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ATOMIC FORCE MICROSCOPY OF THE INTERVESSEL
PIT MEMBRANE IN THE STEM OF-SAPIUM SEBIFERUM
(EUPHORBIACEAE)

Thomas C. Pesacretal, Leslie H. Groom? & Timothy G. Rials2

SUMMARY

Sapwood and juvenile wood of Sapium sebiferum (Euphorbiaceac) was
collected during 2000-2002. In ait-dried vessel elements, the surface

_ of pit membranes (PMs) in the outermost growth ring was coated with
plaque-like or interstitial material that was 2—35 nm thick. This coating was
phase dark and overlaid a phase bright layer of globules and reticulately
arranged microfibrils (MFs) that was 25-50 nm thick. Beneath the reticu-
late layer there was another surface exposed during sectioning/fracturing.
It had parallel MFs which appeared to be continuous with the middle
lamella, and were also coated. The total thickness of the dried PM ap-
peared to be in the range of 50100 nm. Overwintering and heartwood
PMs were encrusted with a non-microfibrillar layer that differed from
the above mentioned coating. Prior to chemical treatment, specific dried,
untreated PMs were located and then the sample was dismounted, treated
with acidic H,O,, and observed after treatment so that before and after
images could be compared. Treatment with acidic H,O, removed some
of the coating and greatly modified the fibrillar nature of the surface layer,
but did not reduce its overall thickness. The native structure of sapwood
PMs was observed in water. Non-dried PMs displayed two layers, each
with a different type of surface. The outer layer was non-microfibrillar
and covered the entire surface of the PM. The non-microfibrillar layer
was extremely sensitive to mechanical perturbation by the AFM tip,
and had phase characteristics similar to the coating of dried PMs. The
underlying layer was thick and microfibrillar. The MFs in non-dried
PMs were, like the dried MFs, phase bright but they were much more
loosely intermeshed compared with those seen in dried materials, The
measurable thickness (which does not represent the total thickness) of
non-dried PMs frequently ranged from 90—225 nm, although a few 500
nm vertical features were measured.
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INTRODUCTION

The atomic force microscope (AFM) is a surface scanning instrument. Gerd Binnig
and Heinrich Rohrer received the 1986 Nobel Prize in Physics for designing it. During
the past decade the AFM has become a widely used scientific tool with resolution capa-
bilities similar to those of electron microscopes (Duchesne & Daniel 1999). This micro-
scope-without-a-lens operates by scanning a sharp tip, mounted on a flexible cantilever,
across the surface of a sample. In brief, the vertical displacement of the tip is quantified
to determine the height of surface features. From such data it is possible to construct a
digitized, 3-dimensional data set that shows ultrastructural features and quantifies rough-
pess. The AFM can also be used to study mechanical properties such as surface hard-
ness or adhesion by analyzing phase changes in the oscillation of the tip as it is rastered
across the surface. Operation is possible in either water, air or a vacuum.

Because AFM technique does not require staining, coating, or high vacuum for opera-
tion it can be used to study biological materials in their native state. Several purified car-
bohydrates have been imaged with the AFM including native Valonia cellnlose (Hanley
et al. 1992; Kuutti ef al. 1994; Baker et al. 1997), xanthan gums (Kirby et al. 1995),
bacterial polysaccharides (Kirby et al. 1995), pectin (Round et al. 1997), lignin-carbo-
hydrates (Shevchenko eral. 1998), and dextran (Rief et al. 1997). These studies have pro-
vided information regarding crystallinity, and helical conformation. Matsumura and
Glasser (2000) used AFM phase data to analyze biphasic component distribution re-
lated to mechanical properties of synthetic composites. There have been some AFM
studies of intact or partially extracted plant cell walls. Kirby et al. (1996) examined the
wall structure of partially purified cell wall fragments from several species. They ana-
lyzed hydrated wall fragments and observed images similar to those produced with the
much more technically challenging freeze, deep etch, rotary shadowing methods of
Heuser (1981) and McCann et al. (1990). Pesacreta et al. (1997) imaged the cell walls
of cotton fibers, and used the data to quantitatively describe surface roughness changes
following chemical extraction. Thimm et al. (2000) examined celery MFs and showed
an increase in diameter associated with drying.

