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ABSTRACT The pseudopods of Caenor habdi t i s el egans sper mat ozoa move act i vel y causi ng

some cel l s t o t r ansl ocat e when t he sper m ar e di ssect ed i nt o a l ow osmot i c st r engt h buf f er ed

sal t s sol ut i on . On t i me- l apse vi deo t apes, pseudopodi al pr oj ect i ons can be seen movi ng at 20-

45 Am/ mi n f r om t he t i p t o t he base of t he pseudopod . Thi s movement occur s whet her or not

t he cel l i s at t ached t o a subst r at e . Tr ansl ocat i on of t he cel l i s dependent on t he subst r at e . Some

sper mat ozoa t r ansl ocat e on aci d- washed gl ass, but a bet t er subst r at e i s pr epar ed by dr yi ng an

ext r act of Ascar i s ut er i ( t he nor mal si t e of nemat ode sper m mot i l i t y) ont o gl ass sl i des . On t hi s

subst r at e mor e t han hal f t he sper mat ozoa t r ansl ocat e at a vel oci t y ( 21 Am/ mi n) si mi l ar t o t hat

obser ved i n vi vo . Tr ansl ocat i ng cel l s at t ach t o t he subst r at e by t hei r pseudopodi al pr oj ect i ons .

They al ways move t owar d t he pseudopod; changes i n di r ect i on ar e caused by changes i n

pseudopod shape t hat det er mi ne poi nt s of det achment and r eat t achment of t he cel l t o t he

subst r at e .

Act i n compr i ses <0 . 02% of t he pr ot ei ns i n sper m, and myosi n i s undet ect abl e . No mi cr of i l a-

ment s ar e f ound i n t he sper m. l mmunohi st ochemi st r y shows t hat some act i n i s l ocal i zed i n

pat ches i n t he pseudopod . The movement of sper mat ozoa i s unaf f ect ed by cyt ochal asi ns,

however , so t her e i s no evi dence t hat act i n par t i ci pat es i n l ocomot i on .

Fer t i l i zat i on- def ect i ve mut ant s i n genes f er - 2, f er - 4, and f er - 6 pr oduce sper mat ozoa wi t h

def ect i ve pseudopodi al pr oj ect i ons, and t hese sper mat ozoa ar e l ar gel y i mmot i l e . Mut ant s i n

gene f er - 1 have shor t pseudopods wi t h nor mal pr oj ect i ons, and t hese pseudopods move but

t he sper mat ozoa do not t r ansl ocat e . Thus pseudopod movement i s cor r el at ed wi t h t he pr esence

of nor mal pr oj ect i ons . Twel ve mut ant s wi t h def ect i ve muscl es have sper mat ozoa wi t h nor mal

movement , so t hese genes do not speci f y pr oduct s needed f or bot h muscl e and nonmuscl e

cel l mot i l i t y .

Nemat ode sper mhave i nt r i gued bi ol ogi st s f or over a cent ur y

because t hey ar e nonf l agel l at ed and l ack a convent i onal acr o-

some ( 4, 15) . Thei r movement has been i nf er r ed t o be amoeboi d

because t hey ext end a pseudopod, but act ual obser vat i ons of

t r ansl ocat i ng sper mat ozoa have been r epor t ed onl y i n Nema-

t ospi r oi des dubi us sper m i n vi t r o ( 64) and i n Caenor habdi t i s

el egans sper m i n vi vo ( 60) . We r ecent l y descr i bed t he t r ansl o-

cat i on of Ascar i s l umbr i coi des sper mat ozoa i n vi t r o and r e-

por t ed t hat t hese sper m have l ess act i n t han ot her amoeboi d

cel l s, - 0 . 5%of cel l pr ot ei n ( 32) . We ar e especi al l y i nt er est ed i n

t he mot i l i t y of C. el egans sper mat ozoa because many f er t i l i za-

t i on- def ect i ve mut ant s t hat have i nf er t i l e sper mcan be i sol at ed
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( 5, 17, 61) . These mut ant s shoul d hel p t o i dent i f y gene pr oduct s

t hat ar e essent i al f or cel l mot i l i t y .

I n t hi s paper we r epor t i n vi t r o condi t i ons t hat have al l owed

us t o st udy C. el egans sper mmovement s i n det ai l . We compar e

t he movement s of sper mat ozoa f r om wi l d- t ype wi t h t hose f r om

f er t i l i zat i on- def ect i ve mut ant s and muscl e- def ect i ve mut ant s .

By bi ochemi cal anal ysi s of i sol at ed sper m we show t hat C.

el egans sper m have even l ess act i n t han Ascar i s sper mand have

no det ect abl e myosi n . I n t he accompanyi ng paper s i t i s shown

t hat t he t r ansl ocat i on of C. el egans sper mat ozoa can be ex-

pl ai ned by t he f l ow of newl y i nser t ed membr ane f r om t he t i p

of t he pseudopod backwar ds t o t he cel l body ( 43, 44) .



MATERI ALS AND METHODS

Nemat ode St r ai ns and Cul t ur e

Al l st r ai ns wer e mai nt ai ned on pet r i di shes seeded wi t h E. col t as descr i bed by

Br enner ( 8) . Wi l d- t ype i s st r ai n N2 f r omS. Br enner ( Medi cal Resear ch Counci l ,

Labor at or y of Mol ecul ar Bi ol ogy, Cambr i dge, Engl and) . The muscl e- def ect i ve

mut ant s l i st ed i n Tabl e I wer e obt ai ned f r omR. Wat er st on ( Washi ngt on Uni ver -

si t y, St . Loui s, Mo . ) or S. Br enner , except f or unc- 90 whi ch was i sol at ed f r om

st r ai n ST- 1329 obt ai ned f r omR. Her man ( Uni ver si t y of Mi nnesot a, Mi nneapol i s) .

They ar e descr i bed i n Wat er st on et al . ( 63) . St r ai ns CB1467 : hi m- 5 ( el 467) V and

CBI 490 : hi m- 5 ( el 490) V pr oduce mal es at hi gh f r equency ( 18) and wer e used

r out i nel y as a sour ce of nor mal sper m.

Juveni l e mal es wer e pi cked f r omgr owt h pl at es and mai nt ai ned as vi r gi ns f or

3 d at 25° C. They wer e t hen al l owed t o mat e wi t h an excess of her maphr odi t es

f or 3 hj ust bef or e di ssect i on . Thi s pr ocedur e ensur es t hat t her e ar e >1, 000 sper m

per mal e and t hat up t o 60% of t hem wi l l be sper mat ozoa . Al t er nat i vel y,

sper mat i ds wer e act i vat ed t o sper mat ozoa wi t h 0 . 5 pMmonensi n ( 31) .

Li ght Mi cr oscopy

For obser vat i on and phar macol ogi cal exper i ment s, sper mwer e obt ai ned by

cut t i ng mal es wi t h a r azor bl ade f r agment or f i ne t ungst en needl e i n a dr op of

sper m medi um ( SM) : 50 mMN- 2- hydr oxyet hyl - pi per azi ne- N' - 2- et hanesul f oni c

aci d ( HEPES) t i t r at ed t o pH 7. 0 wi t h NaOH, 50 mMNaCl , 25 mMKCI , I mM

MgSO, , 5 mMCaC12, 1 mg/ ml bovi ne ser um al bumi n ( or 10 mg/ ml pol yvi nyl

pyr ol l i done, PVP40) somet i mes suppl ement ed wi t h 10 gg/ ml gent amyci n . Var -

i at i ons i n t hi s medi um ar e descr i bed i n Resul t s .

For obser vat i on, sper m wer e pl aced on mi cr oscope sl i des t hat had been

washed f or 1- 3 h i n 1 NHCI , r i nsed i n di st i l l ed wat er and st or ed i n 95%et hanol .

The sper mwer e over l ai d wi t h a cover sl i p suppor t ed on t wo si des wi t h Vasel i ne.

Al l obser vat i ons wer e made at r oomt emper at ur e, 20' - 24° C. Theef f ect s of dr ugs

wer e st udi ed by di ssect i ng sper m di r ect l y i nt o medi um suppl ement ed wi t h t he

t est compound or by exchangi ng sol ut i ons t hr ough t he open ends of t he chamber s.

Cont r ol exper i ment s wi t h t r acer dyes showed t hat al l of t he sol ut i on was ex-

changed wi t hi n a f ew seconds .

Li ght mi cr oscope obser vat i ons wer e made usi ng Nomar ski opt i cs on a Zei ss

Uni ver sal mi cr oscope equi pped wi t h a Panasoni c WV- 1350 t el evi si on camer a

and model NV- 8030 t i me- l apse vi deot ape r ecor der . Sper m movement s wer e

anal yzed ei t her f r ame by f r ame, i n r eal t i me, or speeded up 9- or 18- f ol d . Cel l

out l i nes wer e t r aced di r ect l y f r omt he TV moni t or ont o t r anspar ent acet at e f i l m.

Al l quant i t at i ve measur ement s wer e made f r om t hese t r aci ngs. Phase- cont r ast

obser vat i ons wer e made usi ng a Zei ss st andar d mi cr oscope. Phot ogr aphy was

done as pr evi ousl y descr i bed ( 60) .

