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ASSTHACI 

Hortlvrc~ct pit ~~le~lrl)l-a~rc~:, i l l  tllt. c,alill)iul zonc of I)alsa~l~ fil- [rll~ios balsurr~cc~ ( 1,. ) kfill. 1 
\\(.rcx .;tudied via ~11rfacr  ~-t.plic;~ a n d  tr;~lis\ c ~ s r  srctio~l.  AII initially solitl n1cml)rane i \  
g r a d ~ i a l l ~  pcl.for;ltrtl ;it tl.acllt,id ~lli i t i ir i t)  to ).ivld ;I pcripl~crall~ p,.rllrc,;~l)lt. margo I)o~mtl(~tl 
1)y ii dt.~lht~ ; c ~ r ~ r ~ ~ l c ~ s  kund cta~rtrall) thickerrctl to1.11~. Large, radially clirecttd microfi1)rils i l l  

t h e ,  ~ ~ i a r g o  ;ire prcw11t ;it X I I  c;irl)- stage of pit clc\elop~~rent ancl clo 11ot arise ;I\ a rc~11I t  
o t  pit ;t.;pi~xtio~r. Rc~lt~\.nlicc of fillclings to rccent litrrat~~rr iilid \,i~\\-l>oints is discr~\sed. 

I X ~ I ~ ~ O I ~ U ~ ~ I ~ I ~ X  a~ l t l  Kinncy 1972). Also. 1im11id 1)rcp;n.a- 
ii lillljte~(l nullll,c,r rt.cOrilc(~ o~,sc,r\-~l. t iondilavo I~c,cw attc~mptcd ( s c ~  I~cirgc~l 

arc. :,\, ailal,lo for iutlgillg th(, ultril- 1972). Still, contro\~crsy clxists as to thc trucs 

differClltiating I l l t . ln~~ral lc ,s  ill for11iation 1xoccw";hat is, what fol,i,cs 

soft\\,Oo(l l,orclc~rc,d pits. tllosc. of I o r  growth phcno~ncna contril)l~tc. to 

lllost \,nl,lt. tile re(.c,llt ( ~ ~ , ~ ~ ~ i ~ , ~ i ~ ) ~ ~  the final ~llorpliology of tllc ~ r r :~ t~~rc ,  I I I ( , I )~-  

~ l l O l n a s  (1968, 19721 :lnd ,;engc,l (1966, 1)ram.P Dcspitc differc~ncc.~ in ol)ilrion, 

1972). Tllc~sc. authors also l,roviclo an css- thcrc, are some, caonvc>rgcnt data. 

c~ollc~~rt rcl\,icw of c.ar1ic.r pc,rti~~cmt litc~raturc, At n very early stag(. of trachc.it1 on-  

, v ~ r i e ~ l  ~,l,ouncls \\.it}, \7;lliil sl)c,culation lIut t o g ~ l y ,  prol)al,l:,~ starting i l l  tlic, first cell 

litt le t~Ocnlllrnt:ltiOl,, ~ ~ , ~ , ~ ~ ~ ~ ~ l ~  i~~ii:arcl from th(\ callll~ial zonr,, th(- \\.all 

l)>Nleity (,f )fir; lpl,ule.pit.tillg l,orilc,rc,(l re,gion ( c o r n l ~ o x ~ l  of the. co~npound tnitltlle. 

pit ~ l l c~rn l~ra~~c .  dr\.c~lopiniwt s tc~ns from the, I;lnli~lla) ill which future pits arca to I,(, 
tact snit;ll,lc rc.l,lieas fOl. transmission dc,\~'lopc.d 1)c~comc.s noticeal)ly thicker (17($n- 

c,~t.etrOn lllicrOscopy c,allI~,i~l~-zOllc.  pits  gc.1 1972). At this time the, mclnl)r;lnc~ is 

arc. c-strc~~nc~ly difficult to  ~)rc.pal.c. compliltc~ly solid aild is co~liprised of 1)ri- 

HOrelc,rt,i~ pits in lollgitudilral trachc,ids 111ary \vaII nricrofil~rils arid incrusting ~n:ltri\; 

occllr pretlo~llirlilntly on the, r:ldi:ll csc.ll fact. substancc.~ ( Fengc,l 1966; Thonias 1988, 

