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SUMMARY 

Sapwood and juvenile wood of Sapium seb&mm (Eup-1 was 
collect& during ZaOO-#Xrt. h &atied vessel eI~meats, the amface 
of pit membraoes (PMs) in the outemost p w t h  ring was 4 with 
~ ~ a r i n t e r s t i t i a l m s l r w i l r l h b a t w a s 2 - 5 n m ~ T h i s ~ ~ a ~  
phase dark and omlaid a p b  bri@t laymof globules and reticulately 
aDcanged~fi~(MP~~ltratwas25-50nmtbidc.Be~tbenticu- 
~ l a y e r ~ ~ a o l o t b e r s r t r f 8 0 e e x ~ c h u i a g s e c t i o n i n g / ~ .  
It had parallel Ml?s which appeated to be wnthuotu with the middle 
lamella, and were dm coated. The total thickness of the Qied PM ap 
p e a r e d t o b e i n ~ r e n @ ; d o f 5 0 - 1 0 0 m n , O v ~ a a d ~ O O d  
PMs were encrusted with a n o n - ~ f i ~  layer that differed fram 
the above mntioIbeddg. Prior to chemical treatment, ~K&IC dried, 
unhatedPMs wemlocatedandthenthesamplewas~tzwrted 
with acidi~H~C3~,aadobsemed a f t e r t m t m a t s o d r a t ~  arsdafb 
images couM be companed. Treatment with acidic H202 moved some 
& & ~ g a a d ~ y ~ e d & 6 ~ ~ d b ~ I a y e r ,  
but did not reduce its overall thickness. The native stmctwe of sapwood 
PMs was observed in water. Non-Qied PMs nispllayed two lapes, each 
with a ditbtmt type of surface. The o ~ e r  layer was non-mimfitdlm 
and covered the entire surfwe of the PM. The nos-Mm layer 
was extremely whsitive to mechanical -on by the AFM tip, 
and had phase cham&&ties s h i h  to the coating of dried PMs. The 
underlying layer was thick and micmfiibrillar. The MFs in wn-dried 
PMs were,liketbcdriedMPs,phasebrightbuttby w ~ m u c h m o r e  
loosely intermeshed compand with thee seen in dried maWab. The 
meamabk tbichs (whicb does not qmmut the total thickness) of 
aon-dried PMs frequently ranged from 90-225 nm, dthough a few 500 
nm vertical features wem mmmred. 

Kg nmcb: Atomic force micmscopy, celluloge microhbril, Euphmk- 
-,pit-,wimtransprrstroa, 

. . vessel, w o O d ~ , x y l e m .  



Theatomicf~drmscopc(AI!M)isrwrfresaaaipsiaslromm~acrdBirmig 
arwdWeimicbRobrerdvedttSe 1986Nobe1RizeinPhyb&~designingkhuing 
tbe past decade theAFM h8s become a widely used dmtific tool with resolutian capa- 
~~tothoseofelectmxkmicroscopes~&Daniel1999).Tbismicro- 
s w p e - w i ~ + b  upmates by satnniqg a sharp tip, nmumtdon a ikzible cantilever, 
l c l a s ~ t b e w n f e a o f r s a m p l e . h W , ~ ~ ~ t d t h e t i p i s q ~ t i f i e d  
mdet;erminethebeightofh-.Prosnddataitismle&-ta 
~ 3 d h m i & d d a c a ~ ~ ~ ~ 8 ~ ~ a n d ~ e s m g h -  
ness.TheAPMcan~bedtas6adymechaniaEproptrtiessrach~smfaeeharb 
~ e s s ~ r a d h e s i o n b y ~ ~ ~ ~ ~ t = 5 i a t b e ~ m o f t h e t i p a s i t i s ~  
acrossthe surfbe. ~ ( # ~ i s p a m i ' b l e i n e i t h e r ~ a i r o r s v a c a u m .  
~AFMtec~edoesnot~stainim&~orhigh~cupm~opera 

t i a n i t c a n b e d t o s t u d y b i o I ~ ~ i n ~ d v e s t a t e .  Severalpuifiedm- 
b o h y ~ h a v e ? ~ e n i n s a g e d ~ t h e A F M i n c 1 u d i n g ~  Mzb&dulose(Hanley 
et d lm, Kuutti et al. 19% Baker et d; 1997), xantban gmns (Kirby et d. 1995), 
bacterial polysacchides (Kirby etd 1995), pectin (Rwnd et al. 1997), li- 
hydeaaes{Shev~etd. 1998),ddextran(RiefetaL 1997).~stndieshavepro- 
vidied information regding cry-, a u d a n d  helicatmm. lbfammmand 
O l a s s e r ~ ~ ) u ~ A F M ~ ~ t o a n a l y z e ~ ~ t d i s t r i b u t i m ~  
l a t e d b o m s c h a n i c a l p r q e d k s c l f f ~ ~ . ~ h a v e b e e n ~ A F N l t  
&e8 of intact o r ~ y  extractsdplantcell walls. Kitbjr etd. (1996)emed the 
wall saacture of partidy jmrS& cell v d  fbgmms fhm several species. They sna- 
l@hydratedwallfiagrrolenta&obsenredm*&-procinoedwiththe 
much mom technically chdhgdg beze, Beep etch, rotary shdowing methods of 
HeusQ (1981) and McCaan et al. (1P90). Rmaeb cr al. (1997) imaged the cell walls 
ofcotton fibers, and used the data to pmththe1y describe surface roughmm chauges 
fobving ~ ~ e x t r t l c t i o a .  Tbimm etal, (m) examhied ceieryMFs d Stmowed 
m b i n ~ h t w t w i t h ~ g *  

M o p v i ~ ~ ~ A . F M s h . E d i e s ~ v e ~ ~ p i t m e m b P a n e ~ ~ w h i c b h a s  
laxply been stadicd with h@-md&m e l m  mira#loogy (e.g. C W  1958; Thomas 
1975; Saw> et d. 1999)- Several atrthws (ag. Wheekr 1982, Sam et aZ. 1999) have 
~ m ~ t h e ~ s t n s c t ~ n e ~ s a n a e a n g i ~ a n d g y r r m o s p e n n P M s c h a n g e s  
with age, ~~ pqpssively incrusted with wlll-fi- materials. The 
mi-muehyPsedreqMtfrata*&coating,5-20nmthick,be 
~ o n t f a e & p r i a t O ' ~ W ~ p W i m r r a i n p o f ~  
o n t b & s d a o e o f ~ ~ t h a t W ~ d i m e n a i o a s o f ~ a k w ~ ~ I n  
~ t h e s a m p l e h a d f o b e p k c e d i n a u a c a ~ m , a m d ~ h P n t P n ~ r & ~ w ~ &  
COaldhsveMthe-of-. 