Pr epar at i on of Ascar i s Ut er i ne Cont ent s as a

Subst r at e f or Sper mMot i l i t y

I nt act ut er i wer e di ssect ed f r ommat ur e Ascar i s f emal es ( obt ai ned f r omEsskay

Qual i t y Meat s, Bal t i mor e, Md . ) . The cont ent s of t he pr oxi mal . 3 cmof each ut er us

wer e r emoved i nt o SM sal t s ( 2 ut er i / ml ) by gent l e massage wi t h a r ubber

pol i ceman . Eggs and l ar ge debr i s wer e r emoved by cent r i f ugat i on and t he

super nat ant was used i mmedi at el y or st or ed f r ozen . For sper m mot i l i t y t est s, 5

pl of t hi s sol ut i on wer e spr ead i n an 8- mm Di am ci r cl e on an aci d- washed gl ass

sl i de and ai r - dr i ed . Sper m wer e obt ai ned by di ssect i ng a C. el egans mal e i n a

dr op of SMcont ai ni ng BSA and 0. 5 pMmonensi n t o act i vat e t hem t o sper ma-

t ozoa ( 31) , and t hesewer e pl aced on t he dr i ed ext r act . Pr epar at i ons wer e over l ai d

wi t h cover sl i ps on Vasel i ne mount s as descr i bed above.

El ect r on Mi cr oscopy

For scanni ng el ect r on mi cr oscopy, sper mwer e di ssect ed i nt o SMcont ai ni ng

BSAon cover sl i ps coat ed wi t h Ascar i s ut er i ne ext r act and t r eat ed wi t h monensi n

t o act i vat e sper mat i ds t o sper mat ozoa. These pr epar at i ons wer e obser ved i n a

l i ght mi cr oscope and r ecor ded on vi deo t ape t o i dent i f y t r ansl ocat i ng cel l s. These

cel l s wer e r api dl y f i xed by per f usi on of SMcont ai ni ng 1%f or mal dehyde pl us

1 . 25% gl ut ar al dehyde t hr ough t he chamber and t hei r posi t i ons on t he cover sl i ps

wer e r ecor ded. Sampl es wer e f i xed over ni ght at 4° C, r i nsed i n SM, dehydr at ed

i n gr aded et hanol s and cr i t i cal poi nt dr i ed usi ng C02 as t he t r ansi t i on f l ui d .

Pr epar at i ons wer e coat ed wi t h Au/ PDand obser ved i n aJEOL JSM- 35 scanni ng

el ect r on mi cr oscope equi pped wi t h an LaBs f i l ament oper at ed at 8 kV. Cel l

posi t i ons r ecor ded by l i ght mi cr oscopy wer e used t o i dent i f y t hose sper mat ozoa

t hat wer e cr awl i ng when t hey wer e f i xed .

Cel l s wer e r out i nel y pr epar ed f or t r ansmi ssi on el ect r on mi cr oscopy ( TEM) by

gl ut ar al dehyde- t anni c aci d f ol l owed by OSO, f i xat i on and handl ed as descr i bed

pr evi ousl y ( 59) . Al t er nat i ve f i xat i on condi t i ons ar e decr i bed i n Resul t s .
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Sper m I sol at i on

Sper m wer e i sol at ed by a pr ocedur e modi f i ed f r om t hat devel oped by M.

Kl ass ( 21) . Mal es wer e obt ai ned by gr owi ng l i qui d cul t ur es of hi m- 5 mut ant

st r ai ns t hat pr oduce 35%mal es. Synchr onous cul t ur es wer e st ar t ed wi t h eggs

obt ai ned f r om adul t s i sol at ed by f l ot at i on on 25%Fi col l and t hen t r eat ed wi t h

20%Chl or ox i n 0 . 5 NNaOHf or 8- 12 mi n . l - 2 ml of eggs wer e pl aced i n 2- l i t er

baf f l ed shake f l asks ( Bel l co, I nc . , Vi nel and, N. J. , 2542 ser i es) i n S medi um( 52)

wi t h 0. 1 Mpot assi umphosphat e. 20 ml of E. col i at 3 x 10" cel l s/ ml wer e added

per ml of eggs, and t he cul t ur e was shaken on a r ot ar y t abl e at 150 r ev/ mi n at

20° C. Af t er 4 d, wor ms wer e col l ect ed by cent r i f ugat i on and f l ot at i on on 25%

Fi col l and r esuspended on 35- pi n por e si ze Ni t ex nyl on f i l t er s ( t ype HD3- 35,

Tet ko, I nc . , El msf or d, N. Y. ) st r et ched on embr oi der y hoops. Her maphr odi t es

ar e r et ai ned by t he f i l t er and t he mal es cr awl i ng t hr ough ar e separ at ed f r om

j uveni l es by col l ect i on on a 20- pmNi t ex f i l t er ( HC3- 20) . The mal es ar e r et ur ned

t o cul t ur e f or 1- 3 addi t i onal days and r ef r act i onat ed i f necessar y so t hat cul t ur es

of 97- 99%mal es ar e obt ai ned . These mal es cont ai n 600- 2, 000 sper m, dependi ng

on age . These sper mar e 95- 98%sper mat i ds .

Mal es ar e washed by cent r i f ugat i on and r esuspended i n a modi f i ed sper m

medi umi n whi ch Na' and K' have been r epl aced by chol i ne t o pr event act i vat i on

t o sper mat ozoa dur i ng cent r i f ugat i on ( 31) . Thi s medi um i s made t o 1 mg/ ml

BSA, 1 mMphenyl met hyl sul f onyl f l uor i de, PMSF and l mMsodi umbi sul f at e

t o mi ni mi ze pr ot eol ysi s dur i ng sper m i sol at i on whi ch i s car r i ed out at r oom

t emper at ur e because t he sper mat i ds become f r agi l e and par t i al l y act i vat e when

exposed t o col d . Sper mar e r el eased f r om mal es by squashi ng bet ween 16 x 22

cml uci t e pl at es i n a Car ver l abor at or y Pr ess at 13, 000 l bs . Car casses ar e r emoved

by f i l t r at i on t hr ough t hr ee l ayer s of 10- pi n por e si ze Ni t ex f i l t er ( HC- 3- 10) . The

sper m ar e separ at ed f r om sol ubl e mat er i al by l ayer i ng t hem over 10 ml of 10%

Per col l or 10%Fi col l ( Phar maci a Fi ne Chemi cal s, Pi scat away, N. J . ) i n chol i ne

subst i t ut ed SMpl us PVP and cent r i f ugi ng t he sper mi nt o a pel l et . The pel l et i s

washed t wo t i mes i n t he same medi um and ei t her qui ck f r ozen and st or ed at

- 70' Cor l ysed i mmedi at el y wi t h SDS cont ai ni ng gel sampl e buf f er and boi l ed

f or gel el ect r ophor esi s or r ef r ozen and st or ed at - 70° C.

Recover y of sper m by t hi s pr ocedur e i s 60- 90%, and >90% of t he sper m

r emai n as sper mat i ds . 3 x 10' cel l s can be obt ai ned f r om a 200- ml cul t ur e. 50-

80%of t hese sper mat i ds can be act i vat ed t o sper mat ozoa i f t hey ar e r esuspended

i n SMand t r eat ed wi t h monensi n. By di r ect obser vat i on i n a hemocyt omet er ,

sper mat ocyt es and r esi dual bodi es ar e t he onl y cel l ul ar cont ami nant s, and t hese

ar e onl y 0 . 05- 0. 1%t he number of sper mat i ds . Ther e i s al so a vi si bl e gr anul ar

cont ami nant t hat l ooks i n TEMas i f i t came f r om t he gut dur i ng squashi ng.

Cel l Sur f ace Label i ng

I nt act sper mat i ds or sper mat ozoa wer e l abel ed i n SMwi t h
"

I - i ododi azosul -

f ani l i c aci d as descr i bed i n ( 6) . Lysed cel l s wer e t r eat ed wi t h 0. 1%SDSand f r ozen

and t hawed t hr ee t i mes bef or e l abel i ng. The det ai l ed r esul t s of t hi s l abel i ng wi l l

be pr esent ed el sewher e, but evi dence t hat onl y sur f ace component s ar e l abel ed

on i nt act cel l s i s t hat t he maj or sper mpr ot ei n, whi ch compr i ses 15%of t he t ot al

sper m i nt er nal pr ot ei n ( 21) , i s not l abel ed unl ess t he cel l s ar e l ysed.

Gel El ect r ophor esi s

One- di mensi onal gel el ect r ophor esi s was per f or med accor di ng t o Laemmh

and Favr e ( 24) usi ng 10- 20% acr yl ami de gr adi ent get s . Two- di mensi onal get s

wer e used accor di ng t o O' Far r el ( 35) , except t hat pH 5- 7 amphol yt es wer e used .

Sampl es wer e pr epar ed f or gel el ect r ophor esi s ei t her by soni cat i ng and t r eat i ng

wi t h DNAse ( 35) or by l ysi ng i n SDS, boi l i ng, t hen pr eci pi t at i ng wi t h acet one

and r esuspendi ng i n sampl e buf f er . Gel s wer e Coomassi e- Bl ue- st ai ned as de-

scr i bed by Fai r banks et al . ( 14) and si l ver - st ai ned by t he met hod of Swi t zer et al .

( 54) as modi f i ed by Oakl ey et al . ( 33) . Mol ecul ar wei ght st andar ds wer e nemat ode

myosi n ( 210, 000) , , Q- gal act osi dase ( 130, 000) , phosphor yl ase ( 94, 000) , BSA

( 68, 000) , pyr uvat e ki nase ( 57, 000) , oval bumi n ( 43, 000) , pancr eat i c DNAse

( 3 1, 000) , soybean t r ypsi n i nhi bi t or ( 2 1, 000) , cyt ochr ome C ( 12, 400) , and a cyt o-

chr ome C doubl et ( 25, 000) .

