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ABSTRACT

Fr eeze- f r act ur e of r api dl y f r ozen, unt r eat ed pl ant cel l s r eveal s t er mi nal compl exes

on E- f r act ur e f aces and i nt r amembr ane par t i cl e r oset t es on P- f r act ur e f aces .

Ter mi nal compl exes and r oset t es ar e associ at ed wi t h t he ends of i ndi vi dual

mi cr of i br i l i mpr essi ons on t he pl asma membr ane . I n addi t i on, t er mi nal compl exes

and r oset t es ar e associ at ed wi t h t he i mpr essi ons of new or i ent at i ons of mi cr of i br i l s .

These st r uct ur es ar e spar se wi t hi n pi t f i el ds wher e f ew mi cr of i br i l i mpr essi ons ar e

obser ved, but ar e abundant over adj acent i mpr essi ons of mi cr of i br i l s . I t i s pr oposed

t hat i nt r amembr ane r oset t es f unct i on i n associ at i on wi t h t er mi nal compl exes t o

synt hesi ze mi cr of i br i l s . The pr esence of a cel l ul osi c mi cr of i br i l syst em i n Zea mays

r oot segment s i s conf i r med by degr adat i on exper i ment s wi t h Tr i choder ma cel l u-

l ase .
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Cel l ul ose synt hesi s i s an i nt egr al pr ocess f or t he
r egul at i on of gr owt h and mor phogenesi s i n hi gher
pl ant s . Cr yst al l i ne cel l ul osi c mi cr of i br i l s pr ovi de
t he ar chi t ect ur al f r amewor k of t he cel l wal l , and,
t oget her wi t h noncel l ul osi c mat r i x mat er i al s and

cyt oskel et al component s, t hey ar e det er mi nant s of
cel l shape ( 9) . I n spi t e of t he abundance of dat a
avai l abl e on cel l ul ose st r uct ur e and f i ber modi f i -
cat i on i n r el at i on t o i ndust r i al appl i cat i ons, ver y
l i t t l e i s known about t he f undament al mechani sms
of mi cr of i br i l assembl y at t he cel l ul ar l evel . At -
t empt s t o sol ubi l i ze enzyme syst ems f r om t he
pl asma membr ane and t o synt hesi ze cel l ul ose i n
vi t r o have met wi t h l i t t l e success ( 6) .

Usi ng i mpr oved f r eeze- f r act ur e pr ocedur es, r e-
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cent st udi es have r epor t ed t he vi sual i zat i on of

pr esumpt i ve cel l ul ose- synt hesi zi ng compl exes i n

associ at i on wi t h t he pl asma membr ane ( 2) . Unu-

sual l y or der ed compl ex st r uct ur es at t he ends of

gr owi ng mi cr of i br i l s have been obser ved i n al gae,

and t he st r uct ur al i nf or mat i on gai ned has been

usef ul t o t he i nvest i gat i on of cel l ul ose synt hesi s

( 12, 25) . Ter mi nal compl exes al so have been ob-

ser ved i n hi gher pl ant cel l s ( 13, 24, 26) , but t o dat e

i t has been consi der abl y mor e di f f i cul t t o obt ai n

evi dence f or t hei r st r uct ur e and f unct i on .

Thi s paper pr esent s new st r uct ur al i nf or mat i on

on t he t er mi nal compl exes i n hi gher pl ant cel l s .

Par t i cl e r oset t es on P- f r act ur e f aces ar e l ocat ed at

t he ends of mi cr of i br i l i mpr essi ons, suggest i ng t hat

t hey ar e compl ement ar y t o t he E- f r act ur e f ace
t er mi nal compl exes . Thus, t he mi cr of i br i l - synt he-

si zi ng compl ex may compr i se a t r ansmembr ane

component . Addi t i onal evi dence i s pr esent ed
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whi ch suppor t s t he i nt er pr et at i on t hat t er mi nal

compl exes synt hesi ze cel l ul ose mi cr of i br i l s i n as-

soci at i on wi t h t he pl asma membr ane .

MATERI ALS AND METHODS

Cor n ( Zea mays, Bur pee' s Snowcr oss) and mung bean ( Phaseol us

aur eus) seeds wer e sur f ace st er i l i zed i n a 10% Cl or ox sol ut i on,

r i nsed t hr ee or mor e t i mes i n dei oni zed wat er , and soaked f or - 6

h i n dei oni zed wat er . Seeds wer e ger mi nat ed i n t he dar k, 3 or 4

d f or cor n and 7 d f or mung beans . Pi ne ( Pi nus t aeda) seeds wer e

ger mi nat ed and gr own asept i cal l y f or - 1 mo bef or e use .

Smal l segment s of t i ssue wer e cut and pl aced i mmedi at el y on

1- mm gol d speci men hol der s ( i n wat er ) and, wi t hout any pr i or

t r eat ment wi t h f i xat i ve or cr yopr ot ect ant , wer e qui ckl y f r ozen i n

l i qui d Fr eon 22 mai nt ai ned at l i qui d ni t r ogen t emper at ur es, t hen

t r ansf er r ed t o l i qui d ni t r ogen f or st or age .

Al t er nat i vel y, segment s of t i ssue wer e cut and pl aced i n t he

cent er of a pai r of si ngl e- hol e ( 0. 5 or 1 . 0 mm) gol d car r i er s f or

doubl e- r epl i ca f r eeze- f r act ur i ng . The gr i ds wer e manuf act ur ed

by Bal zer s Cor p . ( Nashua, N. H. ) . Li qui d ni t r ogen was super -

cool ed t o a sol i d by pl aci ng t he l i qui d i nt o a speci al l y desi gned

st yr of oamcont ai ner and pumpi ng t o 80 Tor r i n a Ki nney vacuum

evapor at or ( Ki nney Vacuum Co . , Bost on, Mass . ) . The cont ai ner

of sol i d ni t r ogen was br ought t o at mospher e, and t he sandwi ched

gr i ds wer e pl unged i nt o t he sol i d ni t r ogen l ayer f or 10 s . No

gaseous ni t r ogen was pr oduced . Speci mens wer e t r ansf er r ed t o

t he hi nged doubl e- r epl i ca devi ce ( Bal zer s Cor p. ) under l i qui d

ni t r ogen unt i l t r ansf er r ed t o t he speci men st age .