Earfier pbpiological studies s n w  that mtmmetm-sized particles in the xylem 
s a p * p a s s ~ * ~ ( ~ e t d . # K ) 3 ) ~ ~ ~ e d ~ w m  
notdetectedonrbewnfaceofthePMbye~~.Ithasdsobeensuggested 
that- . . ~ b e r e g u l a t e d b y t b e i m i c ~ o f n y l e m s a p ( Z w i ~ I r i  
etal.W),Wtya--ofPM--maltwtbeirconfcmna- 



tion, and therefore the p e d t y  of the PM, in w n s e  to changes in ion concentra- 
tions. S o i t b e c ~ i n ~ S t i n g t o u s e t b e A F M t o ~ i f ~ P M s  thathadnot 
been coated with metal prior to obsematim might have pores of sufficient diolmeter to 
allow nmqmic1es to pass, ariftlPe stmeme of nevebdrkd PMs might e d  a highly 
pemmble ~~t of &ructmd elements. Sapium s e h i  is a fat-growing tree 
species common in tk 80\1hea&m U. S. A. Tbe structm of its wood is being assessed 
in our Iribwatories as it might relate to possible co- utilbtion. 

MUBRIMS AND lMEIHODS 

Samples were obtained during March 2000-June 2002 from trees qpzv-ly 15 m 
tall in Lafayem, W h .  Far wood that was to be &saved dry and without chemical 
fixsticm, samples wara taken fmm 1 m long logs that were approirmtely 18 cm in 
diametter at 1.3-2.3 m above mund level. The wood was &wed to air-dry for 2+ 
~thsinaaair~dlaboratoryr00a'Igagential~~wmtakerrwitha 
razor blade fbm eiblef the outaimst sapwood or ttae juvenile wood near the center 
of the stem. !k&m were examiaed with a x60 mi- to determiae which areas 
had exposed pit membranes. 'Ihcse areas were cadidly cut away frcrm the sumruad- 
ing ~ood,gently~ontollKtal~coatedwith~~,trirmrnedfiritherto 
reduce the overall size of each piece to qjmximately a 1-mm-sided trhgle, and lea 
w e a t  so that thee would be M, movement during observation due to drybig or 
nxdmid tension r e b .  

Some samples were fixed prior to obenatioa, For fixation in the field, 3 an3 pieces 
o f ~ y c l l t w o o d w ~ ~ i n t o 3 . 7 % f o r m a l i n i n  125mMsodiumphosphate 
bufk@fI7)for 18hoars,and thenrinsedinw~md~oW8dtoair-dry.Al~vely, 
transverse slabg approximately 2.5 cm thick were cut from a standing tree with a chain 
mw(StihlModel9039) .Theslabsw~transportedtotbe~inhtbrmlho~~ 
whae slivers wen cot from them with a raur blade imd exposect to d m  tetmxide 
vapors fa 1 hour. 

Air-dried wood was either sa$oned Qy ar infiltmd with %/SO ethamIlwate~ 
!!k&o&g was done either with a A 0  model 860 sliding micmtom ot with a band- 
held rau~ blade. Sactions wcre placed between weighted glass slides and dried at 
50°C o v ~ g h t .  

For imaging a Digital Instruments Dimemi- 3000 AFM was used. Dried samples 
were m e d  in the tapping Ilaode with LTESP tips (250 pm cantilever length). Images 
were captured at a 512 x 512 resolution. Scan speed was between 2.0 Hz to 0.3 Hz. 
The RMS voltage whna the tip was not engaged m the d a c e  was approximate1y 1 
When phase images weze captured the amplitude setpoint was lowered from approxi- 
m 8 t e l y 0 . 8 V ( ~ o n l y u s e d f o r ~ @ t ~ )  to0.6Vtoincreasethephasesignal. 
Use of this lowered o f i t  haeased the contribution of sample hardness to the phase 
signal, incuntmstto Werences insiunpbvism&y thatamp5sedthemajorityofthe 
pbase signnl when the off&% was not lowered. A 180 dcgxte pbrse offset was used to 
a t e r a t  low phase angle signals. 

Three types of data n pmented at various points Qrougbout tbis publication. The 
most fregucnt is ref- ta as the 'bight image' which is derived from calculating the 
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pition (in the 2 axis) of the tip based on the voltage change needed to retun it to its 
original height after deflection has-cxmmd. This vdtage change can be pmbely cali- 
brsted and serves to determine the height of tk feclane bemath the tip. A second type 
of data is the 'phase image' which is derived from the phase angle of the oscillating 
tip. Phase data is used to determine if the sample con- areas with diffmnt physical 
p@es such as lwrdness. A third type of data is ~ f d  to as the 'amplitude image' 
and is derived diFectiy from the change in the Wght of the tip, but is not calibrated, so 
it cannot be used to quantify roughness. Lilce the 'height image' the 'iunplitude image' 
shows topographic relationships but presents them as a shadowed image drom which 
surface details can be clearly visualize& 

In order to locate the actual surface of a dried PM, the APM tip was inserted into the 
cavity formect when the plane of lErtactrrre fwmsd during sectioning passed over, not 
&mu&, the surfha of tbe PM. Adifficulty with this method was that it made it impos- 
sible to observe t h e m o n  between the adjoinkg cell wall and tihe PM. In addittion, 
there wem fhqpeatly loosely attacfsed h m n t s  of wall materid atbched to the pit 
chmber wall that intedeted with the movement of the tip. Nevertheless, by using tbh 
~ i t w a s s t i U ~ b h e t o ~ a l r a g t n v m b Q o f  sumsshowingpartionsoftbe 
actual s u r f .  of the ciried PM. 

Iaterv- pits wem dHmntiated from veqlfray parenchyma pits because the 
fatter were small and in zelatively srnail clusters, and the distinctive outline of paren- 
ChymawalIsddbevirmalizedwiththeVideo~oftheAFM. Occasiody,due 
totheangleof inci~oftbefiberopticli~t,the~prr,~bytheAPMvidso 
camera were m~ always sufiticient to enaMe a precise distinction to be made between 
pit membraaLes, snd seflective pit chamber walls. This was etpddly tme for unfixed 
material. To expeditiously locate intact pit membranes for APM, soma; unfixed see- 
tions were first located (mcoated) with a field emission JEOL 6-FV SEM rrt 1 kV 
at magnifications of M, more than x 330. Using a small SEM spot size and limiting the 
overall observation tjme to less than 5 minutes enabled pits to be scanned without taus- 

ingany~Iedis~moftfievesgele~ceUwalls. 
To dekmbe if some PM ampmmts could be selectively extracted, a solutim com- 

p o s a d o f S m l o f ~ i a l a i c e r i C a c i d , 4 m l & i ~ w a ~ , a a d  1 mlof30%hydrogem 
peroxide was prepared. Sections that had previously been imaged while dry were im- 
dinthe~01utionat48~Ci;or2hours.Nextthey wereimmersedindeionizedwater 
~ t h r P ; ~ ~ f o r 1 8 h o m s , r i n s e d q u i ~ i n t w o ~ e s o f & i ~ w a t e r ,  
blotted dry and placed on a clean glass slide for 12 days at room tempemme. The s e ~  
tioms did not appear to flex dwhg the extraction pcedure and so, after they had been 
thmug~y dried, they eo~ld be plac~d on tbe original stubs mi their garer~l mqi101- 
ogy 0s AFM video screen could be conpmd with images taken prior to extraction to 
*by locate the same pit membrane that bad been imaged prim to extraction. 