Quant i t at i on of act i n i n sper mwas done by scanni ng Coomassi e- Bl ue- st ai ned

gel s wi t h a Joyce- Loebl densi t omet er ( Dur ham, Engl and) . The ar ea under t he

act i n peak was det er mi ned and conver t ed t o mi cr ogr ams of pr ot ei n usi ng a

st andar d cur ve of pur i f i ed r abbi t muscl e act i n el ect r ophor esed on gel s t hat wer e

st ai ned and scanned i n par al l el . On 2- D gel s t he i nt ensi t y of t he act i n spot was

compar ed by eyet o st andar d 2- Dgel s wi t h var i ous amount s of wor mact omyosi n

( 15%act i n) el ect r ophor esed and st ai ned i n par al l el . Gel s of
' 21

I - l abel ed pr ot ei ns

wer e aut or adi ogr aphed as descr i bed i n Swanst r om and Shank ( 53) .

Par t i al pept i de mappi ng of bands cut f r om Coomassi e- Bl ue- st ai ned gel s was

done as descr i bed by Cl evel and et al . ( I 1) , except t hat t he el ect r ophor esi s was not

i nt er r upt ed, t he gel s wer e 15- 20% acr yl ami de, and t he f i nal pept i de pat t er n was

si l ver - st ai ned as descr i bed above. Thi s sensi t i ve st ai n makes i t possi bl e t o obt ai n

a pept i de map f r oma band on a gel wi t h as l i t t l e as 0 . I pg of pr ot ei n .



Pr epar at i on of Act i n St andar ds

Cr ude act omyosi n f or pr ot ei n st andar ds was pr epar ed f r om whol e wor ms

( st r ai n CB1490) accor di ng t o Epst ei n et al . ( 13) and st or ed i n 50%gl ycer ol at

- 20° . By densi t omet r y of Coomassi e- Bl ue- st ai ned gel s, t hi s pr epar at i on was 15%

act i n. Pur i f i ed act i n was pr epar ed f r om an acet one powder of r abbi t back and

hi nd l eg muscl es ( 55) accor di ng t o t he pr ocedur e of Spudi ch and Wat t ( 51) and

st or ed at 4° C as Gact i n af t er f i l t er st er i l i zat i on. Pr ot ei n det er mi nat i ons wer e

made accor di ng t o Lowr y et al . ( 29) usi ng BSAas st andar d.

I mmunohi st ochemi st r y

Rabbi t ant i f i sh muscl e act i n ant i ser um was t he ki nd gi f t of Kei gi Fuj i war a .

Rabbi t ant i chi cken gi zzar d act i n ant i ser um was gener ousl y pr ovi ded by I r a

Her man. I t s char act er i zat i on i s descr i bed i n r ef er ence 16 . Rabbi t ant i - C. el egans

muscl e myosi n ant i ser um was ki ndl y pr ovi ded by Henr y Epst ei n. I t i s descr i bed

i n r ef er ence 46 . Sper mwer e f i xed on cover sl i ps or gl ass sl i des f or 30 mi n i n 4%

f or mal i n f r eshl y pr epar ed f r ompar af or mal dehyde . They wer e per meabi l i zed by

1- mi n i mmer si on i n 100% acet one at - 20° C, t hen r i nsed and st ai ned wi t h

ant i act i n at 100 l ag/ ml i n PBS f or I h, r i nsed t hor oughl y, t hen st ai ned wi t h

Rhodami ne- conj ugat ed goat ant i - r abbi t I gG( Cappel Labor at or i es, Cochr anvi l l e,

Pa. ) di l ut ed 1 : 80. To r educe backgr ound some pr epar at i ons wer e t r eat ed wi t h 5

mg/ ml l ysi ne af t er f or mal dehyde f i xat i on, and t he second ant i body was di l ut ed

i n 1 : 10 nor mal goat ser um. Epi - f l uor escence phot ogr aphs wer e r ecor ded on

Kodak Tr i - X f i l m devel oped i n HC- 110 devel oper di l ut i on B or i n Di af i ne

( Acuf i ne I nc. , Chi cago, 111. ) .

Heavy mer omyosi n f r agment s of r abbi t myosi n wer e gener ousl y pr ovi ded by

M. Roger s and W. Har r i ngt on . Sper m wer e l i ght l y f i xed i n f or mal dehyde and

per meabi l i zed wi t h gl ycer i n ( 48) or saponi n ( 34) and st ai ned wi t h HMMas

descr i bed i n r ef er ence 34.

Reagent s

Cyt ochal asi ns B, D, and E wer e gener ousl y pr ovi ded by Shi n Li n and wer e

st or ed as st ock sol ut i ons i n di met hyl sul f oxi de ( DMSO) . They wer e bi ol ogi cal l y

act i ve when t est ed on ner ve gr owt h cones. Phal l oi di n ( Boehr i nger Mannhei m

Bi ochemi cal s, I ndi anapol i s, I nd . ) was al so used as a DMSOst ock sol ut i on . These

dr ugs wer e di l ut ed f r esh i n sper mmedi um, and t he DMSOconcent r at i on never

exceeded 1% al t hough cel l mor phol ogy and behavi or was nor mal i n up t o 5%

DMSO.

Col chi ci ne ( Si gma Chemi cal Co . , St . Loui s, Mo. ) and Oncobendazol e ( Janssen

R. &D. , I nc . NewBr unswi ck, N. J. ) wer e made up f r esh i n SMand di l ut ed j ust

bef or e use .

Al l ot her chemi cal s wer e of r eagent gr ade and wer e obt ai ned f r om Si gma

Chemi cal Co. , Wor t hi ngt on Bi ochemi cal Cor p . , Fr eehol d, N. J . , or Schwar t z/

Mann, Or angebur g, N. Y.

Ter mi nol ogy

The t er m " amoeboi d" i s used t o descr i be t he movement of C. el egans

sper mat ozoa because i t has been wi del y used t o descr i be nemat ode sper mat ozoa

( e . g . 4, 15) .

RESULTS

Medi a f or St udyi ng Sper m Mot i l i t y

Sper mf r ommat ed C. el egans mal es wer e used t o devel op a

mi ni mal mai nt enance medi um t hat woul d sust ai n sper mmo-
t i l i t y f or sever al hour s and pr event cel l l ysi s and degener at i on .

Many var i at i ons on st andar d t i ssue cul t ur e medi a wer e t est ed .
The best r esul t s wer e obt ai ned wi t h t he l ow osmot i c st r engt h

SMdescr i bed i n Mat er i al s and Met hods . Thr ee essent i al r e-
qui r ement s wer e i dent i f i ed. ( a) The medi ummust be of l ow

osmot i c st r engt h: 217 mOsm i s t he measur ed val ue f or SM.

Lysi s and mor phol ogi cal def ect s occur i n medi a above 300

mOsm. ( b) SMmust cont ai n pr ot ei n or ot her macr omol ecul es

such as pol yvi nyl pyr ol l i done or Dext r an 500 t o pr event l ysi s

al t hough t he sal t s al one ar e t ol er at ed f or shor t t i mes and ar e
used wi t h some f i xat i ves . ( c) Pseudopods ar e mai nt ai ned best
at neut r al pH al t hough t he r ange pH 6 t o 8 i s accept abl e . A
mi nor dependence on di val ent cat i ons i s obser ved . I n one

exper i ment 52% of sper m i n sper m medi um ( 5 mMCa" , 1

mMMg" ) had pseudopods vs 28- 29% when cal ci um was
absent or r epl aced wi t h 1 mMEGTA. The r emoval of mag-
nesi umhad even l ess ef f ect . The r at i o of sodi um t o pot assi um

may be var i ed consi der abl y. HEPES gave t he best r esul t s as a

buf f er al t hough Tr i s may be subst i t ut ed . Phosphat e buf f er s

wer e l ess sat i sf act or y .

Subst r at e Requi r ement s f or Sper mMovement

A number of subst r at es wer e t est ed f or t hei r abi l i t y t o
pr omot e cel l at t achment and t o al l ow t r ansl ocat i on . These
i ncl ude pol yst yr ene, t i ssue cul t ur e pl ast i c, aci d- washed gl ass,
magnesi um acet at e- i mpr egnat ed gl ass, or t he f ol l owi ng mat e-

r i al s dr i ed ont o gl ass sl i des : pol y- L- l ysi ne, pol y- L- or ni t hi ne,

BSA, oval bumi n, f et al cal f ser um, t ype I V col l agen, f i br onect i n,
and agar . Cel l s at t ach t o many of t hese subst r at es but f ai l t o
t r ansl ocat e except on aci d- washed gl ass wher e 5- 15% of t he
sper mat ozoa wi l l cr awl f or war d.

Many of t he obser vat i ons on sper m mot i l i t y descr i bed bel ow

wer e made on aci d- washed gl ass, but a bet t er subst r at e can be

pr epar ed by squeezi ng sol ubl e mat er i al f r om t he ut er i of di s-
sect ed C. el egans her maphr odi t es and dr yi ng t hi s ont o gl ass
sl i des. Thi s was t r i ed because t he ut er us i s t he nor mal si t e of

sper m mot i l i t y . I t was f ound t hat mat er i al f r om t he par asi t i c

nemat ode Ascar i s wor ked as wel l , so t hi s was used f or al l

quant i t at i ve st udi es because i t was mor e easi l y obt ai ned . At t he

appr opr i at e concent r at i on, t hi s Ascar i s ut er i ne mat er i al i n-
cr eases t he f r act i on of sper mat ozoa t hat t r ansl ocat e t o 30- 60%,

and i ncr eases t hei r vel oci t y . The i dent i t y of t he t r ansl ocat i on-

pr omot i ng mat er i al i n t he Ascar i s ext r act i s unknown, except

t hat i t i s heat st abl e, t r ypsi n i nsensi t i ve, TCA sol ubl e, not

ext r act abl e by chl or of or m- met hanol , and i t chr omat ogr aphs

on a Bi o- Gel P2 col umn ( Bi o- Rad Labor at or i es, Ri chmond,
Cal i f ) as a si ngl e peak wi t h appar ent mol ecul ar wei ght of 600.
I t i s not f ound i n Ascar i s coel omi c f l ui d or ext r act ed f r om
t i ssue ot her t han t he ut er us .