( Pallshin a11t1 tleZee11w 1970 i . \Vhile ca~rl- 1972). Thrsc. 1attc.r 111atrri;ils arc) prob:tl)ly 

~ , i ; ~ l  el(,ri\.ati\.c,s arc, c,..pamdillg, the. r:tdial \ 7 ; t r i o ~ ~ ~ " l x ) l y o ~ ~ ~ "  ;und prctins ( I"t.l~gc>l 

f:1t.c1 is \.c,r!, narrow ill  c.o~nl,arison to th(. 1972 ) . 7'hv mc~ml)ranc then i~pparc~ltl!, res- 
ta l lgc , l l t i~ l l  i,(,ll clilnc.nsiOn, a(l(litiOn, tire, ~ l~:~i i i" i~~p~rforat .o  until ccsll-\i7all tlc,position 

el(~\~r~lopillg trach(~icls arc1 t c ~ n u o l ~ s l ~  thin- is c o ~ n ~ l c t c ~ l  ( I.'clngcl 1966; Thoulns 1968). 
\vallc~l, mrlignific~l, ;~n t l  tc.lld to c~ollapsc, An iiritinl pit I~ordrr  of prim:lry \\.all is 
c,asily t1lmr1 drying. As a rosnlt, satisfnc.torv noticctl at an cwly stage of trachctid tlif- 
rc,l~licas of the intc'rcc*llular pits prove very fcrctntiation ( Mrirnranis and Sachs 1969 ). 
tc,dions, i f  11ot i~lrpossil)lc. to at.hic,\~c, I)y but the, 1)ull; of the ovc~rarchinfi l)ord(tr is 

laid on at the) inception of sc,condar!. \\.;ill co~r\,cwtio~~al ~rlothotls ( c,.g.. Ctit6 c,t ill. 

1961 ) .  
t l i ickcr~i~~g ( Fewgel 1966). 

The cctntr;ll rc'gion of the5 ilcvi~loI)i~lg 
1 e f f o r t  to l l l i l t l i l l  1111t1rc 1 I 1 Illo,,r~,rnll(, in ;I Cri,;,t cOllifcrs (,"i- 

c o g  t 1 1 c 1 1 1 r 1 i s  I t t ~ r  I,lnrily t ~ ~ ~ ,  ~ i ~ ; , ~ ( , ; , ( , )  ~,e,rOlllrs ,r,tie.c,;,l,ly 
Statt'. slX'ciali~t't1 clrying p ~ ~ ) c ~ ' d l l l . ( ~ s  l l ; l \ r i '  1,): accun-lll]ati~)n of adtlitionnl ct.[],l- 
1)c~c.n c~rnployotl (Tho111ns 1969, 1972; Silchs lost, 1nicrofi1)rils anltl a~nor~,llol~s matc~riiils. 
\\OOI) . \ Y l )  1~'ll~l~:l~ SO Sl'liIY(; 1973. 1'. :( 1 1 
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1'1c.. 1. Hordcred pit 111t.1111)ranc at inccption 
of \t~c.o~rtlar> \\.all thicLc,~~ing. \'ic\\ fro111 lumen 
v i t l ~ ,  of tr:rc.hcitl. ( 1,inc. 1111 ~r~ic,rogr;rl)hs represents 
1 L 1 1 1 1  1 .  

This rcsfiion (tlcasignatc~tl the. tolx~s) even- 
tuall). 1)ccoiac~s lcms-shaped in transverse 
sc~ction, i~lthouglr consitlc~able~ deviation 
from this pattvn-I has rc~ec~ntl!~ been ob- 
sclr\.c~l ( Hauch c.t al. 1972; I;LI jika~va ;lnd 
Ishitla 1972). 