Non-dried samples were imaged in deionized water or 1 M K W  Tmverse slabs 
fmm trees that were approximately 15 cm in diameter at breast height and 2 cm thick 
were cut with a chain saw and immediately placed in tap water. The slabs wen next 
cut into pieces that fit the sliding microtome chuck and either sectioned and obsemed 
~ ~ , m s t o r e d i n t a p w ~ w i t h  1 mMMumazideat4"C. Sectionsapproxi- 
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mtely 150 prn thick were examined with a light m i m w q e  to locate a vessel that 
had exposed pits and then were bound to a steel plate with rubber bands and imaged 
while submerged in a plastic Petri plate. An oxide sharpened silicon nitride tip with a 
wshaped cantilever 120 pin long snd 15 pn wide (each leg) was d 

Low-magniiation pmperspectives of tke driedpit mensbrane 
The stmdum of tbe PM varied significautly, even when adjacent PMs wem &served, 

aadw,itwasneces58fyboclearIyiQea~~actualsurfarxofthePMin~to 
distbqpkh it fnmr the surface of in- layers that had been exposed by fractnring. 
To do this, we adopted a method used by at least one previous investigator (R I)rtte, 
pemonal communication) which involved obmntion of PMs ia instances whem a 
fracture had passed only thmugh the pit c- w& missing the PM completely, and 
madigmusly expsing the actual dtied surfibce ofthe PM (Fig. 1 & 2). The phrase 
'~s~'isusedbtoindicabe~s~aceofthePM thatisexposed 'invivo', 
in contrast to a ~ e x ~ a s  a mmquenceoffmctudg or sectioaing. The dried 
stdace of the PIM was covered with a reticulate layer crf MFs Wqg. 2). J?hqwntly, an 
abrupt stractmd and tapol~gaphkd tmuititm occmed between the PM and smrormd- 
ing wall material (Fig. 1 & 2). In other instanoe8, tbe plane of fracaue paseed though 
the PM making it appear as a two-layered structure (Fig. 3). In Figm 3, both layers 
are he8viJy coated (with a mslterial to be discussed in the maxakg d t s )  making 
it impossible to detectMF8 at this mgnihtion, Neverbeless, upon closer inspection 
at higher mgdcatign it was always possible to detanaim if areticdate layer of MFs 
was present and thereby unambiguously the a d d  dried Ph4 sdaoe. 

P M ~ e i n k o s ~ ~ t k ~ g r r n v t A r i n g  
~ n & p b o f ~ ~ o v e r , a n d ~ ~ & t b e F M i t w a s e W d r a t  

t h e Q i e d ~ 8 ~ e ~ a s r r . c 0 m p l e ~ ~ c o m p o g e d O f t l l r e e ~ ~ t s :  
1) Microfibrils W s  ) amaged in a retidate pattem. MPs ranged in width fma 

25-50 nm and in height ftrom 1.5-4.5 nm (Fig. 4 & 5). Although MF are appmximaie1y 
m u d  in cross d n ,  the width range reported here is pmbably inflatied due to tip 

(Ibimm etal. 2OOO). Given the ex- accuracy of ttaeAFM for vmtid 
measmnmts, dre height raage is less problematic a l h g h  there is bound to be a 
certain element of inaccuracy becam the MFs w m  an a mn-flat surface making it 
likely the value is an mdem&me . L 

2)~~yshaped,~whatgl~matieriats~-250minwidthand l lnm 
inhe'rgbtmatwaeinterspased~tbeMFs~ig.4-7).lhepoaeaarmdnmnbs~ 
globules on the sllrface was variable, o c c d d y  occwing both in fixed and unfixed 
stunplw. 

3) A thin coating that was composed of at least two ampnewts @g. 4-16). 
T h e c o s t j n g w a s p r c s e n t i n ~ ~ o f d r y s a m p l e s t f i a t w ~ e ~ i n c l a d -  

ing undixed wood (Fig, 8-1 1,15,16), osmium tebtoxide-hed wood (F!ig. 4-7), and 
f6rmakkhyde-fixed wood (data not shown). The extent of coating varied, even when 
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a d . t  PMs were compard When sparse, ths costing was p d d n a ~ t l y  interstitial 
and located sirnost excIusively ia crevioes betwem MFs a d  the globuk 
(F5.g. 4-7). In pbese images (Fig. 5,7,9, ll,13-15) it was evident that the coaling 
was phase-dark, as apposed to the phase bright MFs arsd globules, Mating that the 
coating was either relatively soft or viscous. This phase ditbmnce was ~lilthely seen 
inboth the trace andntraceimrtges, as well as inscans ~ ~ d a r l y t o t h e  
~ r r a n a d q t b a s ~ ~ t h s p b a s c d i & L m c e s m n n o t m e n l y ~ g r a p e s l l  
effects (data not shown). The thickms (i.e. vertical dimdon) of the coating varied 
from1.5mtossmuchls.7nm,~~thc2r5mmgepreQlninaDdWhenthc 
coating was m a b t e  it q p m d  as a network @g. 6,7,10,11). This network was 
mmtbes dispmwd irregularly acmss the surfke of the PM wbh some areas having 
n o ~ a n d a d j a c e n t a t t a s b e i n g ~ ~ ~ . 6 & 7 ) . h ~ w b a e k ~  
w m a e r d y ~ m i t f o r m e d a p t q o e ~ b d n ~ s d h o f c s i n i t ~ g - 8  
& 9 ) . ] & a c h h o l e ~ m r m e a w h e n e m W o r ~ ~ ~ w a s ~ y  
exposed, and was therefore phase bright Chmjmrhn witb the ~ p o n d i n g  height 
image dramatically showed the direct relationship between the coating and phase dark 
~ . I a e x ~ c s s e s , t h t ~ o f d r i e d ~ F M s l ~ m ~ o ~ r i n g  
was completely mated so that MPs wem oovemd @fig. 12 & 13). , 

Where the coaling was extensive, a phase gray component of the mating (i.e. a 
component that was intemndab in brightness between the swrotording phase bright 
Pd phase darkmterids) was frequently observad 9,11,13,14). The phase gray 
dd~~~~mtopoftliecwdngasloarridgesthat~lessthanOJmin 
t b i c ~ ~ g .  12).Insamecasesnophasebrightmatgialoccutred~the~ 
of a PM was entirely covered with phase dark snd p b  gray mataids (Pig. 13). The 
p Q 8 8 e g r a y ~ w a s ~ b y ~ d a r t ~ a n d m t h e r e b y ~ ~  
away frmn tb phase bright mgim (Fig. 14). l ' lmmfb it did not appear to repewit 
a physical intagdatibfl between the jhse dark and phase bright materhl. To sum, 