A Bal zer s BA 360 M f r eeze- et ch appar at us was used as

f ol l ows : For convent i onal f r eeze- et ch, t he t i ssue was f r act ur ed,

et ched f or 0. 5 mi n at - 106° C, shadowed wi t h pl at i num- car bon,

and coat ed wi t h car bon at 10- s Tor r . For doubl e- r epl i ca f r eeze-

f r act ur e, t he f r act ur ed hal ves wer e r epl i cat ed i mmedi at el y as

descr i bed above . Repl i cas wer e cl eaned i n a 5% sodi umdi chr o-

mat e ( wt / vol ) - 50% sul f ur i c aci d mi xt ur e and mount ed on un-

coat ed or For mvar - coat ed copper gr i ds .

Fi xat i ons wer e car r i ed out on smal l pi eces of cor n r oot t i ssue

by f i r st f i xi ng i n 2%gl ut ar al dehyde i n 0 . 05 Mcacodyl at e buf f er ,

pH 6. 8, wi t h 0. 25% t anni c aci d at r oom t emper at ur e f or 30- 60

mi n i n t he dar k f ol l owed by an addi t i onal 1 . 5- 2 . 0 h i n t he col d

and dar k . The t i ssue was washed i n t he same buf f er and post f i xed

i n 2%osmi um t et r oxi de i n t he same buf f er f or 2 h i n t he col d

and dar k . Dehydr at i on was done wi t h an et hanol - acet one ser i es .

The t i ssue was i nf i l t r at ed and pol ymer i zed i n Spur r ' s r esi n ( 2l ) .

Si l ver - gr ay sect i ons wer e post st ai ned i n ur anyl acet at e and l ead

ci t r at e af t er mount i ng on uncoat ed gr i ds . Thi n- sect i on and f r eeze-

f r act ur e mat er i al was phot ogr aphed wi t h a Hi t achi HU- I I E- I

el ect r on mi cr oscope .

Par t i cl e di mensi ons wer e measur ed i n a mi ni mum of 30

sampl es, and t he mean par t i cl e di mensi ons al ong wi t h t he st an-

dar d devi at i on ar e pr esent ed .

The pr esence of cel l ul ose i n Zea mays r oot segment s was

det er mi ned usi ng t he compl et e cel l ul ase syst em of Tr i choder ma

r eesei . Root segment s wer e f r ozen i n l i qui d ni t r ogen, t hen gr ound

wi t h a mor t ar and pest l e . The wal l f r agment s wer e t r eat ed wi t h

4%NaOH i n a boi l i ng wat er bat h f or 10 mi n, af t er whi ch t hey

wer e washed t wi ce wi t h dei oni zed wat er . These f r agment s wer e

subsequent l y t r eat ed wi t h t he Tr i choder ma cel l ul ase syst em ( I

mg/ ml ) f or 1, 2, 4, and 7 mi n . Wal l f r agment s and mi cr of i br i l

degr adat i on wer e f ol l owed by el ect r on mi cr oscopy usi ng negat i ve

st ai ni ng . Gl ucose r el ease f r om 3- d i ncubat i ons was measur ed

usi ng t he St at zyme gl ucose t est .
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RESULTS

Pr evi ousl y, we demonst r at ed t he pr esence of t er -
mi nal compl exes i n hi gher pl ant t i ssue ( 13) .
I mpr essi ons of compl exes associ at ed wi t h t he ends
of mi cr of i br i l i mpr essi ons wer e obser ved on E-
f r act ur e f aces of pl asma membr anes f r om cel l s of
cor n r oot st el ar t i ssue . The t er mi nal compl ex at -
t ached t o a mi cr of i br i l occasi onal l y was t or n back
t hr ough t he exopl asmi c l eaf l et of t he membr ane
dur i ng t he f r act ur e pr ocess, l eavi ng behi nd an
enl ar ged hol e i n t he membr ane and an associ at ed
t ear . Thus, mi cr of i br i l t ear s wi t h t er mi nal com-
pl exes ar e cont i nuous wi t h i mpr essi ons, demon-
st r at i ng t hat i ndi vi dual mi cr of i br i l s and t hei r com-
pl exes ar e r esol ved on membr ane f r act ur e f aces.

I n t he pr esent st udy, super cool ed l i qui d ni t r ogen

combi ned wi t h doubl e- r epl i ca f r eeze- f r act ur e pr o-
duced l ar ger expanses of membr ane wi t h r educed

f r eezi ng and mechani cal def or mat i on, al t hough

some poor l y pr eser ved ar eas wer e occasi onal l y

obser ved . I ncr eased qual i t y of pr eser vat i on was

al so obt ai ned wi t h convent i onal f r eeze- f r act ur e

when smal l sampl es of t i ssue wer e f r ozen i n near l y
sol i di f i ed Fr eon 22 and t he t i ssue was f r act ur ed as
cl osel y as possi bl e t o t he gol d gr i d .

The amount of shadowi ng met al and t he angl e

at whi ch i t i s deposi t ed af f ect t he appear ance of

membr ane st r uct ur es . When t he l ongi t udi nal axi s

of a cor n r oot ( and t her ef or e of i ndi vi dual cel l s) i s

pl aced par al l el t o t he kni f e ar c i n a convent i onal

f r eeze- f r act ur e r un, t he angl e of shadow i s per pen-

di cul ar t o t he cel l axi s . Thus, a concave E- f r act ur e

f ace shows a gr adi ent i n t he angl e of met al depo-

si t i on ( Fi g . 1 a) . I n t he l ef t and r i ght r egi ons of Fi g .

1 a, membr ane mor phol ogy i s r eveal ed by shal l ow-

and st eep- shadowi ng angl es, r espect i vel y ( see Fi g .

16 and c) . Because mor e det ai l s ar e r eveal ed wi t h

a shal l ow- shadowi ng angl e, el ect r on mi cr ogr aphs

wer e made of t hese membr ane f aces.