No previous AFM studies have addressed pit membrane (PM) structure which has
largely been studied with high-resolution electron microscopy (e.g. Coté 1958; Thomas
1975; Sano et al. 1999). Several authors (e.g. Wheeler 1982; Sano et al. 1999) have
shown that the surface structure of some angiosperm and gymnosperm PMs changes
with age, becoming progressively incrusted with non-microfibrillar materials. The
microscopy technique they used required that a thin metal coating, 520 nm thick, be
deposited on the surface prior to’imaging. This coating precluded imaging of features
on the surface of the sample that had vestical dimensions of only a few nanometers. In
addition the sample had to be placed in a vacunm, and sometimes heated or dried, which
could have altered the structure of nanofeatures. :

Earfier physiological studies suggested that nanometer-sized particles in the xylem
sap might pass through PMs (Choat et al. 2003) although appropriately-sized pores were
not detected on the surface of the PM by electron microscopy. It has also been suggested
that transpiration can be regulated by the ionic composition of xylem sap (Zwieniecki
et al. 2004), presumably a consequence of PM carbohydrates that aiter their conforma-
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tion, and therefore the permeability of the PM, in response to changes in ion concentra-
tions. So it became interesting to use the AFM to determine if dried PMs that had not
been coated with metal prior to observation might have pores of sufficient diameter to
allow nanoparticles to pass, or if the structure of never-dried PMs might reveal a highly
permeable arrangement of structural elements. Sapium sebiferum is a fast-growing tree
species common in the southeastern U. S. A. The structure of its wood is being assessed
in our laboratories as it might relate to possible commercial utilization.

MATERIALS AND METHODS

Samples were obtained during March 2000-June 2002 from trees approximately 15 m
tall in Lafayette parish. For wood that was to be observed dry and without chemical
fixation, samples were taken from 1 m long logs that were approximately 18 cm in
diameter at 1.3-2.3 m above ground level. The wood was allowed to air-dry for 2+
months in an air-conditioned laboratory room. Tangential sections were taken with a
razor blade from either the outermost sapwood or the juvenile wood near the center
of the stem. Sections were examined with a x60 microscope to determine which areas
had exposed pit membranes. These areas were carefully cut away from the surround-
ing wood, gently pressed onto metal stubs coated with sticky tabs, trimmed further to
reduce the overall size of each piece to approximately a 1-mm-sided triangle, and left
overnight so that there would be no movement during observation due to drying or
mechanical tension release.

Some samples were fixed prior to observation. For fixation in the field, 3 cm3 pieces
of freshly cut wood were immersed into 3.7% formalin in 125 mM sodium phosphate
buffer (pH 7) for 18 hours, and then rinsed in water and allowed to air-dry. Alternatively,
transverse slabs approximately 2.5 cm thick were cut from a standing tree with a chain
saw (Stihl Model #039). The slabs were transported to the laboratory in less than 1 hour
where shverswemcutfromthemmﬂaamzorhladeandexposedtooannummnde
vapots for 1 hour.

Air-dried wood was extlwr sectioned dry or infiltrated with 50/50 ethanol/water.
Sectioning was done either with a AO model 860 sliding microtome or with a hand-
held razor blade. Sections were placed between weighted glass slides and dried at
50°C overnight.

For imaging a Digital Instruments Dimension 3000 AFM was used. Dried samples
were imaged in the tapping mode with LTESP tips (250 pum 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 when the tip was not engaged on the surface was approximately 1 V.
When phase images were captured the amplitude setpoint was lowered from approxi-
mately 0.8 V (commonly used for height imaging) to 0.6 V to increase the phase signal.
Use of this lowered offset increased the contribution of sample hardness to the phase
signal, in contrast to differences in sample viscosity that comprised the majority of the
phase signal when the offset was not lowered. A 180 degree phase offset was used to
filter-out low phase angle signals.

Three types of data are presented at various points throughout this publication. The
most frequent is referred to as the ‘height image’ which is derived from calculating the
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position (in the Z axis) of the tip based on the voltage change needed to return it to its
original height after deflection has occurred. This voitage chaige can be precisely cali-
brated and serves to determine the height of the feature beneath 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 contains areas with different physical
properties such as hardness. A third type of data is referred to as the ‘amplitude image’
and is derived directly from the change in the height of the tip, but is not calibrated, so
it cannot be used to quantify roughness. Like the ‘height image’ the ‘amplitude image’
shows topographic relationships but presents them as a shadowed image from which
surface details can be clearly visualized.