F W  kgerwb: All images arc of wise1 element PMs, or the adjacent cell wall. The word in 
e~l~iseithtr'~,'Phase',oa'Amgbitudt'.'Ibis~tbtaaquisitMnmodt~each 
image. Figuns 1,3-16 and 19-23 show rlirdrkd and dry-mxhed materiat. F l 1 , 5  17,18 and 
2 4 c 2 9 ~ w a i r ~ m a t e r i a l ~ i n ~ ~ F i g m e s 3 0 - 3 6 ~ m ~ d ~ ~  
~ , e a r ~ F M a , ~ a o d ~ i n ~ # a t e r . h a l l c a 9 e ~ , f h c n i s ~ 0 l ~ e ~  

barperplate and it is locatedin tbe  left-handc cam toft he piah 

Pig.1.Iieigbt~~pitcfiamber~(CW)rsdoveractnal~ofpismmbramO. 
A n o w ~ ~ ~ b e t w e c o P M a n d p i t c h a m b c r w a a S c a l e ~ = 2 ~ - - F i g . 2 . P h a s r e .  
S c d i o n i n g ~ v d u p p e r ~ a n o f p i t c h a s n b c a w a l l a n d m ~ a c t P a l ~ o f ~ P M ~  
posed mnstly afdcdate1y afienged pisase bright micmBlxib (R). Anaw indicates region of a b ~ @  
transition b m m n  PM mi pit chamber wall. CW = pit &amber wall. Juvenile wood b a r v U w  
2000.Scalebar=0.80~ - F ~ 3 . M t i ~ P M w i t h b d $ d ~ a n d l a y a ~ i t a ~ .  
M P s ~ h e a v i l y ~ ~ s o m i t h e r ~ ~ m i c l r o f l b a i l l a t a t h i s ~ ( s e e ~ ~  
f o r i m a p t s o f M F s w i t b ~ ~ o f ~ . R = r d a a l ~ , P = ~ o f h ~ ~ ~  
. ~ d u f i Q g ~ P ~ . A n w ~ j a l a c t i o n b d o P e + I I ~ d p i t c h a m b e r w a l l  
(CW).Ba$yHFoodbp'~w~outer~ring,harvwsaed~ug.~.Scale~=0.75~rm. 
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Fig, 4. Hblgk~ p&-I &md swP~p!c c w  mCIy at' &roflMs (M) .jmd gtabuler mrttdals [GI, 
Small ataau~zft din&mitiol awing g~acTjgl pmmt jll cmim ~.mhiwllect rnw]+Bur~rgmlvrth riag 
Zratruayf March 2aOK), ~ : u r a  uap&-ECxtrd, Scale bru = 11QC) nm. - fig. 9, P&iw,,Moa afrurfi 
&en in Pie. 4, MeC&-rn @@ad gZobubufoW$ iG) u~pha%c bight R&euIate intcmkk~l cmt- 
Ing Is pturw dark (unlebebd Anawb- point a same pwjtiwrs ic#ticared in Fig. ;Fcak bar = 
iQa m- - %+ &+ M4~ht.  PN aattd surCacer L q - r n  6fMk nnd ~~lermnten'&. inlower Wf 
of i- thk m&g (42) is reticuke mB &we 6%- tbq in Q. 3 & 3 ailbougli the mhtdrnical 
h m h  within ttarr d m ,  rim of biltvtst and nvrhad wf Hnarhn wcm identicad. Olharr mas near the 
tap of this,fimce hwu Iitclc LH i ~ a  qdng (W). ,Amw pint  IQ idcalkdl p&tms rui* coating in 
Fig, 6 & 7, Outer p w i h  r i n ~  hamesW Warrh XW. d i m  vaprrr;fixixt..Sde b.nr = 258 nm, - 
fig. 7. B h s e ,  P&a aEmrfe seen in Fig, titi, 1k Wmm ttaIfaCthin tigurr-is marc hjtiasc dark due 
tu h [IP@W~~CG I B ~ ~ X I ~ F ~ V G  coating (CI. w11Ik the oms rtew &e l u ~  srthi~ fi-m m nl-t e~imly 
plmri! LPr.ight 6~1e th-C ~ ~ D C C  4f  limp fNCb Scale hirt = 3 8  m. 



Fi 8. ~Coatingcoverssnuchof t h e ~ ~ A r r o u i n d i c a t e s a s l i g h t ~ ( d a r k  
a n a ) o n t h e ~ w h e n e t b e ~ i s w t ~ M i d d k e ~ o ~ ~ ~ g c o w t h r i q g , h e r v e s t e d  
August2000.Scate~=223ma-~9-~~af~~seesrm~8.~indicates 
saereltegioaimlicased.inPig. 8 b o t h G c e d r c M F i s ~ b r i g h t i ~ t h a t i t b a s a ~ ~ c a l  
poperty (s?) fnrm the da&-COBfing that stmomds it, SCt)lt fiQlf= 223 nm. - Fig. 10. Height. 
Cwltingoovenr&&dreactPalsadaoc,wm*t0bsaeniaFig.8&9bPrtata 
~ ~ ~ A m r o w ~ a ~ ~ ~ a c p ( b r i g h t ) b e t w e e n m ~  
( a s t g i s k s ) . H e i g b r t o f ~ ~ ~ k ~ 5 m r a k P i d d l e ~ ~ ~ o d e r g n , w t h r i n g ,  
h a r r r e s e e d ~ 2 0 - S c a l e b a r = ~ 8 2 ~  - - F i g . I I . P h a s e ~ m e d r p h e s e b r i g h t ~ w h i c h  
~ ~ t h e d e p m s b ~ t h a t a r e ~ i n F i g .  l O . ~ b a c h e ~ b e t w e e n  
thephase b r i g h t ~ i n t h i s ~ a n d t h e d a r k ~ m s i n F i g  10. Scalcbar=82nm. 



F i g 1 2 f i e i g h t . C o a t i a g ~ t b e ~ ~ ( i e , ~ M P s o r ~ ~ ~ m u n c o a t e d ) .  
~ i s l o w b e c a x l s e o f l i m i t e d ~ ~ . A r n r w 9 ~ ~  systemoflaw(i.e. 
0.24.5~1)ridgeson~of~.Ywngest~~danentrqoutergro~ring,harvested 
August#100. Scalek=78nu~ - Fig. 13.PheseimPgaof~~seeninFrg. 12Aaowsiadicate 
samepointsdsiaFig. 12Low~phasebmigbtaereshcbrrespoladsmthesystmroflow 
ridgesiudhtedmE5g. 1 2 a m d i s w t ~ M F s o r ~ ~ l O c a t e d ~ t h c c o a t i n g .  
T b p h a s e i l l t e & y i s ~ i n ~ m t h e  masinFig. 14andisherechscrhdas 
beingphasegray. Scaleb=78mn, - Fig. 14.Phaa#.PMsmfhcesbwingthreetrpesof~data 
i a o m r r r t a : p b a s e ~ ( C ) ~ ~ ~ o a o o g t ' m g , ~ g r a y ( a r m w ) w h i c b i s a v c r y ~  
l a ~ m t o p o f t h e p h a s e d a r k ~ a n d p h a s e ~ ~ ~ & i s d u e m M F s o r @ ~ m a t ~  
t b a t e r e l o c a t e d b l o w t h e ~ . ~ ~ t h s t t h e ~ ~ ~ i s a l m o s f f ~ y s ~ ~ s o  
~ i t ~ n o t ~ y ~ ~ p b a s e b r i ~ ~ ~ t h e n e i s p h a s e d a r I r : m a i t e r i a l I o c a t e d  
between thepbasebrightdphasegray iueas.Middleofautcr~ringfuwesaadAugust 200. 
Scalebar=79ma 



