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plasmodesma. The olher is the cyroplasmic annulus..
Iying b€tween lhe desmotubule and the plasma mem-
brane thal delimits rh€ plasmodesma.
No electrophysiological or orher sludies 1o dale ansu,er
the question of which palhway(s) might be urilised in
the plant. Thecells and lissues rhat have beenexamined
in terms of funclion have nor been subjected ro
ultraslrnctural examinarion at high,resolution. The
cyloplasmic annulus is oftcn constricted ar ils orifices
bul is a porenrial route for exchanging cyrosolic
molecules. The desmotubule. if irs lumen is indced
open. is part of an exrra-cyrosolic compa(ment. pro,
t€cted by the membrane ofrhe ER. Toge$er. rne rwo
pathways could. in lheory. cope wirh di,ferenr car€-
gorie '  ofmobrle molecu)c!.  and e!cn w 

 

h t$o oppo!ng
direclions of transport. If arue. this would rcprcscnr a
level of complexity nol altained in aninal rissues
(LoEwENsrrr\ e! al. 1978). The queslions rarsed are
lundamenlal to an understanding of lhe nature and rolc
ol  symplasl ic inte.cel lular commnnicat ion in planrs.
bence il is ','cry desirable to come to a conclusion
regardine the realrries of srrucrurc and function in

Obser!ations presented hcre supporl rhc !iew ofLopEz-
SAEZ €1 .r / .  (1966) rhar the axial  srrucrure of ptas_
modesmata is not an opcn tubule. al though i l  is
attached at both ends to ER Furrher.  ihe cyloptasnric
annuhrs is part ial ly occludcd. to rhe ertcnr rhat (hc
palh{ay lor l ranspon mrv be of conrprrab[ cross_
secl 'onat area to rhat sccn in gap iuncl ions in animxls.

Summar]

A modelis otord lbr the nruclureofdrc plasnrodesmara of,4:,/a
ro.l plmordia. bascd on mifoerdphs obtanrcd bya conbrnation of
fiiation in glutaraldehtde p-form,ldchtde laDnic acid feffic chlon-
de .d igcn ioDo lcc l l$a l l sand lheu*o f  l c reopdns Un l ikerhcmodc l
Ior plasn'odr$atal strucruie proposed by Rou^RDs (t97t). lhc
dcsnorubu[ n depidcd dr a vtrturll! closcd cylindricat bih!€r
trovidine lnncor noopen parh$aylorrranstorl.ln ihh rcspecr n n
sF lhr  ro  rhc  mode lo iLonz  S i rz . r  u1 .  (1966)  A i  anabs is  o i rhc
nro l {u l ! rpd .k  go i rypesof  l i t i ds found inendop la jmic rer icu tum
k,f$hich rhcdesmolubule nrn extensionl indr.!rc\ lhat lhenodct is
gcomcrrrcall) fcasiblc Dclai\cannor bedi*erned{ilhaccura.r. hul
mllen!l- possiblt traiculale. occupics much of the spacc bcrscen
dcsmorubulc and plasmr mcrDbr.nc. rhe clloptasni. tunen benra
rcduced r o rnrcFtairiclc sF.c\ ol cros{crion!l arca conDarablc n
rhai of thc horc in u cap jun.rion ronnexon. tmplicarions for
Inrcnell!ldr lraniporl dre discussed

{ . r ! , , / r ,1 : ,1 / , .D l i smodcsm!ra idcsnroru6u lc in r .nbran€r in rc .
cclluUr cohrnunicati.n

l. lntroduction

Thecurrent.and uidely-accepted. model ofplasnrodes-
maral ul t ras(rucrure (rer iewed by RosARDs t976.
GUNNTN(; and RoB^RDs I976) offcrs two possible
palhr,"ays lbr ccll to-cell rranspon. One is the ..dcs-

molubule .  a derivar ive of endoplasmic ret iculuIn (ER)
*hrch passes from c€ll ro ccll along the axis of lhe
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2. Nlaterials and Methods

Roors lc$ thln 0 5nm in lcnglh scr.disscct.d liom,,j:,/!,r,ri,rdr,
R It cuhurcd on srowh hcd Lum 0.lmM KHrpor.0.4 mM CaCt,.
0 . lmM MsSOJ.0  25  nM K,SO{ .0  |n rM NrCt t tL rs  mrcroDui  cn{s
lW R^r\s. nfis comm )
s lnndr rd  p re | I ra rons  scrc  r i rcd  in  I5  ,  s lu r r rd tdch ldc  t tus t , , ,p -
lornrald.htric(glur p-tbirnt rnO 0t5 M tho\phalc bull.r(nH 6.lt) tbi
:hou^ r( roonr tcmp$arurc. rinsL'd in s.!.rrt ch.ngcs dl bulfcri
po{'lrrcd in l !, osniunr terro\idr ni rhe r.me b!r'tcr lbf t hour at
()on rcnDcrdurf: dehldfurcd rn lradcd acer{nre sohrr.n\: .m-
beddcd jn Epox) rcsin ISn RR I969) and seclioned lor creron
Inl.roscop). In orhcr prcpxrurions. t,', rannic acid
lMallin.lrcdt 1764- Mrllin.krcdr Chemicrt w.rks. Sr Louis)
ru t  rddcd lo  thc  cdnrcn t ronr ls lu r  p - lo .h  t rnnJr t  t i ra rns  abo\e
Ancr:hou* ar rconr rcmpclaturc rhe rissuc \as nnseo In sc\cnl
chan-sr: dl dinillcd $alcr. kcatcd ln :i!, Fcctr (N||_5 and
S(H^f f \ r iR  1976.  L \  I i ! \ rn rN dr  d / .  107?)  in  dh l i led  \a rc i  kn
.lhours..inscd brictl! rnd d.hldrdcd and enhdldco rs aoore
lSlur p.loirn tunnic acid Fcat,r.
To r.do\e ccll s!ll mderirl. ronc tuo$ \cre lcti i. lo,, drisetuse
lKrotrr.Hrliko.Kog)!- Toklo. hpdn) pl!\ l,',, chiorrnnhcnirol for
: or 6h.u^ !,ier rhc lcriic.lnorde lrcarncnr. bclore dehrdrabon

Susliens ns ol solarcd qrlls $ere tren cd b! nr.fru,L! ror\cr-
honrl\ or lanni. r.id Fechixcd roors in ! honrr.nd p.rlc 'n
Fhosthate hllir or disrilled sd.r r$Fcrivetr Susncnron Ncre
ccnrrhrged suc!.sive\ dunns dehydrarion slcts. cmbedded. pcl
lctcd. and pol)h.lsed in Bccn capsules bcforc scdnrn,ng
6rids bclritrs un\lmoned scdions \ere slrined wnh i . urno),I
dcelarc In 50'. erhanol. follds.d b) lcad cnrdte (Ro^oLDs l96l).
and .xamrncd usin! rn Hnnchi H 600 etecrron micr.*olc. Srereo
pan or flnlnrodcyDlla qere obrained ht phorosrdphing ar 5
intci\lls rhtuugh rhe rrngc - t0 to + l0 usiie rhe jde enr\

D,nreneon\lreerpr.iscdarncons 1 nandrrddeliarions.tdto{ed
lrn br..l.rsr b) lhe nunbcr of obsc^rrions. McNre,Dcrr surc
m!d. on ncgnh\es ro rcd!.c tRiblcnx .t \rnlrion in llc rtplrent
F . !n ron  o l  boundar r  cd ! .sh th  chanS*  in  pnnrconuan.  Ahho lch
rhe dara h!\e bccn rlerarcd lnd c\pre$cd ro the n$ren 0.1 nnr in
ordr thar cdnn!fl$ns srh rhcorercal \!tuA cnn be mxdc. rhe
r\cr.gcs tu obtunrcd do nol inrtl! rhal lhc te\el of tre.rron Nns
rlhiDc'r mei.l) (har rh. quorcd rrtues ha\c rhc bcn d\ailable
p()babrlnr of bcin! accurare

3. Results

J L G.n.ul Pkn,\rttit,1
Images tielded by the glur p,form rannic acid FeClr
Ir fo(edure rFrr.  I  o) accrrd sct l  s lrh fre\ inr. ,  e\-
perience of cells in ,4:ora root primordia (.,.g..
Gr\Nr\a . /  dl .  I978).  Ho$e\ef.  membraDes are dc,
l i n e J t e d  q   h  u n L r . u d l  c t a r i t r .  r h c l  . u r < r  t r c < ,  . l a , n  U
d.rr lh .rnd conrr,r . rrnr $i th r tc et<crron ldcent ,n.
ler ior.  Where prescnl.  densc nraler iatalong a face ofa
nrenbrane is readiiy scen The procedure \vas cc\erop-
ed l i ) r  cnbancing vis ibihL) ot t i l rmcntous marcr ir i t  in
iect jons (F-r rArs^r ir  . /  . / /  I971. Tr\rr  . /  d/  1971.
BL R ro\ r /  d/ .  1975. L,\  For Nr\r \ . r  d/ .  t977) and non,

membranous componenl5 do not ass me a darkJiShl-
dark trilaminar appearance. Thus non nembranous
microlubulcs rclain their  normal dinensions and ap-
pearance, save for cnhancemcnl of lhcir prorofila
mentous substntclurc (Fig. l ) .  In olhcr woros mcm-
brane can be dist inguished unambiguously t iom non-

Digestion oflixed lissuc with driselase mer€l) removes
wall malerial. rhereby making rhe ptasmodcsmata
stand out more clcarly. A relalivety lucent slceve of
specialis€d wall marcrial lhar surrounds eacn p[smo-
desma in convenrional preparar ions (Fig. l0) is no
longer scen. dense deposirs appearing (Figs. 7 9 and
14 l8).  of tcn in a hel ical  conf igurat ion (" . .c. .  Fig. 8).
The enz)-fme docs nor seem 10 innucnce structural
preservation in rhe membranes or cyloplasm (see also
Wrcx rr  a/ .  I98l) .