!It tt.:tc-llc>icl tn;~turity. pc~foratioils in thc 
pit ~ ~ i c ~ i l ~ I ) r ; ~ ~ i ( ~  lwgill to ;11q)car i t ]  the rc~gion 
( d(.sigiratc~tl the, irlargo) I~ct\vc>tm the, cc.11- 
trill torus airtl pit c'dgc'. 'l'hc~sc, holes sr,c,nl 
to occ11r initially near tlrc. tollis iutltl then 
rapidl!. progress to tlics ~ncwlbranc, pc- 
riplic~y. oftcw I(,aving 21 fairly tlelisc,, nar- 

rill1 of 1lricrofi1)rils (tho atlnulus) in 
thy 1attc.r rrgion (Tbonras 1968). Ulti- 
tlii\tcl!., it1 those s~c~c'ies ill \\~hich the pit 
tl~c~nrl)raiic~s iiilplj. this type' of dc,vclop- 
1rlcLiit, the pc\rfor;~tio~l procc,ss gratlually 
tralrsfol.~lrs t h ~  solid rne~rnl)ra~~c~ into one, 
c,onsisting of a pc~riph(~ral1y pc~r~iicablc~, 1ic.t- 
likcx 111nrgo \vith a flattc,ncd. disk-, or lens- 
shiqw(1 torus. 

It is gclnc~rally I ) c ~ l i c ~ \  ctl that illargo pcr- 

I .  2 X1eml)rane of bordered pit ill an almost 
full, differel~tiated cell. Sot?  loosel> ~~pposi ted  
~~ricrofil~rils in the ~ ~ ~ i ~ r g o .  \tiarty  lay^ is visible 
i ~ r  atliaccnt tracheid. 

foration results fro~ri ortzylnatic action of 
the cell protoplast, although thcrc. are still 
cl~~(~stions ou tlle exact tlaturc and spc,cificity 
of the enzymes involved (Fengcl 1972; 
Thotuas 1968; O'Bricn 1970). In nn) event, 
this process is apparc,i~tly onc o f  the last 
fuilctions of rhc. living trachcid. 

Tho controversy over the t~lc~clinnisins 
that d c t c ~ r ~ n i n ~  thr ultimate, morphology of 
1)orderc.d pit- inc~nlbrancs still a~vi~i ts  re- 
conciliation. l7rngc.1 ( 1972) likens the in 
vivo, unclisturbcd ir~cwibranc to that of a 
ray tracheitl with a loosc, net\vork ot micro- 
fibrils throughout. He contends that large, 
radially oricntc,d ~riicrofibrils not1 large, 
opc'ningsin thv tnargo arise on11 after 
rnc~mbranc~ pe,rforation and as n collsc~lucnce 
of stretcliing induced at pit closure, ( aspira- 
tion). On the 0thc.r hand, Thomas (1968- 
1970, 1972), through gentle drying pro- 
ccdurcs, has rc~vc~aled pit mc~inbrancs in the 
unas~iratc,d state showing the same struc- 
tural c~haractc~istics as aspirated onc5s. He 
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FIG. :3. Partially aspirated pit at tracheid 
~natllrity. 

thus contcnds that t170 litrgc,, radiating 
microfibrils in the tilargo are deposited in 
that orivntation a~l t l  form and are not a 
rcslilt of pit closure. 

A recent study by Sachs and Kinney 
( 1972) r~niploying a vcry gradual schedule 
of critical-point drying implies that thr  
margo of in  vivo mature pit rneml~ranes is 
actually a dense, close,-nlcsh nct of numer- 
o ~ s  microfibrils. These authors propose 
that thc large openingsin the classically 
pictured margo are fornled by interfacial 
strcwes due to air or water exchange. They 
suggest that these holes appear first near 
thr torus and spread toward the annulus, 
causing disposition of the microfibrils to a 
morc. open, netlike margo with pores 
tnost nurncrous near thc torus. Within- 
and between-species variability was not re- 
ported in this latter study. Therefore, from 
the existing literature, it is still uncertain 
whether thr classical imagr of thv in vivo 
pit nicmbrane can be rtyprded as artifact 
or whcthrr it actually does exhibit struc- 

FIG. 4. Typical  ina aspirated pit r n e ~ ~ ~ l ) l . a ~ ~ c >  just 
l~efore perforation. Sote  radially oritsntrd 1111cro- 
fibrils in the Inargo. 

turd ~ariability as depictcd fron~ othc>r 
drying procc~clurcs. 