Pig. l S , ~ . ~ ~ ( R ) r v n d ~ ~ ( P ) ~ ~ ~ y p h a s e d a r k s u r f a o e . A T n s w  
~ ~ ~ w l t i n ~ g .  16. M i d d E e o f ~ @ ~ ~ A u g u s t ~ . S c a l c b a r =  
670nm. - Fi 1 6 . E k - i g h t A r t w i n d h t e d ~ ~ m ~ .  1 5 . ~ ~ o n @ ) o f M v i -  
f p t ~ M l P s b e v i d e n t i n ~ ~ ~ W ~ ~ p a r t i a l l y ~ t b e ~ 0 r g ; a n i Z a -  
tiat ( P ) ~ t h e ~ l a y e r a I ~ l p a m ~ ~ o f i t c a n  beseen(doub1e armw indimtea 
a p p a r e n t ~ O f ~ y i n g M F s ) . W ~ ~ i n d i c s t i e * o f ~ ~ . T h i c k n e g ~  
nf rdaalnte. laver s1mm this dm is amwruimamhr 18 mn Scale k= 161 am. 
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the phase gray msterial had a distinctive weblike, rather fhan fibdlar or globda 
mozphology, and a very low sidewatl height 

When wood was. simply air-dried (ie. wlo fixation) and sectionad dry, there was a 
higher~eoffrclcturesinwhichthe~~smfiscelay~oftbePM waseithet 
fWly or plaiPlly removed (Pig. 3,15,16) to r e d  un mdedying lpyg with diffixent 
s u r f ~ ~ . I n ~ y c a s e s t h p : p h a S e ~ o f t h e s e t w o s ~ w ~  
dis~witbonebeiagmrmeex~e~caadeddthcrefonetfaedarkc9t.~y, 
the large amounts of coati~g mataid that sunoursdcd the MPs of ?he tmddying layer 
obsauecl them, mrldng a precise d y s i s  of the miczofibribr army probImatk (Fig. 
16). However, as a general rule, the underlying s t d i m  had MPs thrrt wae aligned 
pasallel w i t h e a & o t h e r i n s t c e d o f b e i n g r e t i ~ . ~ m o f  t h e ~ ~ l a y e r  
rmahed, andsoformedaladOftthat~on~ofthe~lyinshyer,~tbic~ 
o f t h o ~ ~ l a y e r w a s ~ a n d w a s ~ t o b e i n ~ r a n g e o f  13-23~1. 
P M s 6 m n o u t e r m o s t ~ v e s s e l e ~ t h a t w e r e ~ t e d i n N o v e m k ~  

the tree was physidogicaUy quiescent Qe. only a few green leaves mdaed  on the 
twanchx) were completely covered with ammicroti W, grangraaulrumaterial (data not 
shorn) and wele geaerallyphasem. 

P M s ~ ~ u z  in ~~ wood 
~ ~ t h e s e c s n d ~ ~ ~ ~ l t f r e p i t h o f & l S y ~ o l d s r t e m s h a r v ~  

either in Angust or Mar& were saadie& Ahhmgh them was a low phbility of en- 
~ ~ t y i n t h e s a m p l e , j o v ~ w o o d w a s c h e o n i c a l y f i x e d i n ~ c a s e s f o r  
c-P'@i--m c c m & m t d i f f i ~ d ~ M d ~ e d  
mateW(~e. both t h e ~ o f @ o b u k ~  andtheextent of mating was 
him variable), as was the case for sapwood. 

The actual surfke o f d i i e d ~ ~  wood was -y compmed of mticu- 
lately mangal MFs but was only coated with M t i d  msPtrrial that did not form 
extensive plaques pig. 17-20,22) as was s x w h e s  chewed in PMs from the oat- 
~ t g r r , w t h ~ g . ~ b e i @ o f & ~ ~ ~ d ~ a ~ ~ ~ t h a t  
f o d i n t h e f i r s t g n , w t h r i a g . ~ ~ ~ c i c x a s i ~ ~ e d a n t h e  
~ & ( d a t a n o t a h a w n ) b u t t h e i r ~ d i d n o t ~ t o  whe&erthe 
w o o d b r s d b e e n f i x d a r a o t . T b e ~ h ~ ~ y m e r g e d ~ i n t o  the 
sumnmbg wall and thus became contituIous with the same layer of d . u t  PMs 
(data not shown). \ 

Fig. 13- He@& The plane of ~~ has passed ttrmPgh the pit chamber wall (CW) rather 
t t a a n t h r o u g h t h e ~ d s o ~ P N ~ i S ~ b f e , T h e ~ o f t h e ~ i s ~ ( R ) .  
A t t h i s ~ t b a e p r w # r m e o f a ~ i s o s t ~ S a o o n d @ r i a g ~ ~ o f ~  
(iuveailewd 1Sycrusold)brtrcresbdAupst~. Scale bar=790mn. - Fi. 18. 
Phese, Juvenile wood vcesclelement Pklsmfsce.- a n d a t h ~ ~ ~ ,  tothat seen 
i n F i  1 7 . T h e ~ i s ~ ~ A f i t w ~ M F s a m d g l o b a l a a ~ a r e ~  
S e c o d g F o w t h r i n g ~ w o o d ) ~ ~ # W W ) . S c a l e b a t = 3 4 2 m n .  -Fig. 19.Heigk 
T h e c o a t i n g i s s x t e n s i v e ( ~ ~ , ~ ~ o f ~ ~ ~ W n o t ~ ~ h w ~  
& y ~ ~ d w o o d ~ ~ 2 0 0 0 , a s m i u m - f i x e d . ~ ~ = 1 1 2 ~ a  -Fi.2O.Pbase.Mon 
ofrtiaashowninPig. 19.A1rowsindicaaet?1es~amcpoisOsssinFii 19. 
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F~ythePMwasfrsadnredorthe~~cllrledbackmitseIf(Elg. 
21 &Z)sothata--Myingsnrfacew-.Thethi~W 
oftheretiatklayerdthen bemeasnredapd wasfoprndtovary within the range 
of 25-50 nm. The fbichss of the mdedyhg layer was not dekmhd because no 
spednaens were frwnd whem an edge fracture ofthis layer was oisibk Assuming that 
the reticulate layer xepsenb half thethicknerrs oftfie e n .  PM, then the thickness of 
the~~PMwddbeinthe50-100mnrrmge..IIKmafginoafthermderlyinglayer 
always merged d h d y  into tbe stma- Cen wall (Fig. 21-25). Ihe underlying 
s~hsdfewvisiMe~1,~Mybecansecogting~aburadant~.22).Ho~- 
ever, in somecases,it was evident that-MFs weqmseat and w- amlng;ed 
pataHel to each other so that they weae in line with the MFs in the s-ding wall 
Fig. 23). Thus the parrallel W s  in the underlying l a .  wem not mdhlly disposed 
around~ceaterof~PM(asisthe~fatmatgoMPs),~ratber~ori~ 
inone~onacrossthePh9, 