Obser vat i ons of Sper m Mot i l i t y

The mat ur e sper mat ozoon of C. el egans i s a bi pol ar amoe-

boi d cel l whose ul t r ast r uct ur e has been r epor t ed i n det ai l ( 31,

59, 62) . On one end of t he cel l i s a hemi spher i cal cel l body

cont ai ni ng t he nucl eus and maj or cel l or ganel l es; t hi s i s a st abl e

st r uct ur e unl ess def or med by subst r at e at t achment . At t he ot her

end of t he sper m i s a r api dl y movi ng pseudopod 0 t o 5 , um

l ong t hat i s f i l l ed wi t h an amor phous cyt opl asmwi t hout or gan-

el l es or mi cr ot ubul es or mi cr of i l ament s ( 59, 62, and bel ow) .

The pseudopod j oi ns t he cel l body at a sl i ght const r i ct i on .

Dot t i ng t he sur f ace of t he pseudopod ar e 60 t o 70 st ubby

pr oj ect i ons 250 nmi n Di amand 200 t o 450 nml ong t hat , l i ke

t he pseudopod, ar e f i l l ed wi t h amor phous cyt opl asm ( 59) .
When a sper mat ozoon i s mi gr at i ng acr oss a t r eat ed subst r at e

i t s pseudopod f l at t ens down agai nst t he subst r at e whi ch i t s
pr oj ect i ons cont act ( Fi g. 1) . TEMexami nat i on of sper mat ozoa
cut per pendi cul ar t o t he subst r at e suggest s t hat onl y t he pr o-
j ect i ons ar e i n cont act wi t h t he subst r at e ( not shown) . I n
cont r ast , nont r ansl ocat i ng sper mat ozoa have mor e cyl i ndr i cal ,
shor t er pseudopods . They usual l y at t ach by t hei r cel l bodi es
wi t h t hei r pseudopods ext endi ng i nt o t he medi um( Fi g . 1) . On
st r ongl y adher ent subst r at es such as pol y- L- l ysi ne t he whol e
cel l f l at t ens out agai nst t he subst r at e ( dat a not shown) and no
t r ansl ocat i on i s obser ved.

The movement s of C. el egans sper mat ozoa on aci d- washed
gl ass or Ascar i s ext r act r esembl e t hose of l eukocyt es ( 42) ,
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embr yoni c cel l s ( 56) or Ascar i s sper m ( 32) . Two movement s

can be r eadi l y di st i ngui shed : al t er at i ons i n pseudopod shape

and movement s of pseudopodi al pr oj ect i ons over t he pseudo-

pod sur f ace . Bot h movement s of t he pseudopod ar e seen

whet her or not t he cel l i s at t ached t o t he subst r at e .

Shape changes of pseudopods ar e pr oduced by pr ot r usi on or

r et r act i on of t he cel l ' s l eadi ng edge or changes i n cont our al ong

t he si des of t he pseudopod ( Fi gs. 2 and 3) . Cl ust er s of pseu-

dopodi al pr oj ect i ons f or m at t he t i p of t he pseudopod and

sweep backwar ds acr oss t he t ops, bot t oms, and si des of pseu-

dopods, di sappear i ng at t he j oi nt bet ween t he cel l body and

pseudopod. Thei r movement s ar e i ndependent of bul k shape

changes . Gr oups of pr oj ect i ons may f or m a t r ansver se r ow

acr oss t he pseudopod, not unl i ke a r uf f l e on a cul t ur ed f i br o-

bl ast ( 20) . Pr oj ect i ons sweep backwar d on cel l s at 20- 45 Am/

mi n, sl i ght l y f ast er t han t he f or war d pr ogr ess of t he sper m.

Dur i ng t r ansl ocat i on, al t er at i ons i n pseudopod si ze and

shape cont i nue bot h i n t he di r ect i on of mot i on and l at er al l y or

obl i quel y. Occasi onal l y, t r ansl ocat i on occur s wi t hout changes

i n pseudopod shape and si ze, suggest i ng t hat pr oj ect i on move-

ment s, not bul k pseudopod movement s, pr opel t he cel l f or war d.

FI GURE 1 SEM i mage of a f i el d of sper mat ozoa on a cover sl i p

coat ed wi t h Ascar i s ut er i ne exudat e . The movement s of t hese cel l s

wer e r ecor ded on t i me- l apse vi deo t ape bef or e f i xat i on . The onl y

t r ansl ocat i ng cel l was t he one i n t he l ower l ef t wi t h t he f l at t ened

pseudopod . The ot her cel l s wer e movi ng t hei r pseudopods but not

mi gr at i ng over t he subst r at e . The cel l on t he l ower r i ght i s aber r ant .

Bar , 2 Am. Ti l t 45° . x7, 000 .
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Tur ns ar e pr eceded by obl i que or l at er al changes i n pseudopod

shape t hat pr esumabl y l ead t o new subst r at e at t achment s ( Fi g.

4) . I f t he t r ai l i ng cel l mar gi n det aches abr upt l y, t he cel l body
j ol t s f or war d or suddenl y f l i ps t o t he out si de of t he t ur n . I f t he

cel l mar gi n i s f i r ml y at t ached, i t di st ends i nt o a f l at t ened or

coni cal f or m, somet i mes t r ai l i ng smal l r et r act i on f i ber s . De-

t achment of t hese f i ber s i s accompani ed by a qui ck r et ur n t o

t he usual hemi spher i cal shape . Cel l s al so t ur n when pseudopod

det achment i s f ol l owed by r ot at i on . The new di r ect i on i s

est abl i shed when new at t achment s ar e f or med.

Fi g . 5 i l l ust r at es a number of t r acks of sper m movi ng on

aci d- washed gl ass sl i des as r ecor ded on vi deo t ape. A t ypi cal

sper m moves i n a st r ai ght l i ne or i n a gent l e ar c f or - 20 Am

bef or e t ur ni ng . The vel oci t y dur i ng t hi s st r ai ght r un aver ages

9 . 4 t t m/ mi n wi t h a maxi mum of 30 Am/ mi n on aci d- washed

gl ass. I n vi vo, sper mmay move at up t o 36 gm/ mi n over eggs

or al ong gonad wal l s . On Ascar i s ut er i ne ext r act , t he mean

vel oci t y i s 21 t 4 Am/ mi n, t he r ange i s 5- 43, um/ mi n . Fl uct u-

at i ons i n vel oci t y occur bot h i n t he popul at i on of cel l s and i n

i ndi vi dual s . Fi g . 6 shows t he t r acks and vel oci t y pr of i l es of

t hr ee cel l s, i l l ust r at i ng var i at i ons i n t hei r behavi or . Not i ce how

movi ng sper m occasi onal l y st op f or up t o t wo mi n bef or e

r esumi ng t hei r mi gr at i on. Occasi onal l y, pseudopods det ach

f r om t he sl i de ; t he cel l s t hen r emai n i n pl ace and wi ggl e f or

many mi nut es bef or e r eat t achi ng and movi ng of f .

Numer ous col l i si ons bet ween t r ansl ocat i ng sper mhave been

obser ved . Movi ng sper msomet i mes di sl odge sessi l e sper mat i ds

whi ch, i f f i r ml y at t ached t o t he sl i de, may snap back i nt o pl ace

as t he movi ng cel l passes. The same may happen t o r uf f l i ng

sper mat ozoa . Head- on col l i si ons bet ween sper mat ozoa pr ovi de

Am.

0, 4, 8 ,. 6, 20, 22 22, 26, 28

0, 4, 8 , . 2, 16, 20 22, 26, 28

I . - I I

FI GURE 3 Rapi d changes i n cont our of t he pseudopodi a of t wo

sper mat ozoa ( A and B) . Tr aci ngs f r om vi deot ape r ecor ds of t wo

sper m show changes i n shape and r et r ogr ade movement of pseu-

dopodi al pr oj ect i ons . The sequence i n each f r ame i s sol i d l i ne,

dot t ed l i ne, dashed l i ne, wi t h t he t i mes shown i n seconds . Bar , 5

FI GURE 2

	

Nomar ski - mi cr of l ash phot os of a sper mat ozoon at 10- s i nt er val s, i l l ust r at i ng changes i n pseudopod shape . Pr ot r usi on

and r et r act i on of di f f er ent r egi ons on t he pseudopod ar e i ndependent . The r et r ogr ade movement of pseudopodi al pr oj ect i ons i s

especi al l y obvi ous bet ween 10 and 20 s al ong t he r i ght hand si de of t he cel l . Bar , 2 Am.



no evi dence f or cont act i nhi bi t i on of movement . Col l i di ng cel l s

cont i nue t o move f or war d and ar e mi ni mal l y def l ect ed as t hey
pass . Movi ng sper m may dr ag one or t wo ot her cel l s ( wi t h or

wi t hout t hei r own pseudopods) behi nd . When t hi s occur s, t he

at t achment s bet ween cel l s ar e i nvar i abl y bet ween t hei r cel l

bodi es, not t hei r pseudopods .