An awar eness of ar t i f act - i nduci ng f or ces i s ver y

i mpor t ant when anal ysi s i s made of membr ane

st r uct ur es post ul at ed t o be associ at ed wi t h mi cr o-

f i br i l synt hesi s . We have j udged membr anes t o be

wel l pr eser ved by t he f ol l owi ng cr i t er i a: ( a) The

pr esence of mi cr of i br i l i mpr essi ons on t he pl asma

membr ane, suggest i ng t hat t he cel l was f unct i on-
i ng nor mal l y and was t ur gi d j ust bef or e f r eezi ng ;

( b) t he absence of i ce cr yst al s bet ween t he wal l

and t he pl asma membr ane; ( c) t he absence of any

obvi ous pl ast i c def or mat i on of i nt r amembr ane

par t i cl es ( see r ef er ences 7 and 23) ; ( d) t he absence

of st r i at i ons on smoot h por t i ons of t he membr ane ;



FI GURE l

	

( a) Fr eeze- et ch of a cor n r oot cor t ex . An E- f r act ur e f ace r eveal s mi cr of i br i l i mpr essi ons wi t h

or i ent at i ons appr oxi mat el y t r ansver se t o t he cel l axi s . The cel l wal l i s obser ved i n cr oss f r act ur e ( l ef t ) and

i n t angent i al f r act ur e ( r i ght ) . Bar , 1 / i m. x 67, 500 . ( b and c) Not e appar ent di f f er ences i n membr ane

mor phol ogy whi ch r esul t f r om t he deposi t i on of shadowi ng met al on a concave sur f ace . On t he l ef t ( 16)

t he shadowi ng angl e was shal l ow and on t he r i ght ( c) i t was st eep . Mor e det ai l s of t he membr ane ar e

r eveal ed wi t h shal l ow angl es of shadowi ng depi ct ed i n Fi g . 1 b . Ci r cl e ( l ef t ) denot es a gr oup of t er mi nal

compl exes . ( b and c) x 140, 400 . For al l f i gur es, magni f i cat i on bar s ar e 0. 1 pan unl ess ot her wi se not ed .

Ar r ows i ndi cat e di r ect i on of shadow unl ess ot her wi se not ed .
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( e) t he absence of kni f e mar ks on t he membr ane

accompani ed by mi cr omel t i ng.

E- f r act ur e f aces of pl asma membr anes f r om

cor n mesocot yl par enchyma r eveal t er mi nal com-

pl exes i n associ at i on wi t h i mpr essi ons of t he most
r ecent l y synt hesi zed mi cr of i br i l s ( Fi g . 2) . I n con-
t r ast , i mpr essi ons of ol der mi cr of i br i l s l acki ng t er -

mi nal compl ex i mpr essi ons ar e vi ewed adj acent t o

t he newer mi cr of i br i l bands . Fi g . 2 ( i nset ) shows

t hr ee t er mi nal compl exes at hi gh magni f i cat i on .

These par t i cul ar t er mi nal compl exes measur e 24

nm and appear ver y wel l pr eser ved . Ter mi nal

compl exes on l ess wel l - pr eser ved membr anes gen-

er al l y ar e smoot her i n appear ance ( 13) . Si ze meas-

ur ement s ar e di f f i cul t t o make because t he t er mi -

nal compl ex i s l ess cl ear l y def i ned when vi ewed as

an i mpr essi on upon t he membr ane . Al t hough

wel l - pr eser ved t er mi nal compl exes measur e - 22-

24 nm i n di amet er , t he aver age di amet er of t er -

mi nal compl exes i ncl udi ng t hose f r ompoor l y pr e-

ser ved membr anes i s 28 ± 3 . 0 nm.

P- f r act ur e f aces ( Fi g . 3) of cor n mesocot yl

pl asma membr ane r eveal i nt r amembr ane par t i cl e

r oset t es over t he i mpr essi ons of newl y deposi t ed

mi cr of i br i l s . Fi g . 3 ( i nset ) r epr esent s wel l - pr e-

ser ved r oset t es consi st i ng of si x i nt r amembr ane

par t i cl es sur r oundi ng a cent r al , non- shadowed r e-

gi on . The mean di amet er of t he r oset t e ( measur ed

f r om t he out er edge of par t i cl es on ei t her si de of

t he depr essi on) i s 24 ± 2. 5 nm. The same cr i t er i a

f or i dent i f i cat i on of a wel l - pr eser ved membr ane

ar e appl i ed f or P- f r act ur e f aces as f or E- f r act ur e

f aces . Unl i ke t he si ze var i at i on of EF t er mi nal
compl exes, t he r oset t e di mensi ons ar e const ant i n

membr anes whi ch r eveal di f f er ent st at es of pr es-

er vat i on . The i nt r amembr ane par t i cl es of t he r o-

set t e, however , ar e i ndi st i nct on l ess wel l - pr eser ved

pl asma membr anes ( 13 ; Fi g. 5) and ar e har d t o

i dent i f y .

Al t hough t he pr eser vat i on of bot h t er mi nal

compl exes and r oset t es may depend on t he r at e of
f r eezi ng, t he vi sual i zat i on of t er mi nal compl exes

may be dependent upon t he t ur gi di t y of t he cel l

bef or e f r eezi ng ( 26) . When smal l segment s of cor n

r oot t i ssue ar e exposed t o 20% gl ycer ol f or 1 mi n
bef or e f r eezi ng, t he cel l s l ose t ur gi di t y, and mi cr o-

f i br i l i mpr essi ons ar e no l onger obser ved ( 22; Fi gs .

4 and 5) . Wher eas t er mi nal compl exes wer e not

obser ved on an E- f r act ur e f ace, under t hese con-

di t i ons r oset t es wer e pr esent on a P- f r act ur e f ace

f r om an adj acent cel l . I n cont r ast , Fi g . 2 r eveal s a

cel l t hat was appar ent l y qui t e t ur gi d bef or e f r eez-
i ng, and t er mi nal compl exes ar e easi l y seen .
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Many t er mi nal compl exes f r om wel l - pr eser ved

membr anes appear t o cont ai n a cent r al par t i cl e

sur r ounded by a per i pher al r i ng of mat er i al ( Fi g.

2, i nset ) . The cent r al par t i cl e r emai ns at t ached t o

t he mi cr of i br i l when t hey ar e bot h t or n t hr ough

t he out er l eaf l et of t he membr ane ( Fi g. 6) . The

shadowed cent r al par t i cl e measur es 16 ± 2 . 3 nm

when i t i s obser ved at t ached t o an i ndi vi dual

mi cr of i br i l ( Fi g . 6) . The membr ane t ear r eveal s a

hol e i n t he cent er of t he t er mi nal compl ex ( Fi g. 6) .

I t appear s t hat t he per i pher al r i ng of mat er i al

r emai ns behi nd on t he sur f ace of t he membr ane

af t er t he cent r al par t i cl e and t er mi nal compl ex ar e

t or n away ( Fi g . 6 ; see Fi gs . 3 and 4 i n r ef er ence

13) .