C h n k d  treatment of supwood vessel e b m m  PM 
In order to better u n d a s t d  the composition of the PM it was desirable to cbmi- 

cally remove components of spedc P M s  and ohme them before and after tnxtnmt. 
We first imaged air-dried vessel elements to locate morphologically distinct PMs, thea 
dismmted the wood, treat& it with acidic peroxide sohtion, rimed it in water, then 
air-dried and remounted it 
Prior to cMcaI tmatmat (Fig. 24,26,28) PMs showed a variety of atmctmw on 

the actual &ace including MFs (Fii. 24,28), awing 26, 28), and globular 
mtmials (Fig. 28). After extraaim the PM surface had become extensively akmd 
( c o q  Fig. 24 with 25). Some ofthe mating on the dried PM d m  sdll mmhed 
after peroxide breatment (ampm Fig. 26 to 27), suggesting that the majority of the 
dried layer had not hem remove& In general, thc MFs of the retiadate d i m  had 

Fig. 2cC,Meight.PM+tachemicalbna~lentR=hwith~Ws;F=~adge 
* k ~ y i n g h ~ w i t h ~ m i s ~ - * i s t h r ; * d r n ~ h s l *  
oftileREayer.scalek=6,57lml. 
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eiibs been md or altered (ampme Fii. 24 with 25, aud 28 with 29). Ttce retiu- 
l a t e r m r f ~ ~ m u c h ~ ~ i n ~ ( ~ F i . g . M w i t h 2 5 , a n d  
26 with 27). In contmt to the l a d m  of the m t b h e  MFs on the surface, the 
MFs of the anderSyin% law appm# to have been rretained and exposed (compare 
Fig.mM2.9). Su@si@y,&at*hPMhadbadbeen- wasno 
evidemce that the thickness of the f&tared layer had been demased by the chemical 
tmttment (measurement datanot.shown bat taken from areas indicated in Fig. 24-27 
and others). 

Nctive PM a'ructun? in the outer growth ring 
N o n w  PMs exhibited either of two distinct morphologies: microfitnilliu (Pig. 30) 

and mn-microfibdar (Pig. 31). Within p u p s  of PMs, so- would show an entirely 



414 IAWA Journal, Vol. 26 (4), 2005 

n ~ ~ f i ~ s u r f a c e w h i l e t h e ~ j a c e r k t P M s  showedamicroff i~da~e(data 
notehow11)iditAq t h a t a t i p m d f b c t i o n w a s n o t a d ~ o l t ~ ,  t h e c k  
proximity of such differenfly sb~cture!d PMs to each other made it seem udhly  that 
deye10pmtmtal events caused the diffbmnccs. hskad it seemed most b l y  that these 
stru~~rences~ereduetoeveat~thatocctlrred~tbe~of&ing/ 
fhctwhg the woo& 

(%st corrrimrsd on m e  429) 

F i g . 2 6 . H G i g b t ~ ~ ~ P M p r i o d m c B e m i a l ~ R = ~ ~ , P = ~ e l  
l a y c s e x p o a e d b y ~ ~ l o c a t c d m d r r t h c ~ ~ C = ~ ~ ~ ~ ~ ,  
-on bothPrmdRsmfiiioa&Darkfumw thatmus~topleftamertomiddleof rightedge 
i s t h e e d g e o f ? h e ~ R l a y e s : ~ ~ a O O O a O O O  %debar= 160mn. -Fig. 27. Height. 
Areaseminpig. 26,afberchemical~nacmeatTbeP~basbeeomes~y w r i n f r k d d d q  
c h e m i c a I ~ ' f h e c o a t i n g ( C ) h a s b w x r m e m a c h ~ ~ ~ a n b s t h t h e P d ~ R ~ s .  
T h e R ~ c o n s i s t s p r h a a r i l y o f ~ ~ ( 0 ) .  



Slt ~41~dt1~ fi itudtpaiu ) ~ d  p~!ixa.tSPtf - a@.llBSad 
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Fig 3 4 . h . I I i g h e t ~ & o f ~ P M , i n ~ 3 0 . % P M ~ p a n & 1 y ~  
f i ~ ~ r m d i s p h a s e ~ i n c o a t r a s t t n t h e ~ ~ g w a l l ( W ) w h i c h i s p ~ d &  
The prrrallcl dcroibrils on either side of dte cemabd array cleady overlay other MFs (ar- 
r o w s ) ~ g i t ~ t o ~ h e n t i F e ~ o f t h : ~ f i W a f i a y . A A ~ ~  

~ l e s t f K ~ ~ P M a n d m s y ~ a p o r t i o n o f t h e p i t c b a m b e r w a U  Scalebar= 
645nm. - Fig. 35. Heigirt. ImageafFig. 34beZbrasbowingtkthnaaimensionalarmngemeatof 
the MFs. 
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to as 'ooating' in the present artick. Given the techniques used by thase authors, it is 
d0uWu.I that they would have been able to obseare the very thin interstitial or plaque- 
l ike~l ikethose inSapim.In~~gardthcn, i tapptats l i l re lythaathe l i~  
fimnel~nmi~willtendto&v~efromthatoftheAFM.Whileitcould~ 
that Sapium is simply diffkmt from the &m-mwmhed species, it is also psible 
that the Wty o f M  to image avery thin coating has~vealed thatthe PM is always 
associated with some degree dm-microfim surfaoe materid. B-se the coating 
is so prevalent thronghout the wood of S. sebi$hm we favor the latter bqmtation, 
but h b e r  comparative research with other species is required. In any cam, the use of 
the term 'coating' as observed with the AFM should be understood to indicate at least a 
quantitatively, and possibly a qualitatively, Wkzent s u d m  stnacaue than is indicated 
by dm term 'en-(m' in TEM/SEM studies. 

We &Sewed same heartwood PMs with a very heavy layer of n o n - ~ f i ~  
surface lnaferial (Le. encrusted). The fact that the errcrusted surftmce of heartwood PMs 
had a phase bright signal 8uggests that it does not have the! same composition as the 
phme dark d n g  seen on the surf- of PMs fram the outer gn,wtfi ring. Many mom 
~ O O d  PMs hadcatedmther than emmted MFs. This higher fkquency suggests 
that the plocess of aging affect& the mechanical pmpaties ofthe PM, pre-dislpoeing it 
to removal of the encrusted layer during sedhbg. Wheeler (1 98 1) described instances 
ia which the encrusted lays was removed by &actwing during specimen prepmti01~. 
The known chemical diffmna between tbe enmwed and the microfibriliar layers of 
the wall in other species (Bauch & Beam& 1m3; Parameswarm & Bancb. 1975) could 
provide a stmctwrl basis that would irecrease the m i l i t y  that fhctms d d  form 
between these two components of the PM. 