Additional information on developing 
mern11ranc.s of coniferous bordered pits is 
provided by the present study via a teach- 
nique that facilitates preparation of cx- 
tensive, intact rcplicas of the cambial zone. 

XXPEHIMENTAL 

Cambial tisslic was harvcstcd during the 
inonth of June from the dbh rcgion ( 12 
inches) of an erect balsam fir [Ahies hnl- 
samea ( L . )  Mill.] growing in central \Iris- 
consin. Thc outer bark of a sclectc~d area 
was scraped away, and a sharp chisel and 
single-edged razor blades were used to ob- 
tain 1-cm cubes that included the ci~ml~iuiii 
as well as smaller, 1-mm radial sliccs 
through the cambial zone. Thesc* lattcr 
slices were placed immediately into tixa- 
tivc, trausported to the laboratory, and 
subdivided while still in the fixativr to a 
size suitable for embcdmcat. Two prilliary 
fixative mixtures in sodium cacodylatv 



1'11.. 5. Initial pc,rforatioll tht. tlifferrntiating FIG:. 7. Kt.~~lo\,al of 1natl.i~ sul)sta~~cca jr0111 pit 
pit ~~lc.~nl)rarlc.. S o t r  .;llr;ill holys ;lt margo pe- 111;1rgo ancl torus. Slcn~l,r;u~c. is fail-I>. densc. 
r ip l~ t , r~ .  t h r o ~ ~ g h o l ~ t  margo wgitr~l. 

L'11.. 6 .  Progrt~ssive prrforatiol~ of the nlargo FIG. 8. Pit n l rn~ l~ ranc  jtlst prior to co~~lplctio~r 
I-clgion. SVI. tcwt for. rsl~l;u~ation of dark spots, of differrnti;~tio~]. 



FIG. 9. 7'4pical, fully tllatnrc- rnernl~rane irr 
c,arl>-\vootl of balsam fir. Scanning electron 1nic1.o- 
xri1p11. 

l~uffer at pII 7.2 ( 3  llr at 25 C )  \$we used 
-2% formaldchydc,, 2% glutaraldehyde, 2% 
xrolein, 0.5% glucose, ancl 1% glutaralde- 
hytIe, 2.5% acrolein. 0.5% glucose. Post 
t i ~ ~ ~ t i o n ~  by cithcr KMnOl or OsO, were 
follo\\7ed by a soak in ur'myl acetate. De- 
\pit? varied fixation proccdures, no signifi- 
cant advantagr. was noted for any par- 
ticular \checlul(,. The spccimcnr wvre then 
dchydratcd via ethanol and propylenc oxide 
11c.forc~ c~mbedmcnt in Spurr'\ "hard" epoxy 
( Spuw 1969 ) . Ultrnthin tran\vcrsc 5ections 
\verc, \tainccI \vith KMnOl and,'or lcad 
citratc.. 

Thrl I-cnt cubes were dehydratc~d in an 
c~thanol : cthcr scqucncc and ernbedded in 
collodion according to Johdnsen ( 1940). 
They \lTc.rc> \ectionccl radially at about 100 
~ 1 1 1  \vith a sliding mic.rotomc. The oollodion 
ma\ dissolved with ether: ethanol ( 1 : 1 ) , 
and the sections welt, air-dried from ether 
at roo111 trwpcrature mhilc \andwic.h~d br- 
tn c.c.11 gl'l\\ slide\. Tho \c,c.tionr \vc,rc then 
\llatlo\t~ltl in th(1 fi11c.r direction TI ith plati- 

PIC.. 10. 'I'ransversr sectiol~ of a 11alsal11 fir 
pit at the cornpletiolr of secondary wall d~positio11. 
Sote rc~sidrial cytoplasm and solid nlnrgo rt,giou. 

iluill at 45', carbonized, and procc,s\ed 
according to thc replication procedure\ of 
Cat& ct al. ( 1964) and Dunning ( 1968). 
So~ne dried sections were also coated \vith 
carbon and a 60:40 mixture ot , iu  Pd 
(about 20 nm of each) for scanning electron 
~nicroscopy with ' i  JSM-U3 at 15-25 liV. 
Replicas ancl ultrathin sections were ex- 
amined with an KCA EMU-SF tran\mi\sion 
microscope at 50 kV. 