I t i s di f f i cul t t o di scer n an associ at i on of t er mi -

nal compl exes or r oset t es wi t h speci f i c mi cr of i br i l

t er mi ni i n par al l el or i ent at i ons of mi cr of i br i l s ;

however , i ndi vi dual mi cr of i br i l s occasi onal l y have

or i ent at i ons whi ch di f f er f r om t he pr edomi nant

axi s of mi cr of i br i l or i ent at i on. Ter mi nal com-

pl exes ( Fi g . 7) or r oset t es ( Fi g . 8) associ at ed wi t h

t he t er mi ni of t hese mi cr of i br i l s ar e easi l y ob-

ser ved . Conf i r mat i on of t he compl ement ar i t y of

r oset t es and t er mi nal compl exes by t he doubl e-

r epl i ca t echni que was not obt ai ned.

Al t hough at t empt ed, t he r ecover y of i nt act ,

compl ement ar y r epl i cas was r ender ed ext r emel y

di f f i cul t because of t he di si nt egr at i on of r epl i cas

dur i ng t i ssue t hawi ng . Al t hough i t i s i mpor t ant t o

t est t he r el at i onshi p bet ween r oset t es and t er mi nal

compl exes by t he doubl e- r epl i ca t echni que, t hi s

may bet t er be accompl i shed wi t h si ngl e- cel l ed

pl ant s usi ng mat ched gr i d pai r s . I n t hawi ng cor n

t i ssue t he r epl i ca f r equent l y br oke al ong t he cel l

wal l s . Thus, r epl i cas of si ngl e f i l es of cel l s r esul t ed.

When t hese r epl i cas wer e t r ansf er r ed t o si ngl e-

hol ed gr i ds, mat ched pai r s coul d not be obt ai ned.

The possi bi l i t y t hat t he r oset t e and t er mi nal

compl ex st r uct ur es ar e compl ement ar y i s st r ongl y

suggest ed by t hei r di st r i but i on over t he newest

i mpr essi ons of mi cr of i br i l s ( Fi gs . 2 and 3) and by

t hei r associ at i on wi t h t he t er mi ni of i ndi vi dual

mi cr of i br i l i mpr essi ons ( Fi gs . 7 and 8) . I n addi t i on,

f ewt er mi nal compl exes ( Fi gs. 9 and 10) or r oset t es

( Fi gs. 11 and 12) ar e obser ved on pl asma mem-

br anes ami dst t he pl asmodesmat a of pr i mar y pi t

f i el ds ( r egi ons gener al l y l acki ng mi cr of i br i l s) ,

wher eas many ar e obser ved over adj acent i mpr es-

si ons of mi cr of i br i l s . Ter mi nal compl exes and r o-

set t es, t her ef or e, appear t o be associ at ed wi t h ar eas

of t he pl asma membr ane over l yi ng t he newest

mi cr of i br i l s .



FI GUREs 2 and 3

	

Ter mi nal compl exes and r oset t es ar e l ocal i zed over i mpr essi ons of new mi cr of i br i l s .

( Doubl e- r epl i ca t echni que) . Fi g. 2: Fr eeze- f r act ur e of cor n mesocot yl . I n a par enchyma cel l t he E- f r act ur e

f ace of t he pl asma membr ane shows i mpr essi ons of mi cr of br i l s f r om t he l ongi t udi nal wal l . Ter mi nal

compl exes ( ci r cl es) ar e l ocal i zed over t he new mi cr of i br i l i mpr essi ons. Bar , I pm. x 60, 000. I nset : Det ai l

of a t er mi nal compl ex on E- f r act ur e f ace ( not f r omFi g . 1) . Not e cent r al subuni t . x 244, 000. Fi g, 3: Fr eeze-

f r act ur e of cor n mesocot yl . I n a par enchyma cel l t he P- f r act ur e f ace shows i mpr essi ons of mi cr of i br i l s

f r om t he l ongi t udi nal wal l . I nt r amembr ane par t i cl e r oset t es ( ci r cl es) ar e l ocal i zed over i mpr essi ons of new

mi cr of i br i l s . Bar , 1 pm. x 66, 000 . I nset : Two r oset t es ar e vi sual i zed on P- f r act ur e f ace. Not e t hat t he

cent er of t he r oset t e i s not shadowed . x 205, 900 .
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FI GURES 4 and 5

	

Pl asma membr anes af t er exposur e t o 20%gl ycer ol . Fi g. 4: Fr eeze- et ch of cor n r oot

st el ar t i ssue. Ter mi nal compl exes wer e not vi sual i zed on E- f r act ur e f aces when f r esh t i ssue segment s wer e

i ncubat ed f or one mi nut e i n 20%gl ycer ol . x 92, 400. Fi g . 5 : Fr eeze- et ch of cor n r oot st el ar t i ssue . Roset t es

( enci r cl ed) wer e vi sual i zed on a P- f r act ur e f ace i n a cel l adj acent t o t hat shown i n Fi g. 4 . Lar ge ci r cl et s of

i nt r amembr ane par t i cl es wer e obser ved onl y af t er gl ycer ol t r eat ment . x 92, 000 .

FI GURE 6

	

( Doubl e- r epl i ca t echni que) . Fr eeze- f r act ur e of a cor n r oot cor t ex . The cent r al subuni t of t he

t er mi nal compl ex at t ached t o a mi cr of i br i l ( l ef t ci r cl e) i s t or n t hr ough t he out er ( E) l eaf l et of t he pl asma

membr ane . The ci r cl e t o t he r i ght i ndi cat es t he r emai ni ng por t i on of t he t er mi nal compl ex sur r oundi ng

t he t ear l ef t by t he cent r al subuni t . x 129, 600 .

Ter mi nal compl exes and r oset t es have been ob-

ser ved i n par enchyma f r om cor n r oot s ( Fi gs. 6- 10

and 17- 19) , col eopt i l es ( S. C. Muel l er and R. M.

Br own, unpubl i shed obser vat i ons) , mesocot yl s

( Fi gs . 2, 3, 11, and 12) , and i n mung bean hypo-

cot yl s ( Fi gs . 13 and 14) . Ter mi nal compl exes have

been obser ved i n pi ne r oot par enchyma on E-

f r act ur e f aces ( Fi g . 15) . I n addi t i on, 30- nm de-

pr essi ons, r esembl i ng t he r oset t e depr essi ons, have

been obser ved on P- f r act ur e f aces of pi ne r oot s .