3.2. Langituditkt! ln.rsc ol Pld\Dtud(lDtuta
Plasmodesmata in ,4:o1la /lirrdi.r rools:rre menbrane-
l ined pores * i rh nro.e or less paral lel  s idcs ard a lengrh
of 147 t  32 nm (18).  The l in ing is a cont inuarion ot rhe
plasma membrane (Figs.I  3 and 6 9).  Desmotubulcs
are seen as lucent rods lying in the longitudinal axis
(Figs. I 9). The clarity of rhe membranes after glur p-
lbrm'tannic acid,FeCIr fixation is such rhat fdvouraDre
longirudinal views show conrinuiry of ER ano oesmo-
lubule. The trilaminar slruclure of the ER is ress ano
les'  apnarenl ds i l  becomes lrghl l )  cur \  ed unon entennp
lhe plasmodesma. Neverrheless the Iucenl component
of the desmotubule can be seen ro be conrinuous r|irh
the lucent inner layers of ER mcmbruncs. both in
stereo-pairs (Figs.7 9).  and also in sonre ordinar).
images (Figs.2. 3.  and 6).  The lucent par l  of  lhe
desmotubule has a roral  diameter of 7.2 t  0.8 nm ( l6).
Some glancing sections show €lectron-lucenl parucjes
between i l  and rhe plasma membrane (Fig.4):  howe\cl
these are nor regLrlarly seen. presumably because thev
are much smaller lhan (he section rhicftness and are
usually obscured by olher superimposed nrarerial.
Scction of embedded $alls from maceraleq ussues
show lhat nrany plasmodesmata survive. although the)
ma) be panial ly pul led out of rhe r \at l  and damaged
tFig..{)  The desmorubulc is relained evcn afrer such
harsh proccssing procedures.

3.3. Tn st?^e lDlus?s ol PlaenodtsDNta
Fig. 19.4 is a diagran of plasrnodesr:ra. oasco on
represcntali\e transvcrse scclions of m refral Il)icd in
glur p- l i r rm osmiuIn relror ide aud glul  p-t i rm l lDnjc
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acid,Feclr .  such as shown in Figs. I0 14_ Transversc
vretrs ol  nl i rmode.mara constsr ofa \ef le\  olconcentrrc
crrcles beginning wilh a cenrral dense dor (radius AB in
Fig. I 9 ,4 ) surround€d by a n eleclron-lucen t cr rcle ( BC).
The nerr circle is n monled lityer (CF) which upoD
rmage-rerntorcemcnt or in favourable micrographs
(Figs. I I 14) is resolved inlo a scr of retatjvely tucenl
spots rn a denser matrix. Thes€ spots a.e not clearly
imaged and arc nor always circular in profile, indeed ir
rs byno m€ansctear from I he m icrographs whether I hey
rfe_negatr\ct)-naineJ parUcte5 or gap, berwegl p6",-
l r \el)- \ larned rddial  ,poke(.  t  hel  hare a . .drameter. ,
measured in the radial  direct ion. of4.5 1 l .0nm (37).
In \ome ca$s reinlbrccmcnl b) V:rr l ,hJm roralronr ar
40 increments suggested a roral of 9 in the circle. bul
lhis is not claimed as a consisrent fealure (see
Figs. I  I  l4).  The f inat t ishr (FC) and dark (cH) tayers
are parr of  rhe tr i laminar plasma membrane. The
electrondense la),er of the inn€r face of rhe phsma
rn€mbrane is not demarcared from rhe dense mlurx rn
$hich the parr ic les l ie.  Dimensions ol .rhese com_
ponenrs are grven in Table I and in an idea|sco scare
drauing (Fie. 19,4).
The dimensions of ER membranes. both singte and
appress€d, in the cytoplasm of glu!/p_form tannic
acrd.'Feclr fixed malerialare presenled in Fis_ lgtand
Tab.2 Ibr comparison wilh those of plam;desmata.
Major fealures arei (i) corespondence between rhe
'Jrameter of lhe central component of plasmoclesmata
(t l^ ic€ AB) 4nd rhe combined thickoess oftwo back_ro_

' lab\e 
I Dikri\ittt ol ptr^nnrl(ennat tonluotun^ u\ !\n 11ttl,r

Conponent  C l ! l ,p - tb rn lannrc
rcrd Fecll

C lu t  p  b rnr  RohRDs
O\Oi  ( l ' )76)
rnnr )  (nm)

C H
DL
Et=.

Tablc2 Dt drrA 01 ER n,.h1hrutu\ ,t .ll: tir(t n gl t,-

Componcnl Thi.knes

Frg 19r)

CoDFonenr Thiclncss

IJ
J K
K L

: . 1 t 0 . 6 ( r 6 )  N O
1 . 0 1 0  5 ( 1 6 l  o P

back ouler leallers (r\,jce tJ). and (ii) correspondence
bett ieen f i€ rhickness ofrhe innermon electronluccnt
layer of plasmodcsmala (BC) and (he elecrron_lucent
componenr of an ER bitayer (JK).
Conventional glurrp-formrosmium rerroxide fixarions

F_iC. L The dpp.aiance of nenbranes and hrrorubutcs I(p)mehbnn;so,dic,)osone,,,,",.",;.:,"i";;,il:;Hff,il::;Til;f:llTiiii:;'ffi:i::ii"i"j.i::i;,i]::j.,lT:::::
cenrrallater. Prorofitanenbcan be secn In cros_srioi
had becn disesed !sr, by d,-o,* "*,.*, ra, n#Jtrrcrubul6('3 

aiio$ hc!d) A plasmodcsn! ,s rirAcn cd rkhoush rhe cel sa 

FiB : Con rinuity olendoplasn ic rericulum ( I-R) ,nd .t{ynd hem brane ( p) lhrouSh ! ptasDodesna The Iucenr c.nhr porlons or ER bitrr eisbc.one rhe luccn r pon ion ot thc dsnorubule ( bet*e; ir5 of snati arro\ r. rpraled rioh lhe in ncr t ce ot.r hc ptasm! nem hrrne b) a Dortcdl'!s,wrcrc rh' t+o neml'rMcs ofth. ER lic rlpoicd ro orcrnorhcrrhc rhicrDss or'rhc.o,,ti..a "."r.ra.,,J.,,,".,r."np!rabtero rhar oieachdarkLvcro f lhesepararedhemb.nes(a icassuchrs rnrhcsquares 'n rh isF igureand inFa 
' , , "a ' "g , " . . " i . "a  te rndrhed inensnrnsor thc cohponcnh Iisred In rab.l) Clur n lornr rnnnrc r.d tccti dr\elry diAclion x t?5.0(Xl

F ,s . I  A  prepur t ron  as  in  FLB. I  bur  t r i rh  rhc  ER . i re
rncnbraic. I t7j.0c'{) 

rno drrendcd and af,proachrn8 rh. ncct ot.rhc ttnsoodcha prrlltc] ro rhe ttLna

Frs..1 CLn.ins obtique smrlon ot a pl.snodesha shos
ber*een,hcrn;c, tuco,,he n,,..J;;; i l ;;;;;: i i l f i ' lJi:f i ;[1il]. j l ,:::":o'e 

r'rc,ipo,,he frc$)n,hcnd,,sd h,d
Fie-< A liisnenl ofa pl'snod$na in aell sall li!.rion oblarncd b\ ccDrriruging nr.c.rared rool p,r,nd.dia The ptdsmr menrhrrnc bitrverrnd rulenr podion Dl rtre d.smoubute appedr huch as In no16l I pr.rarau.is Tbc r;!flbn """ "", aa.,1.,1",i6 6,"i,,.";;;;:il:,;;iniaterial is !sible ntrro!ndnrg rle ttasmodesmr x l?5.(r(r0

F ia 6 A srdlr ol tlarmodesmda. ntubabl\ !ll conDcercd b the slmc .i{ernr .f E R s.crnr \hou .onr ir !i\ bcr tr rcn ur Nc.nr no.u or hcds*Ubu.  M{ r ,he  rucmr  h) *dr . ,hc  rR nrcn ,br lne \  , r \n (  .L r r  J ,  J i ruqh.cJ ,  . i " i ; . , ; , " ; ;  
, " ] ] r - " , . r .  

cn \c r :c  d , !enn,n
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difier from the above in tbat the layers are icss crearry
demarcated, cspecially in cytoplasmic membranes.
However,  convent ional (Figs. t0 and l j )  and tannrc
acjd (Figs. I  I ,  I2,  14. and l5) prcparat ions are b,rsicaUy
!ery simi lar.  tnd also match imagcs ol 'p lasmodcsmata
obtaiDed by RoBARDS (19?6) for another speci€s of
A.o u \!s;ng a differenr tannic acid procedure. Both
procedu.es indicare rhc presence of a ring of ..par,

liclei .