In order to locate the actual surface of a dried PM, the AFM tip was inserted into the
cavity formed when the plane of fracture formed during sectioning passed over, not
through, the surface of the PM. A difficulty with this method was that it made it impos-
sible to observe the junction between the adjoining cell wall and the PM. In addition,
there were frequently loosely attached filaments of wall material attached to the pit
chamber wall that interfered with the movement of the tip. Nevertheless, by using this
method,ntwassullpossxbletoacqmrealatgenumberofscansshowmgpmtmnsofﬂle
actual surface of the dried PM.

Intervascular pits were differentiated from vessel/ray parenchyma pits because the
latter were small and in relatively small clusters, and the distinctive outline of paren-
chyma walls could be visualized with the video camera of the AFM. Occasionally, due
to the angle of incidence of the fiber optic light, the images provided by the AFM video
camera were not always sufficient to enable a precise distinction to be made between
pit membranes, and reflective pit chamber walls. This was especially true for unfixed
material. To expeditiously locate intact pit membranes for AFM, some unfixed sec-
tions were first located (uncoated) with a field emission JEOL 6300FV SEM at 1 kV
at magnifications of no more than x 330, Using a small SEM spot size and limiting the
overall observation time to less than 5 minutes enabled pits to be scanned without caus-
ing any noticeable distortion of the vessel element cell walls.

To determine if some PM components could be selectively extracted, a solution com-
posed of 5 ml of glacial acetic acid, 4 ml deionized water, and 1 mi of 30% hydrogen
~ peroxide was prepared. Sections that had previously been imaged while dry were im-

mersed in the solution at 48 °C for 2 hours. Next they were immersed in deionized water
at the same temperature for 18 hours, rinsed quickly in two changes of deionized water,
blotted dry and placed on a clean glass slide for 12 days at room temperature, The sec-
tions did not appear to flex duting the extraction procedure and so, after they had been
thoroughly dried, they could be placed on the original stubs and their general morphol-
ogy on AFM video screen could be compared with images taken prior to extraction to
thereby locate the same pit membrane that had been imaged prior to extraction.

Non-dried samples were imaged in deionized water or 1 M KCl. Transverse slabs
from 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 were next
cut into pieces that fit the sliding microtome chuck and either sectioned and observed
immediately, or stored in tap water with 1 mM sodium azide at 4 °C. Sections approxi-
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mately 150 pm thick were examined with a light microscope 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
V-shaped cantilever 120 pm long and 15 um wide (each leg) was used.

RESULTS

Low-magnification perspectives of the dried pit membrane

The structure of the PM varied significantly, even when adjacent PMs were observed,
and so it was necessary to clearly identify the actual surface of the PM in order to
distinguish it from the surface of internal layers that had been exposed by fracturing.
To do this, we adopted a method used by at least one previous investigator (R. Dute,
personal communication) which involved observation of PMs in instances where a
fracture had passed only through the pit chamber wall, missing the PM completely, and
unambiguously exposing the actual dried surface of the PM (Fig. 1 & 2). The phrase
‘actual surface’ is used here to indicate the surface of the PM that is exposed ‘in vivo®,
in contrast to a surface exposed as a consequence of fracturing or sectioning. The dried
surface of the PM was covered with a reticulate layer of MFs (Fig. 2). Frequently, an
abrupt structural and topographical transition occurred between the PM and surround-
ing wall material (Fig. 1 & 2). In other instances, the plane of fracture passed through
the PM making it appear as a two-layered structure (Fig. 3). In Figure 3, both layers
are heavily coated (with a material to be discussed in the succeeding results) making
it impossible to detect MFs at this magnification, Nevertheless, upon closer inspection
at higher magnification it was always possible to determine if a reticulate layer of MFs
was present and thereby unambiguously identify the actual dried PM surface.