Sper mf r ommal es have been obser ved i n vi vo i n t he ut er i

and sper mat hecae of her maphr odi t es as wel l as i n t he vas

def er ens of mal e gonads. The mot i l i t y of t hese cel l s i s i ndi st i n-

gui shabl e f r om t hat of mal e sper m i n vi t r o whet her t he cel l s

use oocyt es, shel l ed zygot es, or gonad wal l s as subst r at es . Fi g.

4 c shows a sper m movi ng t hr ough t he l umen of t he vas

def er ens of a mal e j ust af t er copul at i on . The i n vi vo and i n

vi t r o mot i l i t y of endogenous her maphr odi t e sper m i s al so

i ndi st i ngui shabl e f r om t he i n vi t r o mot i l i t y of mal e sper m.

Her maphr odi t e and mal e sper m ar e known t o be di f f er ent i n

some r espect s because mal e sper mout compet e her maphr odi t e

sper m i n f er t i l i zi ng eggs ( 60) . Vi si bl e di f f er ences i n mot i l i t y do

not account f or t hi s pr oper t y .

Act i n and Myosi n i n Sper m

Because t he amoeboi d mot i l i t y of sper mat ozoa appear ed l i ke

t hat of ot her eucar yot i c cel l s, we ant i ci pat ed t hat act i n woul d

be a maj or pol ypept i de i n t he sper m. That i s not t he case . By

SDS- pol yacr yl ami de gel el ect r ophor esi s ( SDS- PAGE) , onl y a

mi nor band i s f ound at t he mobi l i t y of wor mmuscl e act i n ( Fi g.

7) . Two- di mensi onal gel s showt hat t hi s band i s pr edomi nant l y

FI GURE 4 Out l i nes of sper mat ozoa movi ng on aci d- washed gl ass

and i n t he mal e vas def er ens ( A and B) . Sper mat ozoa movi ng on

gl ass f or t hr ee mi n . Out l i nes ar e at appr oxi mat el y equal di spl ace-

ment i nt er val s . Changes i n cont our of t he l eadi ng pseudopodi a

pr oduce changes i n t he di r ect i on of t r ansl ocat i on . The cel l body

r emai ns r ounded and f ol l ows al ong behi nd . ( C) A sper mat ozoon

movi ng i nsi de t he l umen of t he mal e vas def er ens appear s si mi l ar

t o sper m movi ng i n vi t r o . Gonad wal l s ar e shaded . The aver age

speed of t he cel l i n ( C) i s 36 g. m/ mi n compar ed t o 6. 6 and 8. 3 f t ml

mi n f or cel l s A and B.

a pol ypept i de t hat comi gr at es pr eci sel y wi t h t he maj or wor m

act i n component ( Fi g . 8) . Quant i t at i on of Coomassi e Br i l l i ant

Bl ue- st ai ned 1- D gel s or si l ver - st ai ned 2- Dgel s r eveal s t hat t hi s

put at i ve act i n r epr esent s onl y 0. 02%of t he pr ot ei n pr esent i n

pur i f i ed sper m.

Fur t her evi dence t hat t he band vi si bl e on 1- D gel s i s act i n

comes f r om par t i al pept i de mappi ng . Fi g. 9 shows t he si l ver -

st ai ned par t i al pept i de map of t he put at i ve act i n band cut f r om

a Coomassi e Bl ue- st ai ned gel . The t hr ee pept i des f ound i n

wor mmuscl e act i n ar e al so f ound i n t he sper m act i n, and t he

pept i de at 25, 000 i s t he most abundant . Because t he sper m

act i n band i s not homogeneous many ot her pept i des ar e f ound

as wel l . At t empt s t o pept i de map t he act i n spot cut f r om2- D

gel s have been unsuccessf ul .

Because of t he smal l amount of act i n det ect ed bi ochemi cal l y

we wor r i ed t hat act i n or i gi nal l y pr esent i n t he sper m coul d

have been l ost by pr ot eol ysi s dur i ng pr epar at i on f or gel el ec-

t r ophor esi s . Thi s i s unl i kel y because sper m pr epar at i ons l ysed

di r ect l y i n hot SDS showed an i nt ensi t y act i n band on 1- and

2- Dgel s t hat was si mi l ar t o t hat of cel l s l ysed f i r st by soni cat i on

( dat a not shown) . I n addi t i on, t he i nt ensi t y of t he act i n band

on 1- D and 2- D gel s has been si mi l ar i n mor e t han 15 i nde-

pendent bat ches of i sol at ed sper m i n spi t e of sl i ght var i at i ons

i n handl i ng t he cel l s . No pr ot eol yt i c act i vi t y can be det ect ed
i n sper m l ysat es when exogenous dye- coupl ed or i sot ope- l a-

bel ed pr ot ei ns ar e added . The maj or spot t hat mi gr at es j ust

bel ow act i n on 2- D gel s ( Fi g. 8) does not have pept i des

cor r espondi ng t o t hose i n act i n ( not shown) , and t he maj or

sper m pr ot ei n i s not an act i n f r agment ( 21, 32) .

Agai n, because of t he smal l amount of act i n det ect ed i n

pur i f i ed sper m we wer e concer ned whet her t hi s act i n was i n

t he sper m at al l or whet her i t mi ght be an i mpur i t y . We have

used t wo di f f er ent ant i act i n ant i ser a t o det ect act i n i n f i xed and

per meabi l i zed sper m by i ndi r ect i mmunof l uor escence . Bot h

ser a gave t he same r esul t : dot s of f l uor escence ar e f ound i n t he

pseudopods of sper mat ozoa ( Fi gs . 10 and 11) . Cont r ol s show

t hat t hi s punct at e st ai ni ng of sper mat ozoan pseudopods i s not

seen i f t he ant i act i n ant i ser um i s omi t t ed ( Fi g . 10 e, f ) or i f i t

i s bl ocked by pr ei ncubat i on wi t h pur i f i ed r abbi t act i n ( Fi g .

11 c, d) or cr ude wor mact omyosi n ( not shown) . I t i s al so not

seen wi t h anot her hyper i mmune ser um di r ect ed agai nst nem-

at ode myosi n ( Fi g. 11 e, f ) . Sper mat i ds i n t he same f i el d as t he

FI GURE 5

	

The t r acks of 11 sper mat ozoa movi ng on gl ass ar e shown .

Cel l s may move i n r el at i vel y st r ai ght l i nes or gent l e ar cs f or up t o

50 Am( t r acks 2, 4, 9, 10) or may t ur n t hr ough smal l angl es and even

cr oss t hei r own t r ack ( 1, 3, 8, 11) . Fr equent l y cel l s cease t r ansl ocat i ng

and wi ggl e i n pl ace f or sever al mi nut es ( st ar s, t r acks 5, 6, 7, 11) .

They may t hen st ar t movi ng agai n i n any new di r ect i on . Occasi on-

al l y, cel l s become qui escent ( dot s, t r acks 7 and 11) . Thi s may l ast f or

up t o 2 mi n bef or e t he cel l s begi n t he cr awl agai n .
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FI GURE 6

	

Tr acks of t hr ee sper mat ozoa wi t h accompanyi ng vel oci t y

pr of i l es . Each t r ack i s a t r aci ng f r omvi deot ape di spl ayi ng t he out l i ne

and posi t i on of a cel l at appr oxi mat el y equal di spl acement i nt er val s .

I n ( b) and ( c) over l ap of cel l out l i nes occur s, so t he pat h of

movement i s shown by ar r ows al so . I n ( c) t he sper mat ozoon near l y

r et r aces i t s t r acks f ol l owi ng a U- t ur n, so t he second par t of t he t r ack

i s di spl aced f or cl ar i t y . Ver t i cal bar s, 10 Am.

Vel oci t y pr of i l es show t he aver ages of speeds of l eadi ng and

t r ai l i ng cel l mar gi ns bet ween successi ve out l i nes . Ci r cl es i ndi cat e

f eat ur es of speci al i nt er est , such as shar p t ur ns or per i ods of qui es-

cence.

Sper mat ozoon ( A) moves i n a gent l e ar c wi t h appr oxi mat el y

const ant vel oci t y . Cel l ( B) moves wi t h r el at i vel y sl ow speed unt i l

t ur ni ng ( o) . I t t hen shows a bur st of r api d movement ( o) bef or e

sl owl y down agai n . Cel l ( c) moves wi t h var i abl e speed and wi ggl es

wi t hout t r ansl ocat i on f or a mi nut e ( o) , t hen i t begi ns movi ng agai n .

sper mat ozoa do not showpunct at e st ai ni ng, and t hei r uni f or m

st ai ni ng i s di f f i cul t t o di st i ngui sh f r ombackgr ound. Consi st ent

wi t h t he l ow amount of act i n i n t he sper m, we wer e unabl e t o

det ect f l uor escence above backgr ound wi t h a l ess sensi t i ve,

di r ect l y l abel ed ant i body pr epar ed f r omt he same ant i chi cken

gi zzar d ant i ser um used i n one of t he i ndi r ect assays ( not

shown) . Thi s di r ect l y l abel ed ser um r eadi l y det ect ed act i n i n

pseudopods of Ascar i s sper mat ozoa, whi ch have 0. 5%of t hei r

pr ot ei n as act i n ( 32) .

