ed t o i t , t he chr omo-

some does not achi eve a st abl e equi l i br i um posi t i on . Fi g. 7

shows one such t r i p of an i nduced uni val ent t o one pol e wher e

t he uni val ent r eor i ent s and t hen pr oceeds t owar ds t he opposi t e

pol e .

Our obser vat i ons conf i r msome ear l i er obser vat i ons t hat asym-

met r i cal l y or i ent ed mul t i val ent s ar e di spl aced of f t he equat or

( 3, 18, 24- 26) and st r ongl y suppor t Ost er gr en' s hypot hesi s t hat

t he posi t i on of chr omosomes at met aphase i s det er mi ned by a

bal anci ng of t r act i on f or ces on opposi ng ki net ochor es ( 3- 5) .

Mor eover , our r esul t s showt hat t he magni t ude of t r act i on f or ce

on a ki net ochor e f i ber i s a l i near f unct i on of f i ber l engt h, as

pr oposed by Luykx ( 27) . Thi s bal ance of f or ces i s demonst r at ed

most dr amat i cal l y by t he st abl e met aphase posi t i ons of asym-

met r i cal l y or i ent ed mul t i val ent s . These mul t i val ent s l i e cl oser

t o t he pol e t o whi ch t he gr eat er number of ki net ochor e f i ber s,

and t her ef or e f or ce component s, ar e di r ect ed. The exper i ment s

r epor t ed her e, l i ke t he st udi es of Bauer et al . ( 26) and Wi se

and Ri ckar ds ( 22) , meet t wo i mpor t ant cr i t er i a ( 12) : ( a) by

usi ng newl y ar i sen ( i . e . , exper i ment al l y i nduced) mul t i val ent s

t her e i s no need t o consi der evol ut i onar y modi f i cat i ons of

ki net ochor e act i vi t y such as mi ght be i nvol ved i n est abl i shi ng

st abl e mul t i val ent s i n t he genome ( as i s necessar y, f or exampl e,

i n consi der i ng sex mul t i val ent s [ 28- 30] ) , and ( b) we can det er -

mi ne pr eci sel y t he f i nal met aphase posi t i on of t hese chr omo-
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FI GURE 7

	

The si mpl est case of unbal anced f or ces- a uni val ent . Ti me i n mi n i s gi ven on each f r ame . I r r adi at i on has del et ed one

of t he ki net ochor e pai r s of a bi val ent chr omosome . The uni val ent mi gr at es t o t he l ower pol e ( T = 0, 27) , r eor i ent s at T = 49, and

mi gr at es t owar ds t he upper pol e ( T = 59, 71) ( ar r ows) . The uni val ent never congr esses . The behavi or r esembl es t hat of t he sex

uni val ent X- chr omosome . Bar , 10 f i m. x 1, 290 .

somes because we have f ol l owed t he mul t i val ent s i n l i vi ng cel l s

f r om l at e pr omet aphase i nt o anaphase.

Our r esul t s do not agr ee wi t h a mechani sm of congr essi on

based on achi evi ng equal l engt hs of al l ki net ochor e f i ber s ( 7,

9) . The shi f t ed, asymmet r i cal l y or i ent ed mul t i val ent s have

gr eat di f f er ences i n t he l engt hs of t hei r i ndi vi dual ki net ochor e

f i ber s ( Fi g . 3 a and b ; Tabl e I ) . Si mi l ar l y, symmet r i cal l y or i -

ent ed quadr i val ent s, t hough l yi ng at t he spi ndl e equat or , have

di f f er ent ki net ochor e- f i ber l engt hs t hat depend on t he geomet r y

of t he mul t i val ent ( i . e. , i nequal i t y i n t he l engt hs of t he chr o-

mat i n ar ms t hat separ at e t he ki net ochor e pai r s, see Fi g . 6) .