PM structure in dried sapwood from the outer growth ring

When the plane of fracture passed over, and not through, the PM it was evident that
the dried surface was a complex structure composed of three components:

1) Microfibrils (MFs ) arranged in a reticulate pattern, MFs ranged in width from
25-50 nm and in height from 1.5-4.5 nm (Fig. 4 & 5). Although MF are approximately
round in cross section, the width range reported here is probably inflated due to tip
broadening (Thimm et al. 2000). Given the extreme accuracy of the AFM for vertical
measurements, the height range is less problematic although there is bound to be a
certain element of inaccuracy because the MFs were on a non-flat surface making it
likely the value is an underestimate. ,

2) Irregularly shaped, somewhat globular materials 25-250 nm in width and 11 nm
in height that were interspersed among the MFs (Fig. 4-7). The presence and number of
globules on the surface was variable, occasionally occurring both in fixed and unfixed
samples. '

3) A thin coating that was composed of at least two components (Fig. 4—16).

The coating was present in all types of dry samples that were examined includ-
ing unfixed wood (Fig. 8-11, 15, 16), osmium tetroxide-fixed wood (Fig. 4-7), and
formaldehyde-fixed wood (data not shown). The extent of coating varied, even when
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adjacent PMs were compared. When sparse, the coating was predominantly interstitial
and located almost exclusively in crevices between MFs and the globular materials
(Fig. 4-7). In phase images (Fig. 5, 7, 9, 11, 13-15) it was evident that the coating
was phase- dark, as opposed to the phase bright MFs and globules, indicating that the
coating was either relatively soft or viscous. This phase difference was routinely seen
in both the trace and retrace images, as well as in scans taken perpendicularly to the
original scan axis, thus assuring that the phase differences were not merely topographical
effects (data not shown). The thickness (i.e. vertical dimension) of the coating varied
from 1.5 nm to as much as 7 nm, although the 2-5 nm range predominated. Where the
coating was moderate it appeared as a network (Fig. 6, 7, 10, 11). This network was
sometimes dispersed irregularly across the surface of the PM with some areas having
no coating and adjacent areas being coated (Fig. 6 & 7). In cases where the coating
was nearly continuous it formed a plaque that had numerous small holes in it (Fig. 8
& 9). Each hole represented an area where an MF or globular material was partiaily
exposed, and was therefore phase bright. Comparison with the corresponding height
image dramatically showed the direct relationship between the coating and phase dark
areas. In extreme cases, the surface of dried mature PMs located in the outermost ring
was completely coated so that MFs were covered (Fig. 12 & 13). .

Where the coating was extensive, a phase gray component of the coating (i.c. a
component that was intermediate in brightness between the surrounding phase bright
and phase dark materials) was frequently observed (Fig. 9, 11, 13, 14). The phase gray
material occurred on fop of the coating as low ridges that were less than 0.5 om in
thickness (Fig. 12). In some cases no phase bright material occurred and the surface
of a PM was entirely covered with phase dark and phase gray materials (Fig. 13). The
phase gray material was surrounded by phase dark material and was thereby segregated
away from the phase bright regions (Fig. 14). Therefore it did not appear to represent
aphystcalmtergradauonbetweenthephasedmkmdphasebnghtmatenal To sum,

(Text continued on page 408)

Figure legends: All images are of vessel element PMs, or the adjacent cell wall. The first word in
each legend is either “Height’, ‘Phase’, or ‘Amplitude’. This indicates the acquisition mode of each
image. Figures 1,3-16 and 19-23 show air-dried and dry-sectioned material. Figures 1,2, 17, 18 and
24-29 show air-dried material sectioned in 50% ethanol. Figures 30-36 show non-dried outer growth
ring, earlywood PMs sectioned and observed in deionized water. In all cases, there is only one scale
bar per plate and it is located in the lower left-hand comner of the plate.