The axial  ER dcr ivar ivc dnd lhe inner face ol lhe plasma
mcmbrane usual ly divergc nr rhe neck region of
plasmodesmata. lcaving a cyroplasmic space belween
( f i g s .  1 . 2 . 6 .  a n d  I  q , .  l r J n ' r c r ' c ! r e w \ ' h o w r n g m o r e
and more divergcnce are i l luslrared in Figs. I5 18. In
Fjg. I5 the central  dot {AB), rhe surrounding elcc-
tron' lucenr r ing (BC), and rhe r ing of part ic lei '
ppear much as they do in th€ middle oflhe plasmodcs,

matalcanal but tbe plasma m€mbranc is less disl incr.
no longcr being normirl ro the planc of seclion. In
Figs. 16 18. the ccnlral density {AB) and surrounding
clectron'lucent ring (BC) are progressivel) replaced by
what is more cleady a trilaminar membrane. wirh a
distirct lumcn rather rhan a c€ntral dor. Such views
presumably correspond 1() rhe zon€ nhere rhe ER
lapers to$ards lhe desmotubule (Figs. I  I  and 6 9).
The mott led zone (CF)also increases in $idth ( t i -qs. l7
and l8).
Sometimes the same ER cisrema may be seen to be
associared wirh adjacerr plasmodesm,rra (Fig.6). Ex
lensions of the ER thal approach lhe plasmodesmara
u.ual ly do .o apnro\rmulel)  nurmal lo thc crr lerna
(Figs. l .  l .  and 6).  Ahernari !elr- .  a distend€d cisterna
may closely follo$ rh€ conlour of lhe plasma nem-
brane around the neck of rhe ptasmodesma (Fig. l ) .  A
coat ing of part iculare mater ial  on the ourer etecrfon-

dense leallel of rhe ER near (hc orilices appears ro
continue on down into rhe plasmodcsma in such cases
(F' ig. l ) .

4. Discussion

4.t. Ellau ol Tunni( Adtl
Tannic acid precipilares prorcins (FLrr^ErjAK(j ?/ 11.
1972) and during fixarion shiclds ot rannic acid-heavy
melal complexes are lhoughr lo be tbrmcd around
prot€in macromolecules and subunir parriclcs. con-
ferring negative conlrast on such struclures (TrLNry ?r
. / / .  1973. La FouNrArN.,r . l .  1977, OLESTN 1978. 1979.
PrERsoN.,r  . r / .  I979. STAGULL and HEArH 1979. JuNlpr iR
and LAwroN 1979).  The lucent spots in rhe monled
layer lCF in Fig 19,4) will therefore bc referred to as
particles in what follows, athough reservarions aboul
tnerr structure temarn.
The negat ive contrast oi  the r ing of part ic lcs in rhe
plasmodesmata of A. phxvta roors afier rannic acid
f ixal ion is simi lar !o thar seen blr  Or.EsrN (1979) in lhc
plasmodesmata of tpirrrilm riffrr!,i L. roots (a lissue
high in natural (annins) and Sdtuo/",k1i L. teaves and
by RotsARDs (1976) in plasrnodesmau of roots of
Hoftleunt wlqaft L. and A:olla lili. hri.l(s i1er s;mit^af
(nralmenl.  The r jng oi  pd 'c le,  can r l \o hc ,een In
convenlionally,fix€d,4:o//, plasmodesmala. probably
because this tissue loo conhrns natural tannins \ hich
are feleased during f ixat ion (CuNNrrc and Sr[ !R I975).
This image of lhe ring ofpani€les is reminisccnr of rhar
ol-prorof i lamenls in microtubules al ler rannic acid
f ixat ioo(Fig. I ) .  al lhough rhe numbcrofunits is smal ler
(TrLNEy e1dl.  1971. PrERsoN {,r  d/ .  1979).
Some ol rhc \rruclure \ ,en in mdtrf l r l  t r \ed in rannrc
acid may be present because rhe rannic acid-hea!'y
meral complcx slabi l izes them againsr shr inkrge or
extraction lhat would otherwise occur during dehr.�-
dralion and subsequenr processillg (SrMoNFscu and

I rss 7 9 srcrco prts ofpla{nodcsndll. n\cd,n shr rlorn ranni acid lccl rDd dige{cd $irh dns.td!: llr  r uigtc\ ri , t5t).001)

Frg7Theccn l ra lpado l thep l .snod. \m! rco \ercdb!p la \mnmenrbrane\ i lh in rherh ic !n .$or ' rhcsccr ion$rharder r i t s . l r [ cdrsmorubut .
rre pairrllr- obscurcd. tndicarions or ER desmdrubutc corrhun\ fe secn ar rhc oriricr\

Fi! 3 The upner Dofl\n ofrhis pl,smodejnr n corercd b\ plasDr menrbrinc Thc monlcd rrvcr ber$Lrn rhe ER rnd rh.Irh\mr njcnbrrne
e\ r .nd \ lo r rn redNaDce(ber rccndf ios \ r r roundrh .ncckrca lon  ER'derndruhu lecor r inu i r rnnsarn :ccn ! (he to$eronr i . . .Th .ar .she ld
rndl.arcs r turalvc cdnn(c!.n b.rq.cn rhc ER and thc ptrtm! membrdc netrr (he oirrtcc ot rhs ptnsnx)dcsn.

Iig 9 Thh plr)nn\lclnr dins dosnnn.ds unrit ir is rtrn bejn! lrazdl bJ lhc loscr sdrluc. ot.rhc \(ron. rhd r runr\ !p{
ob \ .^er  d  nghr rn l l csb  lh f  t

rll\;ibL cstrull) I {hc l.li h
nrer8c ro becoN l.$ rh,n lqrc€ trs rhi.t 3s nnj sngl. err su .i hrLr
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\ l rucrrLrc\  In \  o l \ . ( l  b . I r !  c losr  to  lhc lLnr i l  o t  r \o tut ion
oJ r \ r1hhl .  t .ch l r rqt r ls  ( rc \ icsed h\  I ton\Rr) \  t9 t6) .
l - |c  r  ( 'd . l  o l  l t { ) | l \Rr) \  I  l ( l7 l  )  ! l r t r . r \  lhc c t .snhr IbrL]c
r \  r  odi l ic l  nrcrnhf | r , j  ( . (nnto icc l  t r r rc t \  o t  t rorc l r
s u l r u , r l \ )  I n  ( | r . c t . o r r i n I i l \  \  i l l r  l h !  I : R .  \  h  r n  o t r . n
l u n r t ' r  x n ( l  u n  r \ i ! l  c c n r r ! l  r o r t  o i  u  t n o \ |  r ! t u r c
1 t ) ( ) s \ r l r l \  l r t . l x e t L r r l ) .  ( ) D  t h c  b r r \  o l  V r r k h i r n r  r o
l r l r ( ! r \  L l  h l \  bc. I l  rug!c\ le( l  thrL l  lh .  r runrbci  ot '
\Lr t l . r ( r  \ccn  r  l rx  s \ . f \c  \ r . l i ( i I \  i ) t  thc $r t t  ( ) l  lhe
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x l L J n !  \ r t h  \ L I r ( t r r n d r n ! :  r t . . t i o l r i . n {  n ) a u r i r t  r ( . l i r .
r rLghr  . ( i . \ r i lu1.  lhc J. jn , j l  r ibut .  $  r  .  s  t r i l .  t t r r  I rn. l
l ! ! . n r  I r r !  1 l J (  )  \ o u l J  b .  l h c  ( 1 . \ i | ( r r r h L r l r  t r m c n
I  l . $ . \ . r .  l h r \  n r o c l . l  j \  j r r ( o I \ r \ r . | 1  $   
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[ \ r ]  r , l  t h .  I  l t  $ r t h  t h .  i n n c r  t u . c . t  n r r !  t B (  ) 1 t  t h c
I l . r \ r r rL i ! . \nr r l r .  rLs dLst l r f l  t rorn err r t : l l r i l \  ( j t  t I f
f i r r r r . l .  / i , r .  $ i t h  I l {  n r r n r h r . r n c  s t | . h  r \ , r r l . b -
\ c i \ c d  l h c  I r c s e n r  r c s L r ! '  \ ! ! ! . \ l  l l r r t  r h c  | 1 n . ,
r l c ! 1 r . r  l u ( c n r  J   !  1 l l (  I  L \ . r  I c ! r L r r \ J t t  . r . , r n c d  I r n r i

B

i r . t r d rn j . j r j r r r  r . t r
t h l  R f r l . ' r .  i n r N  r ! t r . . i t ) r i . .  ! t r r c n i . i , r l t . l r r  i t l t , r r l . . L f r

L r t . " . ' . . r r  r r l  r r . . . , r r r  r , .  u . \ ' 1 .  r . . . . . r .  t , . , r ' r ,
rhc L l {

\  scc( i rd lc \ \  t ( , f (L lx '  nro( l f1 .  hur  onc $hrrn . r \  f { ' r
h c c D d i s t r ' ( t r c d . r \ l h i l r o l  l - ( ) r ' r , / - S n r / . / d / . ( 1 9 ( i 6 )  $ r t t l
s L r b \ c q L r e n l  \ l f i a l i ( i n s  h \  S L \ 1 r \ r ^ \  r n ( t  