These i mmunof l uor escent st ai ni ng r esul t s show t hat at l east

some act i n i s pr esent i n sper mat ozoa but do not r eveal whet her

t hi s account s f or al l of t he 0. 02%act i n f ound i n pr epar at i ons

of pur i f i ed sper m. Ther e ar e sever al pot ent i al sour ces of con-

t ami nat i ng act i n: f r agment s of wor m car casses ; act i n or act i -

nomyosi n r el eased f r omcar casses dur i ng sper m i sol at i on; ot her

cel l t ypes cont ai ni ng act i n. Car casses or act omyosi n ar e un-

l i kel y cont ami nant s because no myosi n ( < 0 . 005%) i s det ect ed

on gel s ( Fi gs . 7 and 12) . When i sol at ed sper m ar e l abel ed wi t h

t he cel l i mper meant sur f ace l abel " ' I - i ododi azosul f ani l i c aci d,

a spot wi t h t he mobi l i t y of act i n i s not f ound by aut or adi og-

r aphy of 2- D gel s unl ess t he sper m ar e l ysed wi t h det er gent

bef or e l abel i ng ( Fi g. 13) . Thi s shows t hat sol ubl e act i n or

act omyosi n or ot her act i n out si de of a cel l i s not cont r i but i ng

subst ant i al l y t o t he act i n f ound i n pur i f i ed sper m.

By di r ect exami nat i on of pur i f i ed sper m pr epar at i ons wi t h

t he compound mi cr oscope, t he onl y cont ami nat i ng cel l s de-

t ect ed ar e sper mat ocyt es and t hese ar e 0 . 05- 0 . 1%t he number

of sper m. Sper mat ocyt es do st ai n mor e br i ght l y wi t h ant i act i n

ant i ser a t han do sper mi n t he same f i el d ( Fi g . 14 a, b) and t hey

do cont ai n act i n mi cr of i l ament s ( Fi g. 14 c) , so t hey must be

cont r i but i ng t o t he act i n f ound i n sper m pr epar at i ons. Ther e-
f or e 0 . 02%i s a maxi mal est i mat e of t he amount of act i n i n t he
sper m.

Mi cr of i l ament s and Mi cr ot ubul es

Wi t h our convent i onal f i xat i on pr ocedur e ( 1 . 3%gl ut ar al de-

FI GURE 7 SDS- PAGE of sper m pr ot ei n and act i n . Lanes a- c ar e

Coomassi e- Br i l l i ant - Bl ue- st ai ned . Lane d i s si l ver st ai ned . ( a) 2 x 10'

sper m, 320 t Lg t ot al pr ot ei n, ( b) 5 x 10 8 sper m, 80 wg pr ot ei n pl us

0. 2gg r abbi t act i n, ( c) 0. 2[ 1g r abbi t act i n, ( d) 10' sper m. The posi t i ons

of wor m act i n and myosi n f r om par al l el gel s of wor m act omyosi n

ar e shown by ar r ows . MSP i s t he maj or sper mpr ot ei n ( 21) .
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Two- di mensi onal gel s of sper m pr ot ei ns and st andar ds .

SDS- PAGE i s ver t i cal , t he mol ecul ar wei ght s ( x 10 - 3) of some

st andar ds ar e i ndi cat ed . I soel ect r i c f ocusi ng ( pH 5- 7 amphol yt es) i s

hor i zont al . Al l gel s ar e si l ver - st ai ned . ( a) 10' sper m, t he spot t hat

comi gr at es wi t h wor m act i n i s i ndi cat ed by ar r ow. ( b- d) Act i n

r egi on onl y . ( b) 10' sper m. ( c) 10' sper m pl us wor m act omyosi n .

Not e enhancement of act i n spot . ( d) Wor m act omyosi n . Unl i ke

Schachat et al . ( 47) we f i nd t hat act i n gi ves one maj or spot and a

mi nor spot mor e basi c . Somet i mes t he smear t o t he aci di c si de of

t he maj or act i n spot f or ms anot her mi nor spot .

hyde pl us 0 . 2%t anni c aci d f ol l owed by 1%Os04) no f i l ament s

wi t h t he di mensi on of act i n- cont ai ni ng mi cr of i l ament s or mi -

cr ot ubul es ar e f ound i n sect i ons of sper mat ozoa or sper mat i ds

( 59) . The smal l amount of act i n pr esent i n sper mat ozoa woul d

make mi cr of i l ament s di f f i cul t t o f i nd i n sect i ons, but t he i m-

munof l uor escence r esul t s suggest t hat t her e ar e l ocal concen-
t r at i ons of act i n, so f i l ament s mi ght be det ect ed i n t he pseu-
dopods adj acent t o t he membr ane i f t hey wer e pr esent . We

have exami ned sect i ons cut bot h par al l el and per pendi cul ar t o

t he subst r at e wi t hout f i ndi ng mi cr of i l ament s . We have t r i ed
numer ous f i xat i on condi t i ons t o pr eser ve mi cr of i l ament s or

mi cr ot ubul es f or det ect i on i n sect i ons . These i ncl ude f i r st f i x-
at i ons wi t h gl ut ar al dehyde and f or mal dehyde, gl ut ar al dehyde

and OS04 combi ned, gl ut ar al dehyde i n var i ous concent r at i ons

and f r om sever al suppl i er s and i n sever al buf f er s, gl ut ar al de-

hyde f ol l owed by t hi ocar bohydr azi de, as wel l as gl u-

t ar al dehyde pl us t anni c aci d. Some of t hese f i r st f i xat i ons wer e

f ol l owed by osmi cat i on f or 15 mi n t o 1 h at pH val ues f r om 6
t o 8 ( 30) i n col d and at r oom t emper at ur e . I n no case coul d
mi cr of i l ament s or mi cr ot ubul es be f ound i n t he pseudopods or
el sewher e i n t he cel l s ( dat a not shown) .

Heavy mer omyosi n decor at i on of gl ycer i nat ed or saponi n-

per meabi l i zed cel l s al so f ai l ed t o det ect act i n f i l ament s i n

sper mat i ds or sper mat ozoa wher eas t hey wer e r eadi l y det ect ed

i n sper mat ocyt es i n t he same sect i ons ( Fi g . 14 c) .

A mor e sensi t i ve way t o det ect act i n f i l ament s i f t hey ar e

at t ached t o membr anes or hel d i n t he cor t ex of a cel l i s t o

at t ach t he cel l s t o a mi cr oscope gr i d, bl ast of f t he t op of t he

FI GURE 9

	

Par t i al pept i de mappi ng of wor m muscl e act i n and sper m

act i n . Lane ( a) wor m muscl e act i n cut out of a 1- D gel pl us 12 . 5 ng

st aphyl ococcal V8 pr ot ease . ( b) Sper m act i n band cut out of a 1- D

gel , such as shown i n Fi g . 7 a, pl us 12 . 5 ng VS pr ot ease . ( c) 50 ng

V8 pr ot ease ( V8) .

FI GURE 10 Ant i act i n i mmunof l uor escence . ( a- d) Sper mat ozoa

f i xed, per meabi l i zed, t r eat ed wi t h ant i chi cken gi zzar d act i n ant i se-

r um, t hen st ai ned wi t h r hodami ne- conj ugat ed goat ant i r abbi t ser a .

( e- f ) Cont r ol omi t t i ng ant i act i n ser um. a, c, e Nomar ski ; b, d, f

f l uor escence. 90%of t he sper mat ozoa wi t h wel l pr eser ved pseudo-

pods have at l east one br i ght spot of st ai n i n exper i ment al s ( mean

= 2 . 8/ cel l ) wher eas onl y 12%of cont r ol cel l s have any br i ght spot s .
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FI GURE 11 Ant i act i n i mmunof l uor escence . ( a, b) Sper mat ozoa

f i xed, per meabi l i zed, t r eat ed wi t h ant i f i sh muscl e act i n ser um t hen

st ai ned wi t h r hodami ne- conj ugat ed goat ant i r abbi t ser um. ( c, d)

Cont r ol sper mat ozoa pr epar ed i n par al l el i n whi ch t he f i r st ant i se-

r um was mi xed wi t h 1 mg/ ml r abbi t act i n . ( e, f ) Sper mat ozoa

pr epar ed i n par al l el t r eat ed wi t h ant i nemat ode myosi n ser um. a, c,

e Nomar ski opt i cs ; b, d, f f l uor escence . Bar , 5 f Lm .

FI GURE 12

	

Two- di mensi onal gel s of sper m pr ot ei ns and st andar ds,

myosi n r egi on, si l ver st ai ned . Myosi n r uns as a st r eak wi t h var i abl e

l engt hs as i ndi cat ed by ar r ows . ( a) 107 sper m, ( b) 107 sper m pl us

wor m act omyosi n, ( c) wor mact omyosi n .

cel l wi t h a j et of buf f er or det er gent , and negat i vel y st ai n t he

adher i ng membr ane sur f ace ( 10, 23) . We have t r i ed t hi s wi t h

sever al buf f er s wi t h and wi t hout cal ci um and have i ncl uded

heavy mer omyosi n or phal l oi di n i n t he washi ng sol ut i on t o

maxi mi ze t he pr eser vat i on of mi cr of i l ament s . Onl y i ndi st i nct

shor t f i l ament s wer e f ound ( Fi g . 15) . Repeat ed at t empt s t o

decor at e t hese mi cr of i l ament s wi t h heavy mer omyosi n wer e

unsuccessf ul , so t hey ar e unl i kel y t o be act i n mi cr of i l ament s .

No st r uct ur es cor r espondi ng t o t he dot s of act i n obser ved by

i mmunof l uor escence ( Fi gs . 10 and 11) ar e f ound i n TEM. We

have asked whet her or not t he dot t ed st ai ni ng pat t er n i s

i nduced by t he at t achment of cel l s t o t he subst r at e ( pol y- t . -

l ysi ne- coat ed gl ass) bef or e f i xat i on . I t i s not . Cel l s f i xed i n

suspensi on wi t h f or mal dehyde bef or e subst r at e at t achment

have about t he same number of dot s of st ai n ( 2- 3/ sper mat ozoa)

and t he same di st r i but i on ( 70% i n pseudopod, 25% at base of

pseudopod and 5% i n cel l body) as cel l s at t ached t o t he

subst r at e bef or e f i xat i on .