Sever al of t hese depr essi ons appear t o cont ai n

r oset t es ( Fi g. 16) . Par t i cl e r oset t es may be mor e

deepl y embedded i n P- f r act ur e f aces of pi ne
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FI GURES 7 and 8

	

Ter mi nal compl exes as wel l as r oset t es ar e associ at ed wi t h t he ends of i ndi vi dual

mi cr of i br i l i mpr essi ons . ( Doubl e- r epl i ca t echni que) . Fi g . 7 : Fr eeze- f r act ur e of a cor n r oot cor t ex . Ter mi nal

compl exes ar e at t he ends of mi cr of i br i l i mpr essi ons on E- f r act ur e f aces. Apl asmodesma i s i n t he f i el d of

vi ew at upper r i ght . x 134, 400 . Fi g . 8: Fr eeze- f r act ur e of a cor n r oot cor t ex . Roset t es ( ci r cl es) ar e at t he

ends of mi cr of i br i l i mpr essi ons on t he P- f r act ur e f ace . Two pl asmodesmat a ar e i n t he f i el d of vi ew. Not e

cr ossi ng of mi cr of i br i l i mpr essi ons . One i s i ndi cat ed by dashed l i ne . x 81, 000 .
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pl asma membr anes compar ed t o cor n, and t hus

ar e obser ved l ess f r equent l y . I n bot h pi ne ( Fi g. 16)

and mung bean ( Fi g . 14) , smal l pi t s have been

obser ved on I ' - f r act ur e f aces of some cel l s .

Fr eeze- f r act ur e r eveal s gr oups of 50- t o 100- nm

depr essi ons on P- f r act ur e f aces of cor n r oot s ( Fi g .

17) . We bel i eve t hat some of t he smal l er depr es-

si ons ( Fi g . 18) cont ai n 24- nm r oset t es i dent i cal i n

mor phol ogy t o t hose di st r i but ed over t he mem-

br ane f ace ( Fi g . 19) . Det ai l s of t he f r act ur e f ace

ar e not obser ved i n ot her , l ar ger depr essi ons be-

cause of t he shadowi ng angl e ( Fi g . 17) .

Ul t r at hi n sect i ons of f i xed speci mens r eveal



FI GURES 9- 12 Ter mi nal compl exes and r oset t es ar e l ess numer ous wi t hi n pi t f i el ds . ( Doubl e- r epl i ca

t echni que) . Fi g. 9 : Fr eeze- f r act ur e of a cor n r oot cor t ex . An E- f r act ur e f ace r eveal s a pi t f i el d. Bar , 1 I , m.

x 51, 600 . Fi g . 10 : Hi gher magni f i cat i on of r egi on br acket ed i n Fi g. 9 . Ter mi nal compl exes ( enci r cl ed) ar e

associ at ed wi t h par al l el or i ent at i ons of mi cr of i br i l s adj acent t o t he pi t f i el d) . x 69, 600 . Fi g . 11 : Fr eeze-

f r act ur e of a cor n mesocot yl cel l . A P- f r act ur e f ace r eveal s a pi t f i el d. Bar , 1 l i m. x 31, 500. Fi g. 12 : Hi gher

magni f i cat i on vi ew of f i el d br acket ed i n Fi g . 11 . Roset t es ( enci r cl ed) ar e associ at ed wi t h mi cr of i br i l

i mpr essi ons adj acent t o t he pi t f i el d . x 82, 900.
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el ect r on- dense pr of i l es on t he membr ane . I n gr az-

i ng sect i ons t hr ough t he pl asma membr ane and

cel l wal l , 18 t 6. 3 nm el ect r on- dense st r uct ur es

ar e obser ved ( Fi g. 20) . The obser ved di mensi ons

of t hese st r uct ur es ar e var i abl e because of t he

pl ane of sect i oni ng and degr ee of st ai ni ng. I n

gener al , t he si ze, f r equency, and di st r i but i on of

t hese st r uct ur es coi nci de wi t h t hose of t he com-

pl exes vi sual i zed by f r eeze- f r act ur e .

Al t hough i t i s gener al l y known t hat t he cel l

wal l s of most hi gher pl ant s ar e compr i sed, i n par t ,

of cel l ul ose mi cr of i br i l s, t her e ar e appar ent l y no

dat a, at l east f or t he Bur pee' s SnowCTOSS var i et y of

Zea mays, t o conf i r m t he pr esence of cel l ul ose

mi cr of i br i l s . Root segment s wer e t r eat ed wi t h

NaOH t o r emove most of t he noncel l ul osi c pol y-

sacchar i des . These segment s st i l l r emai ned i nt act ,

al t hough t he f l exi bi l i t y of t he r oot s was gr eat l y

i ncr eased . Li ght mi cr oscope exami nat i on of t he
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FI GURES 13 and 14

	

Fr eeze- f r act ur e of a mung bean hypocot yl . ( Doubl e- r epl i ca t echni que) . Fi g. 13 :

Ter mi nal compl exes ar e pr esent on an E- f r act ur e f ace ( some enci r cl ed) . x 84, 000. Fi g . 14: Roset t es ar e

pr esent on a P- f r act ur e f ace ( some enci r cl ed) . x 84, 000 .

FI GURES 15 and 16

	

Fr eeze- f r act ur e of pi ne r oot t i ps . Fi g . 15 : Ter mi nal compl exes ar e pr esent on an E-

f r act ur e f ace ( Some ar e enci r cl ed . Not e cent r al subuni t . ) x 87, 000 . Fi g . 16 : Depr essi ons i n t he P- f r act ur e

f ace appear t o cont ai n r oset t es ( enci r cl ed) . x 128, 700.
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NaOH- t r eat ed r oot segment s r eveal ed nor mal cel l

wal l st r uct ur e si mi l ar t o t hat of unt r eat ed r oot s .

Tr eat ment of t hese i nt act r oot segment s f or 3- d

wi t h t he Tr i choder ma compl et e cel l ul ase syst em

( cont ai ni ng endogl ucanase, cel l obi ohydr ol ase, and

B- gl ucosi dase) compl et el y di ssol ved t he cel l wal l s

( and r el eased gl ucose as measur ed by t he St at zyme

t est ) . Exami nat i on of t hi s pr epar at i on wi t h t he

el ect r on mi cr oscope r eveal ed occasi onal mi cr of i -

br i l f r agment s but no i nt act wal l s .