_ t ^ (  
 \ \

( l 9 7 l r x n d  l l R r ( , r r ( , \ \ ( l 9 r - - l )  I  i g  : ( l \ h o $ \ l ! c f j i o n o l
th i \  nro( lc l .  ur ( { ! i ic ( l  to  t r lc  in to Iccounl  rhc r | {  ( i t '
c l . . t ron luc.n(  f ! rLr ! l ! \  \crn rn. t r , / / ,?  xrrd i r r lcc( l  i r )
n l rn\  orhcr  thsI r ( { lcnn. t t r  

' l  
hc. \ \c  th t  tc l tuN N thf l

lhc cc. lJx l  r (x l  ruf r rs . I r \  r rs ln l \  .L | \ . ( l  xn( l  f .L !1. ( i  j  Icr
. l .cr r1) l r -d. l lsc lc l l l . ls  ( ) l  c \ l rn , ion\  ( ) i  I  l t  I r . I rh i r Ic ,
'  \ l t '  I  l , i  r  r l r .  l . r .  ,  . ,

f l x r n ( t r l c l n r r l  1 B (  r  r \  c o n l r n u { ) r L \  $ r l h  t h .  e c I r f l r .
L L r ! . r ' r  l x \ c r  o l  r h c l : l l l r l c n r b r l n c  I l r r r c L \ n ( i t u r r r r r ) | r
rhc dc\uxrubul .  rn th i \  nxd. l  Thc. lccrron den\ .  r rcr
inrDrcr lL l lc l \  ou l jdc lhrs c l .c l ron l rc .  l  r jn i l  r ( l ) )
\ould lhcn bc lh .  out . f_  or  e\  r ( , f l l .n lc .  tc . r |c t  o i  l t r .
I I R  n r c n r b | r r c .  $ | i c h  i s  r r o r . l c , t f l \  d . n r r f c r r c d  t i o D r
lhc de|s i l )  rn $hich lhc f l r r ic lcs hc the c lL. l ron
l r . e  t r .  t .  r '  r  ' \  - . r r ,  {  r t  . . .  1 ,  r .  . .  . . , r .  r ,  r ( \
ob\er \cd,r r  lh .  oL sdc lu \cr  ot  L l t  ncrr  t lus lno( t .s-
n r r r r .  A 1  r | \  r \ r n t  i h c \  ! 1 r  b c t $ c c n  l | .  r n n e r  l . \ { o
| ]L\ I l ) lc)  l rec thf  t l !sn l r  rnrnrbrr .c  rnd rhc. l | r . r  ( ! tnJ
e\ lo fhrnr . l  l rec\  o l  lh .  I  I l
I J )  r r c r \  s h c f c  L l ) .  l \ o  I n c n r b r r . . \  o l  r .  t . t t . L \ t . r n r L
r r c  r f  c  o s .  r o n t r l  $  r t h  { D f  ! | L { h . r  \ u r h n \  n  l r g :
l h e r " n . r  c l t e t r . r r  J . r \ c l c r l l . r s l t t c r r  r r ) | x , r g c  I I c , f
eonrhincd rh i r l ,ocn l1 \ r lc  L l r  rs  !orut )xrrhtc lo  rh.
r ' ( ) r n r i L l  s r d L h  , n  l l r .  r n r c f . l f . 1 r o .  ( 1 . | \ .  t r \ . r  o r  . r
' i n l l c  I  l . t  n r c r r r t r r x  . l \ l \ ) l l . r h  : )  \  ! n r L t . r  t , t r . n o n l

$ h , f  o l h c r  f r . | ) b r r f c \  l i c  j n  ( ! , , L r r L
r l i r r  ! )  , ^  i r h o L r ! h  t h .  L  l t  , r . n r h r r n ( \ , . . | , L t , t ) r ( . , r d r , )
c r c l r  o t h e r  I n  l l ) (  . \ l o f l r ! r r  r r .  i L n  r r r  r  r u b u t ( .  r \
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F,s l0 Dilg.xnr illusfuhs rh. rropo\.d rcttrtnn\hip bcr{ecn ER
Jnl plr\m! mcmbrdnc brhJ-err xnd phsnNddnrrral lon,tujcn$.
i lN \D r  ld r rnudrnr l l J )  l rd  r r rnscr \ . la )  r i . \ s .  A tpo \ .d  ER
n.nrbrnncs lrc rlxNn !l unpcr righ| lr) rtnNs lh! !trrru.n
rhrJulhoul Dllsnulcsmau ot 1:d/r, nu prj,noftt[..n\nrg€d ro
rpp lJ_r l \o r { ,n .c lL . .n (nc loh in . rhcrs i t r r r r ion \  r \ t rosnd | rv . r
r ig l r r  rn  l . , l )  rhc r )1on l ! rn i .  l rnu lu \mr \  bcromedissDded \ i1h in  rh .
ce l  \ r l l  l rhough nor  r l lun( rcd  hcrc .  $  mi t  rh .  de$n. ruhu lc )

proposcd lbr  rhe desmotubulc.  thc n ierg ing of  thc
. rpposcd lca le ls  g ivcs somc indicr t ion o i  rhc s ize and
l\pc (]1-strining clli'cl rht|l could bc erpccted on rhc axis of
a lubule lh l ir so lighlh curlcd lhrl rhcl.e rs cslenrial!
Do 1umcn.  l t  can be secn l iom Tab. :  rhal  thc d ianrc ler
ol lhc conrbin.d pprcssed clccrronilrDse lealtcrs .rc
cords r \e l l  $ i rh rhar  o l  thc ccnrra l  fod ( l$ ice AB).  rs
does lhe q ld lh o i  rhc ccnl ra l  hrccnl  h\er  ot - rhc ER
nrcnrbr . rne (JK)\ \ i th  tb, I  o l  lhe i rncr  c lec l rcn lucrDl
r ing in  the phsmodesnrra (BC)
the !bolc  drnrcnsions rnd cornpr f rsons suggcst  rhar
thc \ers ion of  thc L(n ' rz-S{r . r  d / .  modcl  sho| \ |  in
Fis . :0 is  lc : rs ib lc .  This  inrcrpret . r r ion o l  p l  i rDodcs-
mr l r l  \ r ructurc is  a lso sLrpporred b\  e\ i . tcD(c obtr i r ) .c l
h \  | n t  . ! r ' . , . . n f r h L l r . r 1 . r ' . , t  l l (  l  R  $ r l  r . ^ |  J r n . r
r inc{smium orbr  s ta in ing i r  q  i rh  Icr rocrrn idc I  I l rs  rs
, r  { / .  l9 lJ l .HLr , r rR 198:  nd re l t rcnees rhcrc in) .  Such

procedures shou that in maturc plasmodcsnrata thc ER
lumen bccomes severcl) arlcnual€d, or c!cn abolished.
at the desmotubulc.  For exaDrple. Fig 22 of I talv ls.r
(1.  (  l98l)  shows only i  very l - ine srrnnd ol-zir ,c ornrum
str in passing r long thc nr is ol  lhc phsmodesnu
(presu'nrbly in rhc desnotubule).  I t  js I  tnnl  in
d'ameler and lhus corrcspond\ with lhe dimcrs,ons ol
the ccnrral  rod. as comp.rfcd wi lh thc roral  dirmclcr ot '
the desmolubule, c ircd :rs 9.6nm. st ighrty l rrgcr than
lhal descr ibed hcfc.  Ho{cler.  orher nicrogrrphs
obtaincd by HA$rs.r  d1. show a wider axir l  srr i red
nmnd (Dr.  B. J! : ! r fER. pcrson tcommunicarion).  and
it  is not known wherher rhe zinc-osmium proccdure
can stain parl  of  thc membrrnc. as \ \ ,el l  as thc
lumcn. ol  lhc ER. Also. r . rpidly- l . ro7en s.rmplcs p.o-
cessed by freeze subsritution rel in desmotubules ttial
c losely resemble convent ional ly-f ixed oncs (O\rRAr r_
uDpubl ished).  and negat ivcly,slained crvo-secl ions ol-
rapidly- l iozen f ixcd or unf ixed spccimcns sho$.ctec-
lron- lucenl desmorubules. probably correspondiDs to
AC iD Fig. 19. ol  diamerer 5 7nm (Vr^\ and Ror:orrR
197.{)  l r  therefore sccms improbable lhal  rhe high
cuf!ature ol  rhe ER bi layer in lhc desmorubule rc: ,ul ts
l iom shrinkage during specincn prep. irar ion.