Evi dence t hat t he posi t i on of chr omosomes at met aphase i s

det er mi ned by ant agoni st i c pul l i ng f or ces on opposi ng ki net o-

chor es i s r epor t ed by I zut su ( 31) . He f ound at met aphase t hat

i r r adi at i ng one ki net ochor e on a mei ot i c bi val ent or on t he

adj acent ki net ochor e f i ber caused t he bi val ent t o move t owar d

t he pol e t o whi ch i t s uni r r adi at ed ki net ochor e was at t ached .

McNei l and Ber ns ( 32) obser ved si mi l ar r esul t s f or mi t ot i c

chr omosomes i n Pt K2 cel l s i n cul t ur e . I n addi t i on, el ect r on

mi cr oscopy showed t hat t he ki net ochor e f i ber had l ost i t s

at t achment t o t he i r r adi at ed ki net ochor e. Thus, sever i ng one

ki net ochor e f i ber al l owed t he ant agoni st i c f i ber t o pul l t he

chr omosome pol ewar d . The r emai ni ng chr omosomes on t he

spi ndl e wer e unaf f ect ed by t he i r r adi at i on and moved t o t he

met aphase pl at e . Our obser vat i ons on uni val ent s, chr omosomes

t hat have a si ngl e ki net ochor e f i ber and move di r ect l y t owar ds

t he at t ached pol e, ar e al so consi st ent wi t h such behavi or .

I f t he f i nal met aphase posi t i on of a chr omosome r ef l ect s a

bal ance of f or ces on t he chr omosome, t he r el at i onshi p bet ween

t r act i on f or ce and ki net ochor e f i ber l engt h cal cul at ed f or asym-

met r i cal l y or i ent ed mul t i val ent s gi ves a uni que sol ut i on t o t he

comput er al gor i t hm we used. Assumi ng t hat al l ki net ochor es

ar e f unct i onal l y equi val ent ( have t he same k val ue) , we det er -

mi ned t hat t he exponent t o whi ch t he measur ed ki net ochor e-

t o- pol e di st ances must be r ai sed t o yi el d an RF = 0 i s 1 . We

concl ude t hat t he t r act i on f or ce gener at ed al ong a ki net ochor e

f i ber i ncr eases l i near l y wi t h l engt h.

We at t r i but e t he l i near pr opor t i onal i t y bet ween f or ce and

ki net ochor e- t o- pol e di st ance t o t he pr esence of t he ar r ay of

ki net ochor e- f i ber mi cr ot ubul es spanni ng t hi s di st ance. The

ki net ochor e f i ber f or ms a mechani cal l i nk bet ween t he chr o-

mosome and t he pol ar compl ex ( 13, 33, 34) . Whi l e al l mi cr o-

t ubul es of t he ki net ochor e f i ber whi ch t er mi nat e at t he ki net -

ochor e may not r un cont i nuousl y t o t he spi ndl e pol e, a si gni f -

i cant number do ( 35, 36) . The si mpl est way t o est abl i sh a l i near
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f or ce- l engt h mechani sm i s t o di st r i but e f or ce- pr oducer s uni -

f or ml y al ong t he ki net ochor e f i ber . Such f or ces on t he chr o-

mosomes coul d r esul t f r om cr oss- br i dgi ng bet ween mi cr ot u-

bul es and mi cr of i l ament s or bet ween mi cr ot ubul es and t he

cyt opl asmi c mat r i x ( 6, 37- 43) . The magni t ude of f or ce woul d

i ncr ease wi t h t he number of cr oss- br i dges, whi ch woul d be

di r ect l y pr opor t i onal t o t he l engt h of t he ki net ochor e f i ber .

Al t er nat i vel y, f or ces may be gener at ed by t he depol ymer i -

zat i on of ki net ochor e mi cr ot ubul es, as suggest ed by I nou6 and

Sat o ( 8; see al so r ef er ence 10) . The si mpl est i nt er pr et at i on of

our dat a wi t h t hi s al t er nat i ve woul d r equi r e t hat depol ymer i -

zat i on occur al ong t he ent i r e l engt h of t he mi cr ot ubul es, wi t h

t he r at e of subuni t l oss per uni t l engt h bei ng const ant ; t ot al

di sassembl y woul d t hen be gr eat er f or l onger mi cr ot ubul es .