Cel l wal l f r agment s pr epar ed bef or e t r eat ment

wi t h NaOH wer e used t o st udy t he pr ogr essi ve

degr adat i on of mi cr of i br i l s by t he cel l ul ase syst em.

The cont r ol consi st ed of NaOH- t r eat ed wal l f r ag-

ment s not i ncubat ed wi t h cel l ul ase . Exami nat i on

of t he cont r ol by negat i ve st ai ni ng r eveal ed t i ght l y

bound mi cr of i br i l l ar bundl es, si mi l ar t o t hose

wi t hi n i nt act cel l wal l s as obser ved wi t h f r eeze-

f r act ur i ng . Af t er 1- mi n i ncubat i on wi t h t he cel l u-



FI GURES 17- 19

	

Depr essi ons on t he pl asma membr ane of a cor n r oot par enchyma cel l whi ch may

cor r espond t o vesi cl es i n t he pr ocess of f usi ng wi t h t he pl asma membr ane . Fi g . 17 : Fr eeze- et ch of a cor n

r oot cor t ex . Pr onounced band of depr essi ons on P- f r act ur e f ace . Mi cr of i br i l or i ent at i on i s pr edomi nant l y

t r ansver se i n t hi s cel l . Bar , 1 p. m. x 62, 700. Fi g . 18: Hi gher magni f i cat i on vi ew of r egi on enci r cl ed i n Fi g .

17 above . Ci r cl es i ndi cat e t wo of sever al depr essi ons i n whi ch r oset t es ar e vi si bl e . x 92, 400 . Fi g . 19: Hi gher

magni f i cat i on vi ew of r egi on enci r cl ed i n Fi g. 17 above . Ci r cl es i ndi cat e t hr ee r oset t es pr esent on t he

membr ane i n a r egi on not occupi ed by t he depr essi ons. x 92, 400 .

FI GURE 20 Ul t r at hi n sect i on of gl ut ar al dehyde- t anni c aci d- OS0, - f i xed cor n r oot cor t ex. A gr azi ng

sect i on of t he pl asma membr ane and cel l wal l cont ai ns el ect r on- dense pr of i l es ( t wo enci r cl ed ar e 21- 24

nmi n di amet er ) . x 225, 700 .

l ase, mi cr of i br i l s wer e compl et el y coat ed wi t h t he

enzymes, and t he mi cr of i br i l st r uct ur e was ver y

di f f i cul t t o di scer n . Af t er 2- mi n i ncubat i on, t he

mi cr of i br i l s became separ at ed i nt o smal l bundl es,

and i ndi vi dual mi cr of i br i l s wer e coat ed wi t h smal l

par t i cl es ( pr esumabl y t he cel l ul ases) . Af t er 4- mi n

i ncubat i on, t her e wer e numer ous shor t mi cr of i br i l

f r agment s wi t h many br eakage l oci , and af t er 7-

mi n i ncubat i on, mi cr of i br i l s coul d not be det ect ed .

Thus, t he mi cr of i br i l component of t he Bur pee
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Snowcr oss var i et y of Zea mays i s cel l ul ose . Al -

t hough i t can be ar gued t hat t he mi cr of i br i l l ar

i mpr essi ons wi t h t er mi nal compl exes ar e not con-

f i r med di r ect l y t o r epr esent cel l ul osi c mi cr of i br i l s,

t he i ndi r ect evi dence f or t hei r cel l ul osi c nat ur e i s

qui t e st r ong .

DI SCUSSI ON

Fr eeze- f r act ur ed pl asma membr anes f r om com

seedl i ng t i ssue r eveal r oset t es and t er mi nal com-

pl exes associ at ed wi t h t he ends of mi cr of i br i l

i mpr essi ons. I nt r amembr ane par t i cl e r oset t es ar e

obser ved on t he pr ot opl asmi c l eaf l et of t he f r ac-

t ur ed pl asma membr ane, whi l e t er mi nal com-

pl exes ar e obser ved on t he out er sur f ace of t he

exopl asmi c l eaf l et of t he pl asma membr ane . The

compl ement ar i t y of r oset t es and t er mi nal com-

pl exes, al t hough not demonst r at ed unequi vocabl y

by doubl e r epl i cas, i s st r ongl y suggest ed by t he

f act t hat bot h ar e associ at ed wi t h t he ends of

mi cr of i br i l i mpr essi ons ( Fi gs . 7 and 8) . The sug-

gest i on t hat r oset t es and t er mi nal compl exes ar e

compl ement ar y i s st r engt hened f ur t her by t he ob-

ser ved associ at i on of bot h t hese st r uct ur es wi t h

newl y deposi t ed mi cr of i br i l s ( Fi gs . 2, 3, and 9- 12) .

Newor i ent at i ons of mi cr of i br i l s f r equent l y appear

on pl asma membr anes as bands . The bands over l i e

ol der l ayer s of mi cr of i br i l s . Ter mi nal compl exes

on E- f r act ur e f aces and r oset t es on P- f r act ur e f aces

ar e associ at ed wi t h t hese newbands, but ar e absent

on adj acent f r act ur e f aces over l yi ng ol der mi cr o-

f i br i l or i ent at i ons ( Fi gs . 2 and 3) . Addi t i onal l y,

r oset t es and t er mi nal compl exes ar e scar ce wi t hi n

pi t f i el ds wher e f ewer mi cr of i br i l i mpr essi ons ar e

obser ved, but ar e abundant over mi cr of i br i l

i mpr essi ons adj acent t o t he pi t f i el d ( Fi gs . 9- 12) .

Fur t her mor e, t he si mi l ar di mensi ons of r oset t es

and t er mi nal compl exes ar e consi st ent wi t h t he

i nt er pr et at i on t hat t hese st r uct ur es may be com-

pl ement ar y . Fi g . 21 a i l l ust r at es how r oset t es and

t er mi nal compl exes mi ght be j uxt aposed wi t hi n

t he pl asma membr ane . The membr ane, mi cr of i -

br i l s, and t he mi cr of i br i l - associ at ed st r uct ur es ar e

pr esent ed appr oxi mat el y t o scal e . The di mensi ons

of t he r oset t e, t he t er mi nal compl ex, and t he mi -

cr of i br i l ar e der i ved f r om f r eeze- f r act ur e i mages .

Fi g. 21 b suggest s a pr obabl e f r act ur e pl ane whi ch

woul d be consi st ent wi t h t he obser ved st r uct ur e i n

f r act ur ed membr anes . Two of t he si x subuni t s of
t he r oset t e ( C) ar e di agr ammed i n cr oss sect i on .