4.3. Moltuk 

 

Pdtkiv! h th. D(\tllotuhutc
RoB^RDs ( i968. I97l) .  fol lo\ t ing thc rhen prc|r i t rng
vrews ol  J.  D. RoBLRrso\ on unir  membraDcs. argued
rh:rt thc LopEz-SArz d al. / 1966) niodcl ol lhe
des olLrbule \\.rs iD errcr becruse a bilalcr
mfmhr.rne L.{ ld 1or hr(orr(  cLr\cJ   ,  lhc r<.-
csslr !  t rght f rdrus A corottar)  \ \ | |s lhxr lhc
desmolubule. i l - i t  is a modif ied menbrane. lnusr ha\e.r
lo$er cur lature. i .e must ha\c an open lumen: i r  lhen
fol loNed nalural l r- !  lo equarc rheelectron-lucenr core ot '
lhe desmorubule $irh thar open luDren and lo ursnlss
lhe central rod. despire ils prescncc in lhc majoril! ol'
cases. as an unkno$n slructure ot an af lct tct .  A relurn
1o lhe Loplz SAEZ ?/ d/ .  model.  as ad\ocarea Dcre.
demlnds a derai lcd exarnin r ion ot motecul.rr  packirrg
in the proposed srfuclurc. The tbl to! \ ing natrsis
slross. $irh some p.o\ i ios. thal  i l  is porsibl .  ior
moleculcs u hosc a\erage geometr '  is s imi l . rr  lo I  hal  ot
r l rc coDslr tuents ol  rhe ER lo tbrm a c\  [ndf ical  bi latcr
*1tb the dimeosrcns suggesred by elccrron nricrogfrf hs

Frrst .  i t  is nol  sel i -e\  ideDr ho$ motccul r  gcolnc. l | res ,r
! r 'y)  nr! !  bc clcdrccd from r nain in rn ctccrron

' .mgrrfh Ir  is herc rsstrnrcd lhr l  thc clecrron-
luccnl  nnul i  hLt!e prL'c i \ct \  lhc ( t inrcn\ ion\ 1, ,  r ,e
non-pol f  regrcn\ oj   
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al l  head group! of thc l ip ids in lhe desmorubule (and the
highly polaf reSions of inrr insic proreins, i f  presenq ne
ei lhcr wi lhin a cyl inder of radius I .4nm (AB) or
wi lhoul acyl inder ofradius 3.6nm (AC). Wirh rcsp€cr
lo t he desmol u hule. I he assumpl ion is sufportcd by the
obserled continuiry of BC *ilh the eleclron-luccnr
rnner layer of lhe ER. Simi lar conrinui ty ofan er€crron_
lucenl annulus (FG) wirh a lucent inncr tayer of a
membrane is seen much more obviously in the case of
the plasma membrane. Calculations of geometry de,
pend very strongly on the value of rhe inner radius.
ho*ever, and if the srain defined a line rhat is further
from the hydrocarbon chains rhan tbe carboxyls thal
delirnit the head groups, the molecular packing woutd
be ralher less dense than calculaled below.
Second. thc ER comprises lipids. about whose com-
position and gcometry lhere is informarion from sev-
eral sources. and proteins whose exrcl narure and
shape are in gen€ral unknown. The ER ofcaslo' b€an
endosperm contains about 60",, lipids by weighr
(DoNALDsoN and BrEvFRs l9?7).  Lipids have a polar
head group which. in membrancs. is immers€d in the
t!aler adJaccnt ro the membrane. and hydrocarbon lails
uhich. due 1o hydrophobic inrcracrion. conracr either
edrh othcr or thc non-polar rcg'on'  of inrf ln*r.  prorein.
{T^NroRD 1973).  For usual biologicat temp€rarures.
th€se Iails are fluid and capabl€ of packing afound
rntrinsic protein s, considered ro be more rigid than lipid
in the fluid mosaic model (SrNctrR and NtcHoLsoN
1972). ln the prescnr conrext packing ofprol€ins is less
rmporranl than that of  l ip ids. Since prot€ins. lhough
largc. are preseni only in very smalt mohr concen-
lrarrons. the entropy of demixing for proreins is nol
large.and such prolcins a s a re no! easily packed inlo rhe
desmolubule may bc presenr only in negUgible concen-
trarions. Furlher. since the lhickness proposed for the
hydrophobic region of rhc desmotnbule is lhe sam€ as
lha! of the planar ER. some proteins qhich span the ER
may fil easily inro lhe desmolubule, parlicularly any"conicr l ly shapcd prorci trs.  as cnl is ioncd bl  ISRA
r.LAcHuLr (  1978).
There is a conceptually simplc theor) llhich has
quan(r latr le success in cxplaining rhe eq i l ibr ium
shapes and sizes ofaggregates oflipids in rcrms ot rheir
molecular geometr ies ( lsRAErA(rr\ru r t  . j l .  19j1.
MTTCHELL and NTNHAM l98l) .  The lheory postulates
that :  ( i ) l ip id rai lsarehighl)  inconrpressiblc and soa rai t
volune !  nray be ascr ibcd ro an.\  t ip id such rhat any
aggregatc which has a lou licceDergr tuust pro\idc rhis
loiume lbr cach tai l  lor pair  ot  r . r i ts)r  ( i i )  the nr-uro
carbon tail,$ater interface har a vert targe suffac€

lensron. and rs opposed in large lipid aggregatcs by an
equallyslrong repuhion belween hcad groups. Thc area
per head group in any aggregare with low tice energy
must be very close to the value ofthat area, a., at which
lhcsc forces arc cqual; (iii) at physiological rcnpera,
tures, lipid tails behave as an essenlially incompressible
hydrocarbon fluid. occupying almosr any shape wirh
volume v. provided they are not exrendeo ocyono a
length, 1c, which may atso be ascribed to cach lipid. A
thermodynamic analysis shot!s that tail packing
constrainls determine rhe geometry oflipid aggregares
(ISR^ELACHVTLT et al. )97'7). For any lipid. the mosl
stable aggrcgak is approximately the smallest possible
arrangement rhich packs the lipids at their presc bcd
values of v and a" and where no tails are exlended

The above theory js primarily concerned with micclles
and vesicles and cann or be applied 1o biologica I systcns
wrthout caution. since j( refers to lhcrmodynamic
equi l ibr ium and l iv ing sysrems are nor a( equi l ibr ium.
lhcir membranes being unstable wilh respect to sDall
vesicles. In the case of lhe desmolubule it is Dor crear
whal mechanical lorces mighr innuence the frsc cnergy
of its molecules. ".g. by compression fiom rne sLrr-
roundlng structuresor tension bclween thc !erminalER
conneclions. However. il is exrremcly unlikely tbat
jnra-cel lular !andtron, in prc.surc and tensron are
large enough to significantl] aher a,, and v. Tochange v
by say 5:; would require a change of pressufe of
50 MPa, assuming lhat the hydrocarbon charns have
lhe same compressibility as bulk hydroctrbon. To
change a. by 5i; would require a changc in membrane
tension of l2mN.m l .  assuming ihat the area elastrc
modulus of the membranc is similar to rhat of rhe
plasma membrane, wher€as a rension of 4mN m r
ruptures the plasma membrane of planl proroplasls
(WorFE and SrEpoNKUs l98t ). In facr, if rhc frec cncrgy
ofmolecules in rhe desmotubule were very much higher
than that ofsimilar molecules in tbe ER. the d€smotu-
bLrle would rend to coalesce with rhe ER Hence any
differenc€s in frec energy berween rhe rwo srrucrures are
probably not many ri'nes kT per molecule (where k is
Bolr lM^NN's conslanr and T rhe remperature).  Whi lc
such diftrences mry have concequences lbr tnc morcc
ular conposir ion of the desmoiubule r i ! . ) -rr : r  thc ER
(a point ro be examined Iater).  i l  may be concluded rbar
sini lar tai l  packing constrainls should appl)  ro sjmi lar
molecules in lhe ER .rnd the desmotub le. and furrher.
lhat i f  lhc conposir ions of lhe ER rnd of the desmolu-
bule are the same. then both slructures $i l l  have rhe
s.rrne alerage ulue ofa,, and v a,,. In rhc firn st.rge ot'
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Fig 2l tudn usd in .a tcu taring <lime.sbns avritable ibl tipid hend
g,oups ir rhc enr{t rdd (/ corrcstonding to ,4S in Fig. t9,1). for
!$ciatcd htdroc.rf,on tails (i-r), and tb, hyd,ocarbon ra,js otthc
ou lerha l fo l thccy lndr ica lb i la te r (R- i ) . lR  icorcspondsro  j ( .

the following analysis an average valu€ of a. and vra.
appropnate to lipid isascribed to each struclure. whjch
rs then lreated as ifil contained only that on€ averag€
componenl. lt cmerges that bolh st rctures sarisfy the
same packing criteria. and thus could be composed of
the sam€ molecules withoul incurring largc energies of

The equilibrium vercion of the molecular packing
t h€ory ( l sRA ELAcH vI I (/ 4/. 1 977) shows tha r cylindrical
vesicles are unstable uiih respect to spherical vesicles
because of end effects: the aggregation number of a
cylindrical vesicle must be ldrgcr because ofthe spher!
cal ends. This constraint does oot affect thc prescnr
problem (where the aggregation number is el'fecrively
jnlinrte) so enlropi€s ol aggregation can be neglecled
and packing crilcia used lo examine wherher a cylin,
drjcal bilayer is €nergerically possible.
Conider a c) l indr i(al  pof l ron or tergrh /  q hosc selr ion
is shown in Fig.2l .  p is lhe radius ot rhe. iverage
dividing surface belween the inner and ourer leallets.
The interfacial area and lail volume available for rhc
ourer leaflet lails are

Ao -  2 i  R /  and Vo -  - - (R:  p: ) /

and lbr  lhe inner  lcaf le t  la i ls

A r  =  l ^ - r  /  a n d  v j :  i ( i :  - -  r : ) /

For  an average I ip id mdecule:

: AC = 3.6nm. this yields p = 2-2nm and ,"trao = L r nm
lb. mol€cules in rh€ desmo(ubule. The vatue ofvta.for
thc nolecules tbrming rhe plan:rr regions of rhe ER is
sinply half  rhe thickncss of the elcctron_lucent
rc8ion\ ul  th( rnembrrnc. rhus rhc clccrron mrcro_
graphs show that v ao = l . l  nm tbr those rcgions also.
The orher packing constrain$ are rhar there are oorn
ma)iimum and minirnum !rlues tbr rhe average chain
Ienglh. Thus the maximum. /., must bc > thc averagc
avai lable l€nglh. which is R - p :  l .4nm in rhe ouler
Iealler of rhe dcsmorubule_ CHRrsptrrls (t980) repons
that. of the phospholipids which comprise 82i; of rhe
Iipids of the ER of castor bean endosperm. the tail
composilion is: palmiric (40?.:), linoteic (36,';), oleic
(12"'"). stearic (81;) and linolenic (4:;). For acyl chains
of these lengths. i. is considcrably larger rhan 1.4 nm
(lSRAELACHvtrr  (1al .  1977).  so rhis constraint is sat is_
fied. The minimum length inro which chains can be
packed. which depends on rhe narur€ ofrhe lipid. is less
clearly defined bur is eslimaled to be within the range
0.2 /c 0.5 / .  (MrrcH[lL and NTNHAM t98l) .  For the
rnner leaflet of lhe desmolubule the availablc spac€ rs
p - r = 0.8 nm. This is 0.42 of /c in egg lecithin, and
since tails of ER Iipids probably have similar lengths.
packing is no1 excluded.
From theexcellenr agreemenl invra.. and the satisfying
of0.2 i. 0.5 /c < chain length < /. for borh leaflets,
thrs analysis shows thar fluid molccutes wirh the
average geometry of rhosc in thc ER can form lhe
proposed dcstuotubul€ wirhout violaring the packing
cr'1eria of t he hydrocarbon regions. Packing oflhe head
groups can now be considered.
One ofthe simplifying assumptions ofthe lipid packing
theory of IsR^tLAcHvrLt et at. is rhat all rne srerrc
prope.ties ofthehead group may beincorporated in lhe
srngle parametcr. ao. Provided that rhe currature oflhe
Iipid-water interface is sulncienlly low rhal ir may Dc
locally lrealed as planar. rhos€ lipids with an arca
density of l jao should interacl  ident ical ly whatever rhe
gross configuraiion of the aggregate. and so rhrs
postulale is justified. In lhe Iipid packing theory. the
minimum size ofvesicles is delermined by the extenl to
which chains may be straightencd in rhe ourer lcanet,
subjecl to all other Seorn€tric constrainlst aDd il is
assumed that therc is suff i  c ienl  volume inside the vesicle
for the bead groups ofthe inncr leaflet to pack ujlhour
incurr ing a s(er ic repulsion subsrant jal ly greater rhan
that among head groupsal a planar inrerface. The head
group-hydrocarbon jnterface of rhe inner half c,f rhe
bilaler proposcd here has a rarher higher curvalure
( l  ' r  + I  7 :  0 7t nm r) than that of  rhe sma esl

\  -Rr  j r  . :  r :
a , ,  l R  

-  
l r

$ h e n c c  p : =  R f .  W i r h  r : A B - l 4 n m  a n d  R :



lcsiclcs considered by lsR^l rAC'llVtrr rr r/.+ (.,.g.. fol. a
spherical vesicle ol egg phosphaddylcholin€. rhe cor,
responding inner curvaturc is aboul 0.3nnr r) .  Thus,
whi le thc quant i tal ive sDcccss oalhe pucking theory lor
predicling \,csi!le sizcs suggens rhc legitirnacy of lhe
loc l plana. npproxinarioD for curvalures rcss rnan
nt 'our 0 I  nm L. rher( i .  no !uJrunree rhd"hi .  dnrror i_
m,t i , 'n.  i rnd he (.rnl l : r ry lhat hrrJ !ru,r t \  rr lcr i rctr ,n. .rrc
all 'ncludcd in 0. hold lor thc nruch righrcr packing insidc
the proposed cllindrical derrrorubulc.
Cyl ind. ical  vesiclcs are unsrable sirh respccr ro spnen-
cal vesicles. hcnce lhere afc no reports of \csictes ui lh
highlr- cun'cd inncr nrf:ces r{ilh which lo compiirc thc
had group Prcking iD thc proposed dcsmotubule. The
encrgy rcqurfcmenl lbr packing lipid head groups ar
lhr '  l 'ur \  arLlr  c ( l lerelorc cannot he r \ .c, ,cd. Ho$e\cr.  i l
.?n beshown that ar the opl imal area densit ]  I  a, , . lhefe
rs enouSh foom insid€ rhis cylinder for lipid hcad
groups and their  hydrar ion shel ls.
The lhickncss of lhe I cenr region of thc ER giles a
value ol v'a,,. bul v and a. may nor be derermincd trom
the micrographs. v may be esrinlared from rne molar
volumrs of hydrocafbons detrrmrncd b! Rrrss-
H rssoN rnd Lr 'zz^lr  {  1964):  VcH :  0 0205 nmi.  VcH.
-  0 . U 2 - r ) r r n ' r n d  V ,  h  -  n 0 ) J U n n r  a r  : 5  C .  L . r r r g
the acyl liequencies given above. ihc weighred aleragc
volumc ofa pairoIphosphol ipid tai ls iscalculated ro be
0  4 0 4  n m  U . r n E  \  a o -  I t r \ c c n h o \ r r .  r h r s ! i ! c s r I
average ao ol  0.1J2nmr.
The number ol  head groups per unir  length ofrhe jnner
surl)ce of lhe hydrocafbon annulus is n: l - -r  a, , .  and
from this value ofa".  n:  l0.7nm I.  The \ 'ot trrnc pc.
unit  lenglh wi lhin the annulus is i  .  aDo so rne
alailable volume pcr hcad group is r,, r 2 - 0 57 nlnr
The \olunre of the head group (inctuding carboxyl

R L ovr R^U. J. wou r. rtrd B E S cr.tr.[Nr\.: tnrercclluhr Communicalron ni ,.t:,r? Roor\ r

groups) ol phosphatidylchotine is catculalcd from the
molar volume ofegg lcci thin by TARDTFL.I  a/  ( t973),
who ob(ained the lalue of 0.16 nmr. i.c . 63,r; ol. the
arrrilable volume in lheceDtralrod. Dala tiom which ro
cnlculalc the hcad group volumc for thc olhcf l ip jd
compon€n$ rre nol availabl€. The major Iipid compo_
nents lined for thc ER of castor bean cndosperm
(DoN^LDSoN and tsEEvrRs I977) are phosphat idytchot i_
ne {PC). (40..1", ,  d phosphol ipids).  phosphrr id)tcrha,
nolamnre lPE). (32.6,, ; )  and phospharidyl inosirot (pt) .
(16.61.;). Comparcd to pC (whose hcrd group has a
molecular wt.  mt\H: jCl) ,  pE has a smal lcr head
group (m$'H = 269) in which threc hydrogen atoms
replace three melhJl groups of pC. The head group ol
PI has a higher molecular weighl (2109). Aparr from
phosphol ipids (82:;  of  tolal  l ip ids).  lhe only olher
subslanl ial  l ip id components are l ice fat ty acids ( t4, , i ,
of total lipids) and diacyl and rriacyt gtycerol (3,,i).
These componcnls have small head group vorumes per
chajn- From the ibregoingdata. rhe alcra8e head group
volume of ER l ip ids is probably nor more lhrn rhat ot
PC. i .e. .  0.16 nmr. Tbus in general  i t  is reasonaDre lo
conclude lhal  the head groups, si thout hydrat ion
shclls. occup)' not more rhan 63,,; ol lhe volun1e u,irhin
rhe cenlrnl  rod of rhe desmorubute (radius Ats in
Fig. 19,1).  Put anorher way. thcrc is room within the
cenlral  rod for r t  leasr 7.t  $arer molcculcs per l ip id
head group*. Since head group vohme is catculated
from hydfated bilayer densily. any efl€ct on (hc tocal
densit ]  o[  t taler is impl ic ir l ]  inctuded.
The head groups are obviousty nor fluids rhar ma\ oe
.quee,,ed Inro an drhi trdr!  \hape \ \  h \Ltn( icnr \olu-
n1e. Explicit calculations abour the packing of thes€
groupscannol be made but wecan show $ i th molecular
models thar. at rhe required pdcking, there is sutficicnl
spaoe in lhe gi |en shape to pack rhe heao groups
\rithout steric hindrance. Ascribe ro pC. rhe Drosr
common 1ipid. with a tvpical hcad volune. the !\efage
area per l ip id of0.82nmr and for s impl ic i ly dcpic!  this

I Ih. \dlue of \ r. u\ed .bo\r n turher nDaler rhrn rhd lnLr b\
l rRALr  ^ .  HyrLr . /  r / .  ln .0a  l&rh in  (  t .5  nm)  rnd  \ r l  cad  k ] r  \ ! tuc
of r,,lJrger rhrD rhar cnnMrcd tur cse tecjrhn tion, ..u|\cd
mon.u) . r  d .D{ ! r \  r0T lnn i : )  $c  no  nor  k t ro \  { [c rhcr  thN
dnlirlnc. rrii.s ardnr I r..rl dii.rcnec r r r,, b.r\cur  [ tr\.
srn.nN ldue ctrhcr ro lhef dil]cr$r c.njN\nnr. .r rhrn drftreDr
hrhna Dcd i r ) . r  i i om a  d i t l i r cnr  dc t iNr , .n . r  f rs r \u r . jnunr  o l . rh r
rhiclD.$ ol lh. [\dtu.,rbon r.!r.n\ L sc ot tss \r I 1( r\  .r s \ntu.
o l  r . ,  lo r . !g  lNr th rn  gnN 1  \ j lu .  o l  . l . J  \d$  n) t .cu ics  | ! r  h ra l
! i ! ,up  nr  r l r  d . \n .Nbut .  Ho\c \ . r  rhe  l jR  t \  rhhDr ,  rh r r .gg
lcc'lhrn bild!c^ rnl .. rh. l(\r \.!juc ot r,. r trohnbtt nor r.rr\rnr