At least in dried materiffils, each PM casbts of MFs arranged in layers. The exist- 
ence of layefed pit mmbmes s h h r  to those repated here for S. seb&nim has been 
q o r t d  in other species by Scbmid d Mach& (19681, Wheek and Thomas (1981), 
Wheeler(l981), Dute et d (1990,1992), and Mormw and Dute (1998). Atwo-layered 
pit nmdnme structure wm shown by aute et ol. (1990, Fig. 14; 19!J2, Fig. t4)fcm the 
dicotyledon Daphne mezerernrr. There are many possible stiuctmd pempedves that 
am be fonn- to integrate these two types of micmfitdlar arrays into om overall 
structure for the PM. The microfibrilk portion of the PM is wmposPed of maferials 
derived fiom the middle lmeb  aad the cellulosic p&muy wall layers of two cells 
(Bomex & Thomas 1972). In a broad sense, this situution resembles that of freeze 
hcturing w h  the platmalemma, which is much thinnet than a pit membme, can 
be fiacaned along a plane of weakms that exists a l q  the hyQrrphobic center of the 
me- where lipid tails oppose each other. In wood that has been chemically fixed, 
o r h e a t e d , d u r i n g t h e ~ g ~ d t b e r e d n c e d ~ o f ~ t h a t ~ v t a l t w o  
dmfibri l l~t  layers points to the hpmtmm of chemical fxtars in the fonmation of 
s l p C h ~ t h r o u ~ d a e p i t ~ ~ . T h e ~ e S t ~ v e i S t h a t ~ m i ~  
lamella is the most likely breaking point because it consists of a high percentage of 
r#m-cetlniosic carbohydrates that lack the strong stmcmd pmperties of polarized 
ceUulmic mays. If a fracture occurs though the plaee of the middle lamella tben the 
parallel m i c f o f i ~  array will be the most W y  to be exposed. The padel MFs 
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will be em- in a softer, phase dark matrix composed of middle lamella materi- 
als, although the plane of fmtm is probably not always as precise as that fotmd 
for cell naembraTKs because of the extensive interlinking between the many types of 
~y~ that comprise the middle lamella and the PM. In suppart of this idea 
is our observation that the padel m i c r o f i e  sd&e bas a large amount of phase 
dark milterial associated with it. If the plane of Etadurr: misses the PM, then the actual 
s ~ i s ~ d a d t h e p r e d o m i n a n t l y r e t i ~ ~ f i ~ ~ ~ w i n b e  
observed. W e  this in- is attractive because of its simplicity d logic, the 
situaticm has, at least, the potential to be more complex because Wheeler and T h m  
(1981) observed an amorphous layer under the dcmfibrillar layer in the outamst 
p F v t h  ring of red oak. 

In the dried PM of S. seb$mun, the sparsely m i c r o f l w  layer is c i d y  bled to 
the sutrouading wall by parallel arrays of MFs l i b  those shown in G o n i o ~ h i s  by 
S c b m i d s e d M a # : ~ ( l % 8 ) . ~ y ~ ~ ~ ~ a s ~ p r i m a r y w a l l  that 
bad been stretched during watl e10ngation so that the d e n t e d  MFs became pallel. 
Schmid and Mach& also inaerpreted the retidate pit menham layer as being s 
later-fonned p4Xtion of the p b a r y  wall. Out in-0~ of s. seb* agms with 
that in Gonwrrhachis, an observation that stmngly suggests that the basic aspects of pit 
membrane shructure have been oomemed within a brad range of angiosperms, 

T h e a ~ ~ t o v i e w s p e c i f i c P M s b e f ( ~ e a a d ~ c ~ ~ c o n f i r m s d  
extmds the uwfkdmsg of the AFM as a d t i v e  analytical tool for the in situ analysis 
of biological structures. The selective action of the acidic peroxide reagent on tb m- 
ticulat. d a c e  lam indicates that the chemistry ofthis layer differs significantly fkom 
that of theimmnostngionof them wbetheMFsmgentrally pdlc1intWr 
oqmhtion. The d e f a  of the W s  in the retiah& layer that is a oonseqwme 
of sacidic pemxide tmatment suggests that lipin is a significant component of the PM 
su&tce. Likewise, the -tion of MPs on h underlying & may be due to the 
pnxmce of higher almounts ~polypheno~cs. 

It is necessary to reconcile the images af dried ahd non-dried PMs shown in this 
repcnt. The dried images show two hyers, both of them mimfi-, and both with 
some degm of coating 00 the MFs. The nondried images show one micro6Wolnd 
one ~ ~ t l y  nm-Onimfiibrillar lay= The relatidy thick n o n - m i d m  mate- 
rial seen in nondrkd PMs could conceivably form the ine- coat that is observed 
on the dried PM. Possiily, daring the pmcess of drying, the mm-mmicrofillar layer 
seen h non-drkd F!Ms is displaced onto MFs , thus f d g  the coating. It is not hard 
t o ~ e t h t a n u m e g u l a ~ ~ ~ t r m Q m , p m a s s o f d r y i o g a s o c a n s f o l -  
h,whghar~esting of the wood oould unevenly displace am-mirofihiW substance 
throughout th network of MFs that make up the imx @ens of the PM, resulting 
in observations of I'megularly distributed coatings and g l ~ ~  materials. This idea is 
supipoaed by the fact that the non-micro6Wat layer in =-dried PMs and the coating 
materiaIs in dried PMs both have the rrame properties in phase images 0.e. they are 
both phase dark). 

it is mom difficult to reccmc3e the Merences in dried vs nondried images of MF 
arrangements. No clear evidence for difknat layers of MFs is present in the nondried 
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PMs. This may be due to the dif%cul~ of forming a fmcture thmugh the loosely-packed 
web of non-dried MFs. It may also be that t t ~  relatively complex mkmfibrillar ar- 
rangement within nm-Qied PMs makes obgervation of two distinct layers diflicuit. It 
is notable that the overall arrangement of nondrid MFs was much less carnopact than 
those seen in dried materi& both by us awl other investigators. This lack of campact- 
mps may, to some degree, be a reflection of tearing fences generated dwkg the act of 
f&dwhg, but because the same type of loosely interwoven stmetme was observed 
in hun* of cases, there also seems to be sigdbmt merit in the idea that the less 
compact s t r u m  is a valid  tati ion of the in vivo, hydrated condition where 
mimfibrils are hydrated. While the bighly aqmcted MPs seen in images of dried 
PM8 would tend to ~ e f u t e  the assertion that the PM is a conduit for water passage, the 

shown hem of 1m4ried PMs, showing relatively open arrays of MFs, am much 
more in Leeping with the type of structure that could be imagined to permit the passage 
of fluids. In species such as Sopirun sebijkrum the loosely arranged, amqmdble MFs 
would permit the passage of water during tmnqimion, but shrinli into a less permeable 
layer during dry episodes. This flm&md e x p W o n  would fit well with the role of 
PMs in the reduction of air-seedhg as discussed by Cochard ad. (1992). 