The E hal f of t he membr ane cont ai ns t he cent r al
subuni t ( A) associ at ed wi t h a mi cr of i br i l t er mi nus

( Fi g. 6) . The cent r al subuni t coul d be compl emen-
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t ar y t o and pr oj ect i nt o t he r oset t e cent er . Thi s

woul d account f or t he nonshadowed cent r al por -

t i on of t he r oset t e obser ved on P- f r act ur e f aces .

The cent r al subuni t al so i s depi ct ed t o be sur -

r ounded by a per i pher al r i ng of mat er i al ( B) whi ch

i s associ at ed wi t h t he exopl asmi c l eaf l et of t he

membr ane. Thi s per i pher al r i ng coul d compr i se

di scr et e par t i cl es as suggest ed by Fi g. 2 ( i nset ) , or

i t may r esul t f r om t he def or mat i on of t he pl asma

membr ane ar ound t he cent r al par t i cl e . Si nce mi -

cr of i br i l - t er mi nal compl ex t ear s ar e obser ved not

onl y wi t h convent i onal f r act ur i ng wi t h kni f e

bl ades but al so i n doubl e- r epl i ca f r eeze- f r act ur i ng,

t he t endency of t he t er mi nal compl ex and i t s mi -

cr of i br i l t o t ear t hr ough t he E membr ane hal f may

r esul t f r om an af f i ni t y of t he cent r al subuni t f or

t he r oset t e.

The associ at i on of t er mi nal compl exes and r o-

set t es wi t h t he most r ecent l y deposi t ed mi cr of i br i l s

and t hei r absence i n pi t f i el ds wher e t he cel l wal l

i s t hi nner suggest evi dence f or t hei r f unct i on as

PLUI I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

PL

MF

PL I I I I I I I I I I I I I I ( I l l l l l l f l l l l l l l ~l l l l

PLpUUVUUUUVUVUUU

nU~ l l l l l l l l ' I I I I 11111 PL

VUVUVUUUVU PL

b

a

pAUI I I A~

' P,

I I PL

~uuuLUU~~U~U~PL

FI GURE 21 A model demonst r at i ng t he pr oposed r e-

l at i onshi p of t er mi nal compl exes and r oset t es i n associ -
at i on wi t h t he pl asma membr ane. The membr ane, mi -
cr of i br i l s, and mi cr of i br i l - associ at ed st r uct ur es ar e
dr awn appr oxi mat el y t o equi val ent scal e . The di men-
si ons of t he r oset t es ( C) , t he t er mi nal compl ex ( A and B)
and t he mi cr of i br i l ( MF) ar e der i ved f r omf r eeze- f r act ur e

i mages . The upper di agr ami l l ust r at es t he t er mi nal com-

pl ex- r oset t e as i t mi ght exi st i n t he i nt act pl asma mem-

br ane . The l ower di agr am r eveal s our i nt er pr et at i on of

t he f r act ur e pl ane whi ch pr ovi ded t he obser ved f r eeze-

f r act ur e i mages .



wel l as t hei r compl ement ar i t y . I t has been pr o-

posed t hat t er mi nal compl exes ar e r esponsi bl e f or

t he synt hesi s of wal l mi cr of i br i l s i n cor n st el ar

t i ssue ( 13) . The r esul t s f r om t he pr esent st udy

ext end t hat hypot hesi s t o i ncl ude r oset t es f unct i on-

i ng i n associ at i on wi t h t er mi nal compl exes t o syn-

t hesi ze mi cr of i br i l s . Fur t her mor e, t hese mem-

br ane- associ at ed compl exes ar e obser ved i n mung

bean hypocot yl s, pi ne r oot s, and i n var i ous t i ssues

of cor n seedl i ngs . These st r uct ur es ar e t her ef or e

f eat ur es of sever al di f f er ent hi gher pl ant s known

t o be engaged i n cel l ul ose synt hesi s ( 11) . Al t hough

mi cr of i br i l l ar wal l component s i n f ungi and sev-

er al al gae may compr i se chi t i n or di f f er ent pol y-

sacchar i des ( 17) , i t i s gener al l y accept ed t hat

hi gher pl ant mi cr of i br i l s compr i se cr yst al l i ne cel -

l ul ose ( 14, 17) . Thus, t he obser vat i on of mi cr of i -

br i l - synt hesi zi ng compl exes i mpl i es ci r cumst an-

t i al l y t hat t hese compl exes coul d be synt hesi zi ng

cel l ul ose. Thi s not i on i s consi der abl y st r engt hened

by t he f act t hat cel l ul ases degr ade mi cr of i br i l l ar

wal l component s of t he pr eci se r egi on of t he r oot

segment s of t he same var i et y of Zea mays exam-

i ned by f r eeze- f r act ur e . Di r ect evi dence t hat t he

obser ved mi cr of i br i l l ar i mpr essi ons ar e cr eat ed by

under l yi ng cel l ul ose mi cr of i br i l s awai t s t he devel -

opment of a speci f i c cel l ul ose " st ai n . " The possi -

bi l i t y of an i mmunol ogi cal appr oach usi ng f er r i t i n-

conj ugat ed ant i bodi es t o t he Tr i choder ma cel l ul ase

syst em of f er s an at t r act i ve met hod t o i dent i f y mi -

cr of i br i l s, par t i cul ar l y t hose t hat have t or n back

t hr ough t he pl asma membr ane .

The pr esence of an i nt r amembr ane mi cr of i br i l -

synt hesi zi ng compl ex i n hi gher pl ant s i s consi st ent

wi t h evi dence f or compl exes i n t he al gae Oocyst i s

( 1) and Gl aucocyst i s ( 25) ; however , t he i nt r amem-

br ane compl exes of t hese al gae ar e l i near and ar e

associ at ed wi t h cel l ul ose mi cr of i br i l s of l ar ger di -

mensi ons . Acet obact er xyl i num, a cel l ul ose- pr o-

duci ng bact er i um, al so has an i nt egr al membr ane

l i near ar r ay of par t i cl es i n associ at i on wi t h t he

newl y synt hesi zed cel l ul ose r i bbon ( 3, 27) ; how-

ever , t he synt hesi zi ng compl ex i s f i xed wi t h r espect

t o t he cel l sur f ace and t r aver ses not onl y t he

pl asma membr ane but al so t he cel l envel ope ( 2) .