The of f - equat or posi t i on of t r i val ent s woul d be t he posi t i on at

whi ch t he amount of di sassembl y occur r i ng i n opposi t e hal f -

spi ndl es i s equal . The pl ausi bi l i t y of t hi s i nt er pr et at i on, how-

ever , i s t emper ed by i ndi r ect evi dence i n vi vo ( 44, 45) and i n

vi t r o ( 46- 48) t hat suggest s t hat depol ymer i zat i on occur s onl y

at t he ends of mi cr ot ubul es or spi ndl e f i ber s . However , a

mechani sm of f or ce pr oduct i on t hat gener at es f or ces onl y at

t he ends of t he ki net ochor e f i ber s and does not sense t he l engt h

of t he f i ber woul d not be consi st ent wi t h our r esul t s . Such a

mechani smwoul d not achi eve a bal ance of f or ces on a t r i val ent

chr omosome: i nst ead of r eachi ng a st abl e met aphase posi t i on,

t he t r i val ent woul d move di r ect l y t o t he pol e wi t h t he gr eat er

number of at t ached ki net ochor e f i ber s .

I n t he r el at i on f or t r act i on f or ce, F = kLe' P, k r epr esent s t he

l engt h- i ndependent f act or ( s) t hat det er mi ne t he magni t ude of

t r act i on f or ce appl i ed t o t he ki net ochor e. Our assumpt i on t hat

k i s t he same f or al l mul t i val ent ki net ochor es i s j ust i f i ed by

t wo r esul t s . Fi r st , f or most mul t i val ent s, bot h symmet r i cal l y

and asymmet r i cal l y or i ent ed, t he sum of t he l engt hs of t he

ki net ochor e f i ber s i n one hal f - spi ndl e equal s, wi t hi n 10%, t he

sum of t he l engt hs i n t he opposi t e hal f - spi ndl e ( Tabl e I ) .

Secondl y, wi t h t he except i on of t r i val ent 2 ( Tabl e I I ) , t he

st andar d devi at i on of t he cal cul at ed exponent val ues ( exp =

1 . 06 ± 0. 18) f or t he t r i val ent s i s smal l . I f ki net ochor es t ypi cal l y

had wi del y di f f er ent val ues of k, t hen no si ngl e f or ce- l engt h

r el at i onshi p ( exponent val ue) woul d expl ai n t he obser ved po-

si t i ons of t he maj or i t y of t he mul t i val ent s .

The l engt h- i ndependent f act or ( s) , k, may be di r ect l y r el at ed

t o t he number of f unct i onal ki net ochor e mi cr ot ubul es . I n t hi s

case, t he t r act i on f or ce pr oduced al ong a ki net ochor e f i ber

woul d not be si mpl y a l i near f unct i on of i t s l engt h but a



f unct i on of bot h l engt h and number of ki net ochor e mi cr ot u-

bul es ( i . e . , t ot al mi cr ot ubul e l engt h) . Consequent l y, we woul d

expect a t r i val ent t o congr ess t o a posi t i on wher e t he t ot al

l engt h of ki net ochor e mi cr ot ubul es ( not l engt hs of ki net ochor e

f i ber s) wi l l be equal i n opposi t e hal f - spi ndl es ( Fi g. 8, t r i val ent

B) . I f t he number of mi cr ot ubul es on di f f er ent ki net ochor es

var i ed wi del y, t he ul t i mat e posi t i ons of asymmet r i cal l y or i ent ed

mul t i val ent s woul d show l i t t l e r el at i onshi p f r om exampl e t o

exampl e, I nst ead, we usual l y obser ved t hat t he sums of ki net -

ochor ef i ber l engt hs i n opposi t e hal f - spi ndl es wer e equal ( Fi g .