' Il \.sioles \ith hrge nrncr sunir..unarLtrcs rle nRtribncd b!
prcrrngc.nnrarnrs.wlrr i s I he !rrucrur. lronofd hcrc nol \inrittrrt!
Irohibiredl Thc,nssq rs in rhe dif.rencc herwcen cvhndricat ! j
sd,cncxl sroni.r'Lc\. Smflc !..nrdnr ..ncul.!n$ n!,$ trrdr. ror
rh. \anre r do. srhcriclL brh\e^ nru\r be rhick( lhrn crlindn.ll
b'h\ers  

 

snhericdl \c\iclc \firh rhr sanre irrnrr cusr,urc r\ oLr
t ( ) toscd  . \ l i ndcr  ( i .  snh  nnrc r  r !dn \  r .  -  :  lnmr  s l l  l l \ c  rn
.!rcr r.dru: R. sari:l\ re

K . / J ,  r
I  I  R  r l r ,  I  | - r r

(\hcrc r. rnd R. r.rir ro iDn.. rnd .rrcr hcad arotrrh)dretb.n
r!)cr rr-r!c.s '.\t.crn.ll I
For rhc th . r rhn ln t \ thd l ,neres i . l ! . \ . .nnJcRl  b \  l sB j r r  {  r \  L  r . /
r /  r , , \  = 0 6 6 n m  i u d $ R . = 6 l n n r  T h c d l r r  r r i t s \ . r [ . o D
r \c fusc .  h r \ .  r  r ld rxL le is rh . l  I  t r i r .  i r )  c \c .s  o t  r t rc  \ , , l r co i  r !  r f l
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r rc l  15 r  |orLron o|  rhr  c \ l inc lcr  bourdr( i  t i )  ($o
str r rght  \cr t rcNl  \ r r lcs aDd tso hor i ronrat  ures.  arr  or
l . n ! l h  \  0 . U n n r r  ( r t l l r r n r ' l h i \ l e o m c L r \  i s s h . $ n
r n  F r e  : : .  \ h i c h  ! i \ c \  \ i \ u r l  c o n t i n ) r r ( i o n   )  

 

r n .
t r ( r rnt  cnt . r  ' !  lo f  holh hexd f r )ufs  ln( l  h \  dr  o. r fbor l
l l i l \  r rc  r iL t is l icd h\  (h!  p l r r Ioscd f rLrdct  .1  lhc d.n)r ( j

I ' rckrns. . r lcu lxr jon\  bec, ! ) re nruch r l . rc  eor , r rcr rcd
'or  l \o  conr lorcnt5 thrn ior  Lrnc 1(  \R\ I  r  /  d / .  t9r r l ) .
ID( l  lnrht r ld ing l i ) r  rc . r l is r rc  mrr I . is  ot  bro]o!Lcr t  nr .nr
bf t ,nc\ .  hosc\ . r  sonrc qur t r t !Lr \ .  rcnrafk\  r r j l \  bc
mrdr  I : iA l .  m, l .cLr lc \  r rc  h. r  to  d 

 

l ! : (  t l lc r r t t \  rn  th.

Sr \ ( ; r r '  \ r . r I ( , rso\  nrod. l  o l  thc nrenrblarrc  rnct  cn
l rop\  \  ould be nrr \ imi \ rd i l  l . r rc |1r ld i r [ is jor ]  conr inLred
unr l i  the composi t ions or ' thc dcrnotubule  nd lhc tR
$ r th $ h ich i l  rs  conl inous rcrc rhc sanrc I_hs lcnd.nc\
nrghl  bc o\crconrc ro \onre c\1. )d h!  c \ lc f l r i r  rorce\
s l , r . h  l ,  $ {  L (  I ' 1 .  . r \ . ! . 1 .  . . t  ( l   ( r . . n .  . t \ . . . r \  ,
nro lcculcs h\  d i l lc f ing l r  ounts in  on.  fcg ion Secor)d
snrr l l  dr l lerencci  jn  prck ing cncrs i .s  ber$ccr  r t r t j i lcnr
rnolccul l j \  rn  rhc \ lnrc rcgron o l  r  nr .nrhfunc.outr i  l t \o
. \ . r 'comc lo \onre r \ lc t ) l  thc n l r \ 'ns cntro l \  Thu\
'Dolc.L ' l$  \  h  l r t fgcr  \  ! .  . r  hrg. r  t .  t l . t . r . I r r r ! t \
' r \$crr l .  ' r  lhrc l  rc l rors l r rd or  con\  c \  \udlccs oJ lhc
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mcmbrane. and convers€l! ,  ( lsRAFr.^(.HvtLr 1978).  In rhe
desmotubule fof example. there miSht well bc a higher
proporton ol PE and frec fatry acids in rhc inner
nonolay€r ol-lhc cylinder than in the outcr (lhough for
thesc lipids thc effect would be ntitigated by elcc-
trostalic repulsion to some ex(enr).
To produce an .-fold change in the concenlration of
one specles the local free cnergy per molecutc must be
lot!ercd by theorde.ofkT. Such !  changclormolecutcs
ol Ihe size ol lipids can be cxpected from a change in
membri tne tension of 5 IomN m I or orher lbrces
wrth this magnitudc. These are largc compared wirh
tensjons found in rclatively nar. macroscopic mcm,
branes. or membranes in equi l ibr iurn (GRrlN and
Wollr  1982).  indecd. as already nored. the planl
plasma membrane rupturcs under a tension ol abou{
4 nN. m I  (WoLFr and SrEpoNXLrs l9l l l  ) .  On the olhel
hand lhese tensionsare smal lconpared to thc pincipal
tension slabilising the membrane (rhe surface energy of
a water-h]-drocarbon inrcrface is typical ly 50mN. m 1)
and since lhe desnrolubule is rcithcr flar lor ma-
croscopic il could possiblr.� be subjecl to tensrons as
large as several  mN m l .  I t  is thus possiblc rhat lhe
composrlron ol  lhe desmotubule is subslanl ial ty di f -
fcrent l rom rhal of  rhe ER as a uhole. wi lh concen-
lrut ions ol  some l ip ids var) ing by as nruch as several ,
[old. and concentrations ol proteins uhich nre lrrger
rnd rhcrclore hd\e a di ' lnbul,on more rnsru\e to
c ) ' l e r n . r l  l b r ( e , r C R r r \ t r n d  \ \ , ,  

 

I  l u x l , r a n r i n g m o r e
markedly.
This possibi l i ly does not al ter rhe conclusion rhat the
desmotubule can be a l ight ly cur!ed c) l indr icr l  bi l t l )er.
Since a bi layer $i lh rhe rd,r ,  com posir ion as the ER is
nol prohibi ted by geomelry l iom lbrming a c) l inder of
the gr len dimcnsions. then rny var ial ions rn com-
posit ion $hich lower the free cncrgy of lhe syslem mun
lower lhe energy required 1() pack molecules in rhc
cylinder. The proposed cylinder. rhough nor ofcourse
stablc in the thermod\namic scnse. is nonethcless of a
gcomcoy $hicl)  does not su8Scsl high l icc errrrgics aDd
is thus slablc in rhc biological sensc.

1.4. Th? Ctldu\kti. .1,,ulus
We wish ro bc c ul ious iu inlcrp.cl iDg images ot rhe
dcnse mottlcd lalcr. regrfdcd here as consisturg ol rhe
cl toplasnric aDnulus (DE in Fi ! .  19..{)  togerher r | i rh
non-demarclrcd inner and outer rcgions $hich are
to, i rr \c l \^r .r ineJ h\cr . ,1 h.ud !roun\ b<1.,n! )r  ro
lbe oulcr hal l  of  the proposed dcsnorubulc bi la\er
(CD) and lo lhe head gft iup ponion ol-1he plasnra
me bfare bihycr (EF).  Thc diagrnms used (Figs. 19.4