Compl exes i n hi gher pl ant s ( 13) and al gae ( 1, 25)

ar e pr oposed t o be mobi l e i n t he f l ui d pl ane of t he

membr ane .

St r uct ur es post ul at ed t o be i nvol ved i n mi cr of i -

br i l synt hesi s have been r epor t ed pr evi ousl y . Wi l -

l i son and Gr out ( 26) have conf i r med t he associ a-

t i on of t er mi nal compl exes wi t h mi cr of i br i l t er mi ni

i n r adi sh r oot s, and Wi l l i son and Br own ( 24) have

obser ved gl obul ar compl exes i n cot t on f i ber s .

Thi n- sect i oned par t i cl es have been seen i n hi gher

pl ant s associ at ed wi t h t he out er sur f ace of t he

pl asma membr ane ( 19) . These par t i cl es may be

equi val ent t o t hose obser ved i n t he pr esent st udy.

Thi n- sect i oned l i near compl exes associ at ed wi t h

Oocyst i s pl asma membr anes have been obser ved

( 12) . These l i near compl exes have over al l st r uc-

t ur es equi val ent t o f r eeze- f r act ur ed t er mi nal syn-

t hesi zi ng compl exes ( 12) . I n hi gher pl ant s, how-

ever , di f f er ent t echni ques ar e r equi r ed t o det er -

mi ne t he r el at i onshi p bet ween t hi n- sect i oned and

f r eeze- f r act ur ed st r uct ur es. I n t he al ga, Mi cr ast er -

i as, t hi n- sect i oned par t i cl es have been obser ved as

or der ed ar r ays on Gol gi membr anes, and t hey

have been hypot hesi zed t o be r esponsi bl e f or t he

or der ed synt hesi s of mi cr of i br i l s on t he cel l sur f ace

( 10) . Addi t i onal l y, Gi ddi ngs and St aehel i n ( see

pr esent at i on i n t hi s i ssue) have f ound r oset t es on

P- f r act ur e f aces of Mi cr ast er i as associ at ed wi t h t he

ends of mi cr of i br i l bundl es . Because i nt r amem-

br ane par t i cl es usual l y ar e not i dent i f i ed as such

i n ul t r at hi n cr oss sect i ons of t he pl asma mem-

br ane, par t i cl es vi sual i zed i n t he above exampl es

may onl y cor r espond t o t he por t i on of t he t er mi nal

compl ex on t he membr ane sur f ace .

The st r uct ur e and l ocat i on of t he i nt r amem-

br ane- synt hesi zi ng compl ex coul d r ef l ect i t s f unc-

t i on i n t he i ncor por at i on of cyt opl asmi c pr ecur sor s

t o f or m cr yst al l i ne mi cr of i br i l s on t he sur f ace of

t he pl asma membr ane. Deep i mpr essi ons of t he

t er mi nal compl ex and r oset t e i n t he f l ui d l i pi d

bi l ayer ar e obser ved i n f r eeze- f r act ur e ( f or exam-

pl e, Fi gs . 2 and 3) . The posi t i on of t he t er mi nal

compl ex and r oset t e i n t he membr ane may f aci l i -

t at e i nt er act i ons of t he compl ex wi t h cyt opl asmi c

component s . The t er mi nal compl ex may act ual l y

be a t r ansmembr ane compl ex . UDP- gl ucose pr e-

cur sor s ar e not i ncor por at ed i nt o ß- 1, 4- gl ucans by

i nt act cel l s but onl y by cut or damaged cel l s ( 4,

18) . Raymond et al . hypot hesi ze t hat pea epi cot yl

sl i ces i ncor por at e UDP- gl ucose onl y t hr ough cut

cel l s because t he pr ecur sor must f i r st be ut i l i zed

f r om t he pr ot opl asmi c si de of t he pl asma mem-

br ane ( 18) . Fur t her mor e, f r eeze- f r act ur e r esul t s

suggest t hat t he l oss of mi cr of i br i l - synt hesi zi ng

capaci t y mi ght be expect ed i f i nt r amembr ane r o-

set t es wer e separ at ed f r om t he mi cr of i br i l - associ -

at ed t er mi nal compl ex subuni t s dur i ng cel l f r ac-

t i onat i on pr ocedur es .

Depr essi ons measur i ng 50- t o 100- nmon P- f r ac-

t ur e f aces of cor n r oot s may cor r espond t o vesi cl es

i n t he pr ocess of f usi ng wi t h t he pl asma mem-
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br ane . These depr essi ons ar e t he same si ze as

mi cr ovesi cl es f ound i n t he cor t i cal cyt opl asm of

hi gher pl ant s ( 15, 8) . Fur t her mor e, t he P- f r act ur e

f ace depr essi ons have a mor phol ogy si mi l ar t o t hat

of pr esumed vesi cl e f usi on si t es i n sever al ot her

or gani sms ( 16, 20) .

The possi bi l i t y exi st s t hat mi cr of i br i l - synt hesi z-

i ng pr ecur sor s ar e t r anspor t ed by cyt opl asmi c ves-

i cl es si nce r oset t es ar e obser ved i n some of t he

smal l er depr essi ons . St r uct ur al det ai l s wi t hi n t he

deeper depr essi ons, unf or t unat el y, ar e not r e-

veal ed because of t he absence of shadowi ng met al .

However , appr oaches combi ni ng f r eeze- f r act ur e

t echni ques wi t h bi ochemi cal and cyt ol ogi cal t ech-

ni ques wi l l undoubt edl y el uci dat e t he r ol e of cy-

t opl asmi c el ement s i n cel l wal l bi osynt hesi s .

I n concl usi on, i t i s pr oposed t hat coor di nat ed

i nt r amembr ane compl exes ar e l ocat ed at mi cr of t -

br i l t er mi ni and ar e r esponsi bl e f or t he synt hesi s

of mi cr of i br i l s . The vi sual i zat i on of t hese st r uc-

t ur es by f r eeze- f r act ur e i s dependent upon t he

qual i t y of pr eser vat i on of t he pl asma membr ane .

Ter mi nal compl ex r oset t es ar e common f eat ur es

of hi gher pl ant cel l s engaged i n cel l ul ose synt hesi s .

We have obser ved t hem i n cor n, pi ne, and mung

bean seedl i ngs . Thus, t hese compl exes may r epr e-

sent cel l ul ose- synt hesi zi ng syst ems . Dat a on t he

or i ent at i on mechani smf or mi cr of i br i l s wi l l be pr e-

sent ed el sewher e .
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