Phar macol ogy

Many cel l s hal t movement or change shape on exposur e t o
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mi cr omol ar concent r at i ons of cyt ochal asi ns ( 26, 27, 50) . Cyt o-

chal asi ns B, D, and E had no ef f ect s on sper mat ozoan mot i l i t y

even at concent r at i ons of 50- 100 1AM, even when appl i ed i n

l i posomes t hat f use wi t h t he cel l . I n cont r ast , cel l di vi si on

dur i ng sper mat ogenesi s was r ever si bl y i nhi bi t ed by 5 , uM cy-

t ochal asi n B ( G. Nel son, unpubl i shed obser vat i on) and embr y-

oni c cl eavages ar e bl ocked by cyt ochal asi n B ( 25) .
The dr ug, phal l oi di n, i nduces pol ymer i zat i on of act i n under

condi t i ons t hat nor mal l y f avor t he monomer i c st at e of t he

pr ot ei n . Al t er at i ons of cel l shape and f unct i on accompany

t r eat ment of some l i ve cel l s wi t h t he dr ug ( 40) . Phal l oi di n had

no not i ceabl e ef f ect s on sper m mot i l i t y, sper mat ogenesi s, or

cel l mor phol ogy at 10- 20 t Lg/ ml .

Tubul i n- depol ymer i zi ng dr ugs, col chi ci ne and oncobenda-

zol e, wer e t est ed and f ound t o have no vi si bl e ef f ect s on sper m

mot i l i t y at concent r at i ons up t o 100 t i g/ ml .

Sper mat ozoan Mot i l i t y i n Muscl e- def ect i ve and

Fer t i l i zat i on- def ect i ve Mut ant s

To l ear n whet her genes cont r ol l i ng muscl e or gani zat i on and

FI GURE 13 Aut or adi ogr aphs of t wo- di mensi onal gel s of l abel ed

sper m pr ot ei n, act i n r egi on onl y . ( a) I nt act sper mat i ds l abel ed wi t h
( 1 251] di azot i zed i odosul f ani l i c aci d ( 106 cpm) . ( b) Lysed sper mat i ds

l abel ed i n par al l el ( 0 . 4 x 106 cpm) . The posi t i on of t he act i n spot

was l ocat ed exact l y f r om t he st ai ned gel pat t er ns whi ch wer e near l y

i dent i cal f or t he t wo gel s .

FI GURE 14

	

Sper mat ocyt e. ( a, b) Pr epar ed as i n Fi g . 10 a- d, st ai ned

wi t h ant i chi cken gi zzar d act i n ser um. Ar r ow shows t he sper mat o-

cyt e . Not e how much mor e i nt ensel y i t i s st ai ned t han ar e t he t wo

sper mat ozoa on t he r i ght . Bar , 5 I Lm. ( c) El ect r on mi cr ogr aph of

sper mat ocyt e cor t ex t r eat ed wi t h heavy mer omyosi n showi ng

ar r owhead appear ance of decor at ed act i n f i l ament s . No such dec-

or at ed f i l ament s wer e f ound i n sper mat i ds or sper mat ozoa on t he

same or ot her sect i ons . Bar , 0 . 5 t Lg . x36, 000.
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Sper mat ozoon shear ed and negat i vel y st ai ned . El ect r on mi cr ogr aph of a sper mat ozoon shar ed of f a mi cr oscope gr i d

wi t h and negat i vel y st ai ned as descr i bed i n Cl ar ke et al . ( 10) . Ar r ows mar k shor t i ndi st i nct f i l ament s t hat have a di amet er expect ed

f or act i n mi cr of i l ament s . Repeat ed at t empt s t o decor at e t hese wi t h heavy mer omyosi n have been unsuccessf ul . x37, 000 .

f unct i on mi ght al so af f ect nonmuscl e cel l mot i l i t y, we con-

st r uct ed mal es t hat wer e homozygous or hemi zygous f or each

of 12 muscl e- def ect i ve unc genes ( 63) . These mal es wer e aged

f or 3- 4 d and t hei r sper m wer e di ssect ed f or t he exami nat i on.

Because t hese mal es wer e uncoor di nat ed or par al yzed t hey

coul d not mat e. Consequent l y, t he mat ur at i on of sper mat i ds

i nt o sper mat ozoa, whi ch i s nor mal l y st i mul at ed by copul at i on,

was i nef f i ci ent and onl y 0. 3- 10%of t he cel l s bor e pseudopods .

However , i n ever y case most of t he mat ur e sper mat ozoa wer e

nor mal i n mor phol ogy and r uf f l ed and cr awl ed nor mal l y ( Ta-

bl e I ) . Those abnor mal cel l s t hat wer e obser ved wer e si mi l ar t o

t he abnor mal sper mat ozoa f ound i n ol d wi l d- t ype mal es ( 59) .

Many sper m- def ect i ve mut ant s have been i dent i f i ed i n our

l abor at or y by i sol at i on of f er t i l i zat i on- def ect i ve mut ant s ( 5,

61 ; T . Rober t s, unpubl i shed obser vat i on) . Some of t hese have

di st i nct i ve mor phol ogi cal abnor mal i t i es ( 59) . The sper mat ozoa

of f our mut ant s have def ect i ve pseudopods ; t hey ar e al so

def ect i ve i n mot i l i t y . f er - 1 mut ant sper mat ozoa have shor t

pseudopods wi t h nor mal pr oj ect i ons t hat appear t o move nor -

mal l y, but t he cel l s do not t r ansl ocat e . f er - 2 mut ant sper mat o-

zoa ar e var i abl e, but most ar e t ot al l y i mmot i l e. A f ew move

t hei r pseudopods sl owl y but do not t r ansl ocat e . f er - 4 and f er - 6

mut ant sper mat ozoa have onl y a f ew shor t , t hi n pseudopodi al

pr oj ect i ons and near l y al l t he sper mat ozoa ar e i mmot i l e . f er - 3

mut ant sper mat ozoa ar e most l y nor mal but some ar e i mmot i l e.

f er - 14 mut ant sper mat ozoa move nor mal l y . Fur t her anal ysi s of

movement i n some of t hese mut ant sper m i s gi ven i n t he

f ol l owi ng paper ( 44) .

DI SCUSSI ON

C. el egans sper mat ozoan mot i l i t y appear s si mi l ar t o t hat of

sever al " amoeboi d" cel l t ypes . Pseudopods ar e t he sour ce of

movement and by changi ng t hei r cont our s t hey cont r ol t he

di r ect i on of movement . Thi s i s l i ke t he behavi or of pseudopods

on myxomycet e amoebae, l eukocyt es, and ot her nemat ode

sper m ( 3, 32, 42, 49, 64) . Unl i ke t he si t uat i on i n f i br obl ast s ( 1,

20) , t her e i s no ext ensi on/ r et r act i on cycl e of t he l eadi ng mar gi n

of sper mat ozoan pseudopods and no cyt opl asmi c st r eami ng i s

det ect ed i n sper m as i t i s i n f r ee- l i vi ng amoebae and l eukocyt es

( 3, 41) .

The mot i l i t y of sper m i s al so quant i t at i vel y si mi l ar t o t hat of

ot her amoeboi d cel l s . For war d mot i on aver ages 9 . 4 pm/ mi n

on gl ass or 21 , um/ mi n on Ascar i s ext r act wi t h a maxi mumof

42 am/ mi n. Thi s can be compar ed wi t h 6- 11 pi n/ mi n f or ot her

nemat ode sper m ( 32, 37, 64) , 15- 25 l t g/ mi n f or l eukocyt es ( 42) ,

6- 12 pm/ mi n f or Fundul us " deep" cel l s ( 56) , and 6- 14 Am/ mi n

f or Di ct yost el i um mucor oi des ( 45) . Fi br obl ast s move si gni f -

i cant l y mor e sl owl y ( 1) .

Dur i ng t ur ns, pr oj ect i ons of t he pseudopod l ead t he new

di r ect i on ; t he cel l body pl ays l i t t l e or no r ol e i n est abl i shi ng

t he di r ect i on of mot i on . I t i s l i kel y t hat t he pr ogr essi ve f or ma-

t i on of new at t achment si t es on t he pseudopod set s t he new

di r ect i on . Onl y when r el at i vel y ol d at t achment s beneat h t he

cel l di ssol ve or br eak does t he cel l body shi f t i nt o al i gnment .

The r api d r oundi ng up and t he posi t i on shi f t s of t he cel l body

show t hat t ensi on devel ops bet ween l eadi ng and t r ai l i ng por -

t i ons of t he cel l .