8, t r i val ent A) . Onl y i f al l ki net ochor es have equal number s of

at t ached mi cr ot ubul es can bot h t he t ot al mi cr ot ubul e l engt h

and f i ber l engt h be equal i n opposi t e hal f - spi ndl es . Ther ef or e,

t he obser ved posi t i ons of t he mul t i val ent s i n our st udy suggest

t hat t he maj or i t y of aut osomes have about t he same number of

f unct i onal ki net ochor e mi cr ot ubul es .

Tr act i on f or ce, however , cannot depend onl y on t he number

of mi cr ot ubul es at t ached t o a ki net ochor e i ndependent of t he

l engt h of t he f i ber . The chr omosome woul d al ways move al l

t he way t o t he pol e t owar ds whi ch t he gr eat er number of

ki net ochor e mi cr ot ubul es was or i ent ed .

We have no ul t r ast r uct ur al i nf or mat i on on t he number s of

ki net ochor e mi cr ot ubul es at t ached t o mul t i val ent s of Mel ano-

pl us, but ul t r ast r uct ur al anal ysi s of sever al ot her cel l s has shown

t hat t he number of mi cr ot ubul es per ki net ochor e i s r el at i vel y

const ant f or a gi ven cel l t ype ( 35, 49- 52) . Moens ( 50) compar ed

t he number of ki net ochor e mi cr ot ubul es bet ween di f f er ent

aut osomes of pr i mar y sper mat ocyt es f r om t he gr asshopper
Locust a . Li ke t he Mel anopl us sper mat ocyt es used i n our st udy,

Locust a sper mat ocyt es cont ai n 11 bi val ent s and one uni val ent

sex chr omosome. Fr om t he t hr ee met aphase I Locust a cel l s

anal yzed by Moens, we comput ed an aver age of 22 ± 5

mi cr ot ubul es per ki net ochor e . The l ow SD i ndi cat es a hi gh

degr ee of uni f or mi t y . However , an occasi onal ki net ochor e had

subst ant i al l y mor e or f ewer mi cr ot ubul es t han t he aver age- as

many as 35 or as f ew as 10 .

I n l i ght of t hese dat a, consi der t he except i onal t r i val ent 2

obser ved i n our st udy . I t s congr essed posi t i on was not consi st -

ent wi t h a l i near f or ce- l engt h r el at i onshi p i f we assumed t hat

al l t hr ee ki net ochor es had t he same l engt h- i ndependent con-
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i l l ust r a-
t i on of t he ef f ect of mi cr ot ubul e
number on t he posi t i on of a t r i va-
l ent i f f or ce on a ki net ochor e i s
pr opor t i onal t o t he t ot al l engt h of
mi cr ot ubul es i n a ki net ochor e f i -
ber . At met aphase, count er vai l i ng
f or ces wi l l be equal when t he t ot al
l engt h of ki net ochor e mi cr ot ubul es
i s t he same i n bot h hal f - spi ndl es .

( A) I f al l ki net ochor es have t he
same number of mi cr ot ubul es,
f or ces ar e bal anced when t he t ot al
l engt h of ki net ochor e f i ber s ar e t he
same i n opposi t e hal f - spi ndl es . ( 8)
I f some ki net ochor es have mor e
mi cr ot ubul es t han ot her s, t ot al
l engt h of ki net ochor e f i ber s cannot
be equal i n bot h hal f - spi ndl es
when t ot al l engt h of mi cr ot ubul es
i n opposi t e hal f - spi ndl es ar e equal .

PI

st ant , k . The si mpl est expl anat i on woul d be t hat one ki net o-

chor e of t he t r i val ent had a si gni f i cant l y di f f er ent val ue of k .