and :0) dcpicl an arrangcmenl of 9 luccnl pilrricles.
Thcre arc lwo reasons for this choice. I:i|sll). sonre
Markham rorat ions (not i l l  straled) grrc rcinlbrcc-
nlents al  this runrbcr.  Secondly.  lucent "prrr ic lcs lhal
could he mensurcd direclly lrom microgrilphs Mrilgcd
4.5 nm for tbcir  diamcter in the radir l  dirccr ioD ot thc
cross sectroned plasmodesma (Tab. l .  DE):9 p.rr l ic-
les wilh circlrlar prolile ofrhis diamclcr fit neally jnro
the avai lable space wirh inrer lening radiat g ps I  nnr
wide. However.  actual images (( , .s.  Figs. t0 l5) bl  no
mcansjusl i ly the clar i ty of lhc diagrams. Two possjbi l i
tjes that cannot b€ excluded are thal radial spokes arc
being positively stained so thar rhe luccnr spols arc no1
particles bul spaces: and thal there is ',,ariation in the
number ofspaces o. par l ic les ( .  / .  cspecial ly Figs. I  I  : rnd
l4). Nevertheless. occasional observations ol chains of
lucenl spots at appropnate locat ions in grazing longi-
tudinal sections of plasmodcsma ta ( Fig 4). and I hc !\l)
in which subunits of microtubules become shined by
the tannic acid,FeClr procedurc 1F-ig.  l ) ,  bolh supporl
the not ion that negat i lc l )_-srained paf l ic lcs l ie in rhc
juopldsnric anrulu' .  Or r \)  \  |  le lor als, \  i r .p,"r \  n rL.
subunits in the neck constric(ion of.9d/rol, pl.rsnrodcs
mala. In addition. thc facl lhal liagments ol phsnro
desmata can rclaln their sub-struclur:ll componcnls
(Fig.5).  as pfeviously notcd and discussed (BIRcl iss
1971, see also RoB^RDs 1976).  suggests thar rhc uhole
plasmodesma is an assembhge of stably-liDkcd parts.
The cyloplasmic ,tnnulus of phsmodesmara in ,4:r)//./
rool primordia is more,orlcss p.rrullel sidcd. Il does
no( displaf ' the constr icted nccks and dr latco ccDrral
po(ion thal  are common in othcr marcr ial{rer ic\ .  by
R o n q F l ' \  l q r b r .  I h e  d c , m o r u b r r l c  h . r .  r ' , ,  o n n o r r u n i r r
to dil.rrc und become nrcrc ob\iousll nrenrbranous \r'ith a
cle!r lumen.asseenoulsidcrheori l icc(Figs I i  I8)and
also in the cenlral nodulcs of somc vrsc lir cclls
(WooDrNG I968. CARDF I974).  Instead. , .1_?r.r  nlasmo-
desmata throughour rheir length olosely resemble neck
conslr ict ions ( ls imaged at high mrgnif icar ion by
Wooor\o 196E. R(rJ^RDs 196E. I976. CARDL 1974.
BRrorcNA I97:1. OLTSEN 1975. 1978. E\ rRr cr a/ .  1977.
rnd WocHoK and CrAyro\ lq76).  Onc rc.rson l i r
la lour jng a nrodel q hich thc desmorubule has ar opcn
u r n c n  q i r , l h J r  r h r , c  n r . , ! e s  o t  n c . k  c o n , l n . l r , ,  \  ! r \ {

thc impression rhat the c) toplasmic innulus is crcsco
hence if plasnrodcsnratal trlnrporr is ro occur. rl m st
be r i i? l l rc desmotubulc (OrLsrN 1975. RoR^RDs 1976).
Ho\\ever.  rhis infercnce folb$ s onl!  i l  i t  is hcld rhaL thc
dark stair iDg zooe nnmcdiarcl)  $i thin rhe plrsDra
membrane bi ldlcr is the $al lof lhc desmoruhule. as n1
the RoB^RD\ model.  l f .  rs hckl  in thc preseDl $ ork. lhc
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partrculalc hlcr is in the cytoplasmic annulus and thc
dcsnrotubule has a n.rrroqcr external radius. rhcn lhc
inlercnce is mcrcly tha! tbe cl lophsmic annutus rs
t ' . r f r i i r l l )  uccl  J(d. I rrrJ ' i r rurron. tor . )rnFtr. l r (  r f t rn. .
porl rrc sumnttriscd hcb\r'.

1.5. Lntlietit,l! lot Si,tth^tit 7'11 1!t1ol
The posilion adopted hcre lics ber$,ecn rwo exrreme
vicws on (he one hand that rhe desmotubule is open
and the cytoplasmic annulus closed al  the ncck con_
nf lcnons; on (he orher that the desmotubule is closed
and the cl toplasnt ic annulus open. The obscr\auons on
.J:o/fu indicale tha( rhe dcsmorubulc has an extremely
narrou lumen ofcross sccr ionalarea equivalcnt to only
a lew t\arer nrolecules packed around lipid head
groups. and that rhc c)'roplasmic annulus is paI1iall!,

Therc never has becn nny evidcDce rhat the desno{u-
bulc lunct ions in syrnplast ic rransporr.  a[houth tbe
possibi l i ly hasbeen lhesubjecl  of  much discussion 1!.s. ,
Ron^RDs 1976. crN\r\c and Ro8^RDs 1976).  IDdeed
\rhcn the lunen ofthe ER is staincd or impregnated. rhc
clecl .oo densi ly ei ther v.nish€s or is arrenuatcd in rhe
desmotubule to approximarely the dinrcnsions ol  the
ccntral  rod ( l lA$Ls "/  . r / .  I981. HEPLER I981 and
reltrcnces lbcrein). Therc is no ob!ious reason u,h! lhis
should happen i f lhe ER is conrinuous from cel l toccl l
r'tu opcn dcsnolubules.
Restr ict ion ol  s lmpl l lsr ic transpon lo rhe cr ' � tosol
comparlmcnt means lhat ptanrs and aninr i ls are simitar
in this respe!r.  In g.p luncl ions rhe const i luent .con-

ne\ons a.c open to rhcqtosol.  their  porcs being about
lnm in diarreler.  i . . . .  of  cross-secl ionir l  arca abour
3.1nmr (sec Lorwhsrr,rN and Rosr:  1978).  This porc
sizc conel i r lcs with a molecular {eighl  c)rchsion I inr i r
rn thc range ll00 (lnrrnmalian cclls - Fr.^ca-Nr$ro\ (r
. / / .  1979)1o 1.700 ( insecr sal i lary gt i tni t  Srvpso\ ?r r / / .
1977) In view of unccftainl)  regarding delai ls of  lhe
cyloplasmrc anDulus (preceding sccr ion) i t  \ \o lr ld be
prcnaturc lo nr.rke o\cr,precise prcdicr ions. bul  in rhe
idcaliscd diagr.rms ol FiSs. 19,{ :]nd 20. rhe cross-
sectronal area ol  lhc inter-t l r l ic le spaces is in lhe rangc
1.6 3.6nnrr.  depeDdinC upon ssunlpr ions aoLrur no$
close logerhcf the parl ic les l ic.  Accordingl)  r l  l i  con-
ccj \ablc lhat thc nrolccular $cighl exclusion l i f i i r  for
prarnrodcsnrirla ma) not bc \er\ ditTerenl frorn lh,rr for
gapluncrions. Thc possihle el t 'ccls ot nLL ral  occtLr\ron
ol the c), lophsmic annulus oD eleclr ical  cout l ing lnd
pl.rsmodcsmar l  resrsl lncc\ in.1:, i r l . r fc discussod in
tun accompan) ing prpcr (OrrR\r I  rnd cr \ \ r \ ( ,  t98t) .
I  hcrc is conl idcr.rblc rai  r ion bcl$een plasnrodcs

nata froln di f lerent sourccs and no cl l inr is rnadc rhal
the above impl icat ions .pply to nl l .  Cle. i r l l  nonc ofrhe
modcls calers tbr the mot]emenl of v irus pxr l ic lcs.
uhich musl be set rs ide as a specialcasc (Gr.\ \ r \c nd
Rot^RDs 1976).
Tt\o l inal  points rhat should be raised ir  lhc prcsenl
!onl |r \ t  con(cf l r  rhe no., jhr ' r l )  thi  
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pof l  issubjecr to regrlar ion. and rhe,?r ir) , . / iaf .rorrnc
desmotubule i f i t  is in Iacl  not a rubule. Wirh resard ro
rhc nrsl  qucst ion. i f rhe po.e sizes rrc indccd as sDrax as
seems possible. lhen lhcrc are oppoiunir ics t i ) f  refuln_
lor) mechanisfts whose opcrarion could nol be dclccl_
ed by mcthods ofcleclron microscop\ rh.t  hu\c bccn
appl ied 1o dare. E\ ' idence thal plasnodesmata l ler iD
eleclrical .esistancc in response to treatmcnl \\.ilh
cnlciunr ionophor€ is prcsenlcd elscwhcre (Ovr.R^LL
and GL NNr\c in prep.ral ion).  Compirr ison of Figs. !
and 3 sho\\'s thar lhc ER DriSlrr fes(ricl access to lhe
ct loplnsnric annulus beconing f lat lencd agrinsl  rhc
plasma mcmbrane Dear rhc or i t icc ol  thc phsmodcsn .
Whcther this happens , ,  f l l r )  is nor tno$n. buL sc\crar
nlcrcgraphs showing nructures apparcnrly br idging
lbe g.rp between thc xro membrane slslcms \\erc
oblaincd (. .g. .  Fig.8).  Conrract i te elcmcnls so placcd
could provide some regulat ion ot l r . rnspor. t .  Orher
forms ol  sphincler" hrve bcen discussed (E\r,Rr.  /  a/ .
1977. Or rsF:\  I979. 19t i0).
As to lhe,?^o, /?r? Ibf  an essenl i r l l !  non-tubular
desmolub lc.  rhe suglest ion pul for\ \ard by Cr N\r\( ;
and RouARDs (1976) sr i l l  sr .rDds. nnmel),  rhar lhe
desmotubulc night bc a srrblc and stat ic slruclurc
around qhich some I i )  n ot !at !e nrcchrnism soutd
opcrale to open aDd close lhe mdin pr lh$ay ot '
s lmplrsl 'c t rrnsport .  i . { , . .  rhe cl , t ()plasmic annulus
Thereisalso thepossibi l i t )  ot  iDrerccl tul  r l ranslnrssron
ol s ignr ls br" propagrr ion along rhc corr inuous lncDr,
brane suface ol rh€ cndoplasrnic reticulunr
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