The pseudopodi al pr oj ect i ons of C. el egans sper mat ozoa ar e

st ubby but may be anal ogous t o f i l opodi a, mi cr ospi kes, or

r uf f l es on ot her cel l s ( 2, 57) . They appear t o f or m t he at t ach-

ment s of t he pseudopod t o t he subst r at e . Tr ansl ocat i on of

sper m does not r equi r e al t er at i ons i n bul k pseudopod mor -

phol ogy, suggest i ng t hat pr oj ect i on movement or membr ane

movement i s r esponsi bl e f or f or war d mot i on ( see f ol l owi ng

paper , 44) . Obser vat i ons on mut ant sper m suppor t t he vi ew

t hat pr oj ect i ons ar e r equi r ed f or movement . f er - 1 mut ant sper -
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TABLE I

Muscl e Mut ant St r ai ns and Sper m Phenot ypes

* Muscl e mut ant phenot ypes and genet i c map assi gnment s ar e descr i bed i n

r ef er ences 8, 13, and 64 . The abnor mal sper mat ozoa obser ved wer e si mi l ar

t o abnor mal sper mat ozoa seen i n ol d wi l d- t ype mal es ( 62) .

mat ozoa have pseudopods t hat ar e abnor mal l y shor t but t hey

bear nor mal - l ooki ng pr oj ect i ons . These cel l s t wi t ch and wi ggl e

t hei r pseudopods but cannot di r ect t hei r movement . I n cont r ast ,

f er - 4, f er - 6, and f er - 2 mut ant sper mat ozoa have nor mal - l engt h

pseudopods but l ack nor mal pr oj ect i ons . These pseudopods ar e

near l y al l i mmot i l e .

Al t hough C. el egans sper m ar e capabl e of r api d mot i l i t y and

shape changes t hey cont ai n ast oni shi ngl y l i t t l e act i n when

compar ed t o ot her amoeboi d cel l s whose pr ot ei n i s t ypi cal l y 5-

20%act i n ( 7, 22, 36, 58) , al t hough Ascar i s sper m ar e onl y 0 . 5%

act i n ( 32) . Gel el ect r ophor esi s shows t hat act i n compr i ses about

0. 02%of t ot al pr ot ei n i n sper mpr epar at i ons . The 0 . 1%cont am-

i nat i ng sper mat ocyt es coul d make a subst ant i al cont r i but i on t o

t hi s act i n . Sper mat ocyt es ar e - 5 t i mes as l ar ge as sper m. I f

t hey cont ai ned 4% act i n t hey coul d account f or al l t he act i n

f ound i n t he i sol at ed sper m. Thus t he i mmunof l uor escence

r esul t s ar e t he onl y evi dence t hat sper mcont ai n any act i n, and

t he 0. 02%i s a maxi mal est i mat e of t he amount .
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We cannot pr ove t hat act i n does not par t i ci pat e i n sper m

mot i l i t y, but al l at t empt s t o demonst r at e a necessar y r ol e f or

act i n have been negat i ve . A si ngl e sper mat ozoon has - 16 pg

of t ot al pr ot ei ns, so 0. 02%r epr esent s a maxi mum of 3 . 2 f g of

act i n per cel l . Thi s amount of act i n r epr esent s - 50, 000 mol e-

cul es per cel l whi ch, i f di st r i but ed uni f or ml y i n t he pseudopod,

woul d be at 200 t Lg/ ml . I f al l t hi s act i n wer e pol ymer i zed i nt o

t hi n f i l ament s t her e woul d suf f i ci ent act i n t o make 150 f , m of

f i l ament s . Di st r i but i ng t hese t o each of t he pseudopodi al pr o-

j ect i ons woul d pr ovi de si x mi cr of i l ament s i n each pr oj ect i on.

Such f i l ament s shoul d have been det ect ed i n some of our

f i xat i on condi t i ons, especi al l y t he negat i ve st ai ni ng whi ch r e-

veal s t he pseudopodi al pr oj ect i ons cl ear l y ( Fi g . 15) . Ther ef or e

ei t her t he amount of act i n i s over est i mat ed or t he act i n i s not

i n f i l ament ous f or m or t he act i n i s not concent r at ed agai nst t he

membr ane of t he pseudopodi al pr oj ect i ons t hat appear t o be

t he mot i l e el ement s of t he pseudopod. Any of t hese possi bi l i t i es

ar gues agai nst t he i nvol vement of act i n i n mot i l i t y . We do not

under st and t he si gni f i cance of t he dot s of act i n st ai ni ng seen

by means of i mmunof l uor escence . No cor r espondi ng concen-

t r at i on of f i l ament s or ot her mat er i al has been seen i n TEM.

The absence of any cyt ochal asi n ef f ect on mot i l i t y when

t hese dr ugs do af f ect cel l di vi si on i n sper mat ocyt es ar gues agai n

agai nst act i n' s par t i ci pat i on i n pseudopodi al movement . I t i s

unl i kel y t hat t he sper m ar e i nsensi t i ve t o cyt ochal asi ns due t o

l ack of penet r at i on because cyt ochal asi ns penet r at e sper mat o-

cyt es, l i posome del i ver y of cyt ochal asi n was i nef f ect i ve, and

t he sper mat ozoa ar e sensi t i ve t o many ot her dr ugs such as

chl or ampheni col , ol i gomyci n, di ni t r ophenol , and ar e r eadi l y

per meabl e t o l abel ed ami no aci ds and ot her met abol i t es ( S.

War d, unpubl i shed obser vat i ons) . Ther ef or e i f act i n does par -

t i ci pat e i n pseudopodi al movement s i t must do so i n a cyt o-

chal asi n- i nsensi t i ve manner . I f cur r ent i n vi t r o model s ar e

cor r ect ( 9, 28) , t he act i n must par t i ci pat e wi t hout f or mi ng new

mi cr of i l ament s .

The absence of myosi n adds addi t i onal suppor t t o a novel

mechani sm of cel l mot i l i t y . But because myosi n i s nor mal l y

l ess abundant t han act i n ( e . g. r ef er ence 39) and myosi ns of l ow

mol ecul ar wei ght ar e known ( 38) , t he possi bi l i t y of myosi n- l i ke

pr ot ei ns i n sper mneeds f ur t her exami nat i on .

We scr eened most of t he known col l ect i on of muscl e- def ec-

t i ve uncoor di nat ed mut ant s i n t he hope of f i ndi ng evi dence

t hat some component of muscl e- cel l cont r act i on or assembl y

was i nvol ved i n nonmuscl e mot i l i t y . None of t he muscl e- de-

f ect i ve mut ant s showed any def ect i n amoeboi d sper m mot i l i t y .

Thi s i s not sur pr i si ng, f or sever al r easons. Fi r st , t he muscl e

mut ant s ar e mai nt ai ned as homozygous her maphr odi t es, so

t hey must cont ai n some f er t i l e sper m. Second, t her e may be

mul t i pl e genes codi ng f or myof i br i l l ar pr ot ei ns as i s known f or

act i n i n ot her or gani sms ( 12, 19) and f or myosi n i n C. el egans

( 13) . Thi r d, not al l muscl e cont r act i l e pr ot ei ns have been

i dent i f i ed by mut ant s . I t may be necessar y t o devi se speci f i c

scr eeni ng pr ocedur es t o f i nd genes needed f or bot h muscl e and

nonmuscl e mot i l i t y, i f t hey exi st .

The f er t i l i zat i on- def ect i ve mut ant s t hat ar e def ect i ve i n

sper m mot i l i t y shoul d be al t er ed i n gene pr oduct s t hat ar e

i nvol ved i n t hi s amoeboi d cel l ' s unusual mot i l i t y . Bi ochemi cal

anal ysi s of t hese mut ant s i s i n pr ogr ess i n t he hope of i dent i f y-

i ng t hese gene pr oduct s .

I n t he f ol l owi ng paper ( 44) i t i s shown t hat membr ane

gl ycopr ot ei ns ar e i nser t ed at t he t i p of t he pseudopod and

move back al ong t he pseudopod t o i t s base at a r at e si mi l ar t o

t he movement of pseudopodi al pr oj ect i ons . I n addi t i on, l i pi ds

move backwar d at a si mi l ar r at e af t er sper mi ogenesi s ( 43) . Thi s

Gene, Al l el e,

Li nkage gr oup

Muscl e and

Body

phenot ype

Sper m

wi t h

pseudopods

Sper mat ozoan

mor phol ogy

unc- 15 ( e73) I par al yzed, 3 . 1 a f ew smoot h

par amyosi n pseudopods

st r uct ur al gene

unc- 22 ( e66) I V t wi t ches t hi n - 10 nor mal

f i l ament def ect

unc- 23 ( e25) V pr ogr essi ve head 9. 7 a f ew l ong

muscl e pseudopodi a

dyst r ophy

unc- 45 ( e286) I 11 sl ow, 3 . 4 some cel l s have

di sor gani zed f i l ament s

body muscl es

unc- 52 ( e444) I I pr ogr essi ve body 0. 8 nor mal

muscl e

dyst r ophy

adul t s

par al yzed

unc- 54 ( e675) I ; par al yzed, myosi n 0. 4 nor mal

hi m- 5 ( 0467) heavy chai n

V st r uct ur al gene

unc- 60 ( e723) V par al yzed, 0. 7 nor mal

di sor gani zed

body muscl es

unc- 78 ( 0217) X sl uggi sh, 1 . 4 nor mal

sper mf r om di sor gani zed

hemi zygous body

mal es muscl es

unc- 82 ( 0220) sl uggi sh, 2. 3 some

I V di sor gani zed pseudopods

body i r r egul ar

muscl es

unc- 87 ( 0216) I sl ow, t hi n <5 nor mal

f i l ament def ect

unc- 89 ( 0460) 1 uncoor di nat ed, 0. 3- 3 . 0 some

di sor gani zed pseudopods

body muscl es i r r egul ar

unc- 90 ( 0463) X par al yzed, 5 . 9 nor mal

sper m f r om di sor gani zed

hemi zygous body muscl es

mal es



f l ow pr ovi des a di r ect mechani smf or amoeboi d movement t hat

mi ght not r equi r e act i n or myosi n. A cel l pr oper l y at t ached t o

t he subst r at e by i t s pseudopodi al pr oj ect i ons woul d move

f or war d as t he membr ane f l owed backwar d .
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