RESULTS AND DISCUSSION 

During an intermediate stage of (tell 
differentiation, the bordered pit n~embri~nc 
between longitudinal tracheids (earl>-\vood) 
of balsam fir appears as in Fig. 1 :is sclcn 
from the cell lm-ucn. The beginning of a 
border is apparc>nt, and through thv large, 
pit aperture, an in~perforate rnembrant. (,an 
bc observed to exhibit already a distinct 
architecture. Torus formation is essentially 
complete with the presence of circularly 
orientecl microfibrils at its periphery, thcse 
1attc.r ~nicrofibrils presumably arising as 
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Vrc:. 11. Tr;~nsvrrsc section of I )a lsa~i~ fir pit 
~1ftc.r cell al~tolysis. Notc the apparently perforated 
111argo and denst, :rnnl~lrls ;ct the mein111.ane pe- 
 riph her! . 

secondary structr~rcs on thr nicillbrane 
( Thomas 1988 ) . Thesc,, as well as radially 
tlirc,ctcd mierofil)rils in the IniLrgo region, 
arc, secw more cslciirly at n slightly later 
stag(, in Fig. 2. Not(, hen, the appcarancc 
of ii \\.arty laycr in tlw adjacent tracheid. 

Hecausc, of an incrusting matrix sub- 
stance,, only wry  f(>w circularly or randomly 
oriented microfibrils can be tliscerned in 
the drvcloping pit margo. The only easily 
rc~solvablc~ r~~icrofibrils arc, the larger, sccnl- 
ingly loosely apposed and radially oriented 
oncs that appear to lic on the surface of 
thc rnatrix material. Thcsc radiating micro- 
fibrils could 1 ~ .  ~nanufacturcd simulta- 
nc~ously with thv rest of the mcmbrane, 
I ~ u t  it appears in most instances that they 
arc3 deposited appositionally as suggested 
I)? Thornas ( 1970) onto earlier fonned 
nrc~nlbra~ic~ structure. In any event, they 
are tlcfinitely not an artifact produced by 
pit aspiration. 

A small portion of thc undcslying, wart- 

covered border of the pit (partially aspi- 
ratctl) in Fig. 3 is viewable through a torn 
but in~perforatc membrane. This obscrva- 
tion confirms the supposition that the pit 
mcmbranc is still imprrforate 'it the com- 
plction of cell-wall deposition. Figurc 4 
illustrates the condition of a typical, un- 
a y i ~ a t e d ,  intertracheid ~ncmbranc just be- 
fore pc5rforation. 

1,oss of nlatrix sul>stance from tho mcm- 
bram, ,ind initial perforation of thr margo 
rc~gion are illustrated in Fig. 5. Although 
the 1argc.r lioles are often found predomi- 
nantly near thc torus, they can occur 
initially anywhere in the margo (Fig. 6 ) .  
The pclfon~tion proerss itself   no st likely 
involvc>s a combination effect of en/ymatic 
'iction by the living tracheid and 1atc.r phys- 
ical erosion via the intercellular trmspira- 
tion stream, and appears to beqin in thc 
cell at about the same time as ovcbrall ccll 
autolysis. 

On all replica5 of perforated n~ernbr~~ncs,  
electron-dense spots arranged in a pattern 
idcntical to thc one formed by the per- 
forations wcre found displaced to one side 
of the actu:rl holes. These dark alc,as rep- 
resent regioi~s where the platinu~n \hadow- 
ing metal passed through the pelf orations 
and onto the underlying pit bordcsr. Thic 
shadowing artifact obscured some. detail 
but did confirm that the membranes so 
affected wcrc unaspirated. 

As more matrix substance is renlovcd 
from the pit membrane, numerou5 micro- 
fillrils become, discernible in the marqo and 
toms ( Fig. 7 ) .  The densest microfibrillar 
portion of the margo remains consistently 
near the membrane periphery Lvith larger 
holes usually nearer the torus. Ho\vever, a 
fcw mcn~brancs observed during thcir early 
perforation period did possess a f,li~ ly  dense 
web of microfibrils in the 1attc.r Lon(,. 