The role of the nm-mimfiMar layer is ahso inkmsting. Non-microfibrik, or 
amqhus, materials have been repoaaed in the tonre ofpmmmbly W o n a l  braclmry 
elements of several species (e.g. Dute & Rushing 1987; Dute et al. 1992; Sam, et al. 
1999). The toms is Believed to be a sealing mecha&m chuhg periods of water stms. 
It is conceivable that the om-microfibrillar lay= that completely covers the surface of 
nonatied PMs of S sebi@mm is compoged of mRte*.ial similar to that found on the tom 
surfaceof ~species.Theextreme~cultyinioaaging~non--fiWIsyer 
i n d i ~ t h e p r c s e n c c o f s o f t ~ ~ v e p s o p w t i e s . S u c h p ~ e s ~ ~ h  
a regulatory, mther than stnrctmal, role. It is easy to imagine that the role could be part 
of an ionidy c00troLled hydrogel sw- mechanism proposed by Zwieniecki et al. 
(2004) to mguW water passage and air movement ( K d n e r  8t C6td 1%3).'Possibly a 
thin, mucilaginous hydrogel could be a soft, self- layer that would allow for the 
penetration of nmomfer-sized particles into the interior of the as observed by Cheat 
et al. (2003). Better images of the surface of this mucila@us might hcrease 
our understanding of its pqmtiw. 

A future task will be to chemically dissect the PM so that the identity of the surface 
structures, and their effect on tmmqhtion, can be better umkstmd. It seems probable 
t h a t ~ n o n ~ m a t e r i a l s ~ b e u s e f u l t o s a a d y ~ ~ a n - r e W - ,  
while dried or partidly dried Eaaterials could be used to study the- events relating to 
embolism reduction. 
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m e s s c n e d . ~ ~ h e w i d t h o f ~ ~ s ~ 8 n g e d f i o a c 2 2 . 4 8 r m r ~ b e n ~ ~ ~ w ~ ~ e d i n  
pairs, the cleft betweea them d d  be as much as 22 nm deep, indicating a minimum 

height due.  Tbe obse~abb -0f bctltiff IlIic~0fibd.k On ail WaS 

~ ~ t l y i n t $ e 1 8 t l $ e o f 9 e 2 2 S n m , b u t n o ~ s h o w i n g t b e ~ ~ ~ o f  
such an array was observed and so tbe total PM thickness was unknown. Owasioaally, 
the cxakabd group of MFs had total height values of more than 500 nm. 
In Figure 32 b e  am no coiled or *tic&& MFs present near the central region of 

them. In t h e m  where the warts areex- t h e l a c k o f ~ ~ i t a p p e a r t h a t  
h central MPs have been fractured away ampletely, indicating that the non-nnicm- 
fibriUar remnant has been separated from the rest of the J?M. This makes it likely that 
the surface labeled N in F i v  32 is the inner s- of a non-mkmfibdlar layex that 
is located between the MFs aad the hanisphenicd portion of the pit chamber wail. The 
freqyent observation of PMs that bad either exclusively ~-micmfiWar or fibriller 
surfaces supports tme idea that these two types of layers existed hdeqendently of each 
other, at least in a stmctwd =I&. 

DISCUSSION 

A major contribution of the present results, in terms of the overel2 stmctum of the 
PM, is that MFs ase mare h m l y  packed in ncmdried PMs than in dried PMs. It is 
also quite likely that these loosely packed IMPS are mmged in deeper, or thicker, lay- 
as than the MFs of drkd PMs, although this hrrr mt been explicitly p e n  here. In 
terms of the &@ilk of intervessel PM stractme, the presentresults, which benefit from 
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extremely good vertical tes01ution md are not obscured by sputtered metllsl-g, 
substantially increase our ondgstmding of PM structure in thrt they wMmbiguonsly 
show the presence of a this, m-microf ia  costing on the s m h ~  of the PM of 
vessel elements in both dried and non-dried vessel elements in the outennost p w t h  
ring of S. sebifenrm. The fact that this coating is amsistmtly observed to have a thick- 
ness that varies within a nantow range, and that the phase chmsaidcs of the coating 
me invariant (i.e. it is always phase dark) i n d i m  that the mating is a real f w .  
Fmtbasuppatfathee~ofthiscoatimgis~eredheFeby~parrLl~vd 
ofthe coating by tbe acidic peroxide treatmmt indidng that it is a d  
feaftlre that is menable to chemical lmatnmt. 
The chemical idmtity of the intersWplaquelilre coating mataids on and within 

tbePMfromtbeoutergrr,wthringisnotknownattbistim.lbeacidicpen,xide 
chemical treatment that we used was designed to solubilize poiyphenolics. Bec- a 
reductionintheextent of coating occunedaftiertneatmeo5, themisreascwtobelieve 
that at least compo~~~!nt of the coating is plyphenolic. Much of the a v d l e  
evidence indicates that PMs are composed dMFs and polyphenolics @8u#:h 8t Berndit 
1973; I b r a u w s w a  & B w h  1975). However, tfkereis wmeevidence thatpectEnmay 
be present in tori 1!375; Sano & Nalda 1998; Moww & Dute 1998). &en 
the mostly crystalbe, re:Wely rigid 118tme of cellulose u, opposed to the s o b ,  non- 
c r y ~ ~ o f ~ p e c t i n a n d p o 1 y p ~ l i ~ ~ , i t k ~ ~ t h a t t h e r e w o u l d  
ba s i g n i k a t  d i f f m c e s  in the phase c-cs of these ccmstitwmts within the 
PM. Such phase differnoes am c 1 d y  and cansisbently ahown in our data However, 
the available BFM literatme does not offa a clear criterion far di&mnWhg lignin 
f h n  pectin. *Images of psdin with the AFM by Kirby n d. (199%) show a mixhue 
of non-linear fihmts aad small agjpgates. L i g t h ~ y Q a t e  esmpkxm have 
been imaged by Shevchenko et d. (1998) as -gates. U n d o u ~ y ,  a oareful saady 
using a multiplicity of extractive p r o c d w  in amjunctkm with- will a h w  far 
a clearer udxstanding of the distribution of pectin and lignin in PMs. 

In this investiption, one of the most tirneconsuming and intensively studied aspects 
of PM stmhm was the variability encouated with regard to the extent of the 
on the dried PM r m r f b .  This variability may reflect the saine btors that led to Bauch 
and Berndt's (1973) observation of variability in chemical composition between neigh- 
baring pits as aotlyzed with mi--. Alternatively, slight dBmnces 
in developmental events, ar uneven deposition of mat&& as the xylem sap dries after 
barvestiug (also see l a -  dimssion of MM-dried data), might be mpcmible. VVsliation 
in the overall thickness of the dculaw FM layer could also have been a drykg artifht 
or it could also have been due to the lack of a highly pohized s t ~ ~ t u m  in the middle 
lamella leadinp: to an imprsc3ise fracme path through the PM. 

Them-WcoatingMbedhereforS.sebi@misnatwyW~t 
to encrustations &sewed in other species. For example, b y - m  and Bosshard 
(1959), Wheeler (1981), and Saw, and Nakada (1998) a l l  obemed that tbe s d h x  of 
the PM of the outermost sapwood was not eacnrsted, whereas the older wood was en- 
crusted Our observations extend the litmtm to indicate that the mtmmst gapwood 
inS.seba'femdoes~ve~~-mi~~~fi~nwterialanits~Wisrefefied 