Rel at i ve val ues of k f or each ki net ochor e of t he t r i val ent can

be cal cul at ed f r om t he obser ved ki net ochor e- f i ber l engt hs at

congr essi on ( Tabl e 11) , usi ng a l i near f or ce- l engt h r el at i on i n

t he f or ce- bal ance equat i on. The val ue of k f or t he si ngl e f i ber

( 10 gm l ong, ext endi ng t o pol e 2, Tabl e 1) coul d be 1 . 6 t i mes

gr eat er t han t he val ue f or k f or t he pai r of f i ber s i n t he opposi t e

hal f - spi ndl e ( bot h 8. 0 pm l ong, ext endi ng t o pol e 1, Tabl e I ) ,

or t he val ue of k of one of t he pai r of f i ber s coul d be one-

f our t h t he val ue of t he ot her t wo f i ber s . I t i s possi bl e t hat

i r r adi at i on may have damaged a ki net ochor e i n t r i val ent 2,

t hus causi ng a change i n i t s nor mal k val ue. On t he ot her hand,

i f k i s r el at ed t o t he number of f unct i onal mi cr ot ubul es, per haps

one ki net ochor e i n t r i val ent 2 had subst ant i al l y mor e or f ewer

mi cr ot ubul es t han t he ot her s. Si nce some ki net ochor es on

Locust a chr omosomes appear t o have except i onal l y hi gh or

l ow number s of mi cr ot ubul es nat ur al l y, a di f f er ence i n k val ues

as woul d expl ai n t he posi t i on of t r i val ent 2 woul d be expect ed

t o occur nowand t hen . Tr ansl ocat i ons bet ween chr omosomes

wi t h ki net ochor es of si mi l ar k val ues, however , woul d be mor e

l i kel y .

An i mpor t ant i mpl i cat i on of our r esul t s i s t hat , i f bal anced
t r act i on f or ces det er mi ne t he posi t i on of met aphase chr omo-

somes, t r act i on f or ces may di r ect l y r egul at e t he ext ent of mi -

cr ot ubul e assembl y, hence t he l engt h of ki net ochor e f i ber s .

Some ear l i er i nvest i gat i ons al so suggest f or ce- bal ance r egul a-
t i on of mi cr ot ubul e assembl y . I noue ( 53) showed t hat Chaet op-

t er us met aphase spi ndl es el ongat ed i n r esponse t o i nt er pol ar

t ensi on pr oduced by f l at t eni ng t he oocyt e bet ween sl i de and

cover sl i p. Ni ckl as ( 12, and unpubl i shed dat a) obser ved t hat

chr omosomes move f r om t hei r congr essed posi t i on i n gr ass-

hopper sper mat ocyt es when t ensi on i s appl i ed t o a mei ot i c

bi val ent by st r et chi ng a chr omosome ar m t owar ds one pol e

wi t h a mi cr oneedl e . The ki net ochor es r emai n mechani cal l y

anchor ed t o t hei r pol es by t hei r ki net ochor e f i ber s, but t he

ki net ochor e f i ber under t ensi on sl owl y el ongat ed whi l e t he

ot her ki net ochor e f i ber shor t ened . Af t er t ensi on on t he

st r et ched chr omosome was r el eased, t he bi val ent moved back

t o t he met aphase pl at e at t he nor mal congr essi on vel oci t y .

These r esul t s demonst r at e t hat t he posi t i on of t he chr omosomes

under ar t i f i ci al l y pr oduced t ensi on was det er mi ned by t he

bal ance of appl i ed f or ces . The l engt h of t he ki net ochor e f i ber s

changed i n r esponse t o t he appl i ed f or ces . I t shoul d be not ed,

however , t hat , al t hough t hese dat a demonst r at e t hat chr omo-

somes move when t her e i s an i mbal ance of pol ewar d- di r ect ed

f or ces, t he vel oci t y at whi ch t hey move i s l ar gel y i ndependent

of t he magni t ude of t he i mbal ance . The r at e at whi ch ki net o-

chor e f i ber s change l engt h i s l i mi t ed by t he r at es at whi ch

mi cr ot ubul es can assembl e and/ or di sassembl e ( 12, 54) .

I n summar y, our r esul t s st r engt hen t he vi ewt hat congr essi on

of chr omosomes t akes pl ace as t he r esul t of a bal anci ng of

count er vai l i ng l i near f or ces on t he chr omosomes. We al so have

suggest i ve evi dence t hat t hi s bal ance of f or ces r egul at es t he
ext ent of assembl y of ki net ochor e- f i ber mi cr ot ubul es .
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