The pit ~nembranct in Fig. 8 i \  almost 
complctcly differentiated, and rc\idual ma- 
trix inatcrial is slight. Note t h ~  largest 
holes near the tonis. A fully maturc mem- 
brane is depicted in Fig. 9, clearly demon- 
strating a torus, margo, and annuluj region. 
This lcittcr micrograph is probably reprc- 



sc~ntativc~ of the in citio, unasl~iratc~d, tllaturc 
pit ~ilc,lnl)r;~nc in I~alsan~ fir. 

Intlircct cl\,itl(~ncc of nlo11l1)r:unc pc,rfora- 
tion \vas g:linctI from transvc~rsc~ sc~ctions of 
tlifforcmtiati~~g trachc~icls. Figure 10 shows 
:I pit \vllicIi still contains solnc, cytoplastn, 
tl1011gIl the scco~~clary \v;111 and warty 1ayc.r 
have ;11rcacly 1)ceu dcpositcd. 

:it this stageb the margo still appcars solid 
throughout, further intlication that mcm- 
bran(. pc>rforation is one of thr last actions 
of cell dcvc~lopmcnt. Later, aftvr perfora- 
tion Ilas t:~l;c>n place ( Fig. 11 ), thc~ margo 
in cross scction is seer1 to consist of only 
t\vo thin layers of nricrofibrils with ;I dcnsc 
:~nnull~s :it thv c.dge. 

The, obviously pcr~~lc;il)lc~ rl1;lrgo in ma- 
turcs. u11:isl~iratotl pits of balsam fir rc~sults 
fro111 g r ; ~ l ~ l a l  pcrforatioil of an initially 
solid ~nc~lll)riunc,. Holes alJpc,:ir to grow 110- 

tn7c~c~n th(1 largcar, ratliall!. oricnted micro- 
fil)rils I)? loss of ;in incrusti~~g 11iat1.i~ sub- 
stallcct \\lit11 perhaps so~nc' dan~age to 
smaller, r:uitlo~llly oric,ntccl 11iicrofi1)rils. It 
ap1)(~;u"rrc~futablo that this pcrt'oration 
proc.ess transpires in thv diffcrc>ntiating 
(.(.11, hut t h ~  contlitio~~ of thc photographed 
pit replica may also bc, infliir~nced somc- 
\vhat by unnvoidal~lc tlryillg strc~sscs or 
p c ~ . l l a l ~ ~ ~ \ ~ c ~ ~  by sintcri~rg c~ff('cts during 
\,aculilil cx\ralx)r;~tiolr of the rc1ldic.a matc,rials. 
'rllcrcforc~, From the prc~sc~nt data, it is diffi- 
cwlt to spc~c*ulatcl as to whc~thcr the' in vivo, 
~natrlrc. nlargo of conif(>rol~s l)ordcrcd pits 
is r~nivcrsally as dc~rlsc) as is belie\.cd by 
some, I-c~sc~archcrs ( 1ic~ngc.l 1972; Sachs and 
Kinncy 1972)), or, ;IS is sllo\v~i in this work 
ant1 in rc1cc,nt othcrs ( Thomas 1969. 1972 ) , 
\\,hc~thor it is con~nronly cll~itc porous with 
large, holc~s. It is our contc~ntioil that I)oth 
of these vic\vs arc valid to some cstc~nt, and 
that rcwons for diff(~rc~i~cos in ol~served 
nien~l~rano s t i~~c tu rc~  of sinlil:~rly dried pits 
lit, lxc~clo~~iinantly i l l  thc variability of this 
structure bct\vc~c.lr s p c c i ( ~ ~  11,ctwccm c d y -  
\vood and latc~mootl, and c~vc~~i  I)ct\vc~:rl pits 
i i ~  the. sames trachcicl. Rut only further rc- 
sc~ircli on ~ v o o d  drying procc,dul-es and 

docun~entation of \x7ood variability will rc- 
solve, this c.nigma. 
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