Fig. 1. Height. Fracture through pit chamber wall (CW) and over actual surface of pit membrane (R).
Arrow indicates abrapt transition between PM and pit chamber wall. Scale bar =2 um. -— Fig. 2. Phase.
Sectioning removed upper postion of pit chamber wall and revealed actual surface of dried PM com-
posed mostly of reticulately arranged, phase bright microfibrils (R). Arrow indicates region of abrupt
transition between PM and pit chamber wall. CW = pit chamber wall. Juvenile wood harvested August
2000. Scale bar =0.80 um. — Fig. 3. Height. PM with both actual surface and layer bencath it exposed.
MFs are heavily coated and so neither layer appears microfibrillar at this magnification (see following
for images of MFs with different amounts of coating). R = actoal surface; P = surface of internal layer
‘exposed during sectioning/fracturing. Arrow indicates junction between PM and pit chamber wall
(CW). Early wood or middle wood, outer growth ring, harvested Aug. 2000. Scale bar = 0.75 um.
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Fip, 3. Height. PM nctmﬂ surface campiosed mastly-of microfibrils (M) and globular miterials (G}
Small amounts of interstit ;cammg aterial present in crevices {unlabeled armw). Outer growth cing
turvesied March 3000, oswijem vapor-fixed. Scale bar = 100 nm. — Fig. 5. Phiase, Portion of surface
sien in Fig. 4, Microfibeils (M) and gluhﬁnrumduls {G}ompmse bright. Reticulate interstitia cont-
ing is phuse dark: (unlabicled arrow). Arraws point to same positions indicaed in Fig. 4. Scale bur =
100 mm. — Fig, 6, Height. PM sctual surface is compossd of MEs and globular materials. Inlower hall
of image the couting (C). is reticutite and miore sxtensive than in Fig. 4 & 5 although the anatimical
location within the:stem, time of harvest and method of fization were identical. Other arens near the
tap of this figure have littde of no coiting (NC). Amows pmm to identical pmmum with coating in
Fig. & & 7. Outer growih ring harvested Macch 2000, osminm vapor-fixed. Scale bir = 258 nm, =
Fig. 7. Phase, Porton of susface seen in Fig, 6. The bottom half of this figure is more phase dark due
to the presence of extensive coating (Ch. while the areas near the tap of this figure are almiost entirely
phase bright due o the absence of coating {NCa. Scale har = 358 nm.
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Fig. 8. Height. Coating covers much of the actual surface. Arrow indicates a slight depression (dark
arca) on the surface where the coating is not present. Middle to estly wood, cuter growth ring, harvested
August 2000. Scale bar = 223 nm. — Fig. 9. Phase. Portion of the PM seen in Fig. 8. Arrow indicates
same region indicated in Fig. 8 but here the MF is phase bright indicating that it has a different physical
property (s?) from the phase dark coating that surrounds it. Scale bar = 223 nm. — Fig. 10. Height.
Oomgwwmmchofﬂwmdmm&mmwmhtw&osemmﬁg 8&9%butata
higher magnification. Arrow indicates a coated, bridge-like raised area (bright) between two depressions
(asterisks). Height of bridge-like area is approximately 5 nm. Middle to early wood, outer growth ring,
harvested August 2000. Scale bar = 82 nm. — Fig_ 11. Phase. Asterisks mark phase bright areas which
correspond to the depressions that are indicated in Fig. 10. There is a close correspondence between
the phase bright areas in this figure and the dark depressions in Fig. 10. Scale bar = 82 nm.
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Fig. 12. Height. Coating covers the actual surface (i.e. no MFs or globular materials are uncoated).
Contrast is low because of limited surface topography. Arrows indicate extensive system of low (i.e.
0.2-0.5 nm) ridges on top of coating. Youngest mature vessel clements, outer growth ring, harvested
August 2000. Scale bar = 78 nm. — Fig. 13. Phase image of area scen in Fig. 12. Amrows indicate
same points as in Fig. 12. Low intensity phase brightness here correspends to the system of low
ridges indicated in Fig. 12 and is not from MFs or globular materials located beneath the coating.
The phase intensity is reduced in comparison to the brightest areas in Fig. 14 and is here described as
being phase gray. Scale bar =78 nm. — Fig. 14. Phase. PM surface showing three types of phase data
in one area: phase dark (C) which cotresponds to a coating; phase gray (arrow) which is a very thin
layer on top of the phase dark coating and phase bright (M) which is due to MFs or globular materials
that are located below the coating. Note that the phase gray material is almost always positioned so
that it does not directly border the phase bright materisl. Instead, there is phase dark material located
mmmmmmmmymmammmwmmm.
bar =79 nm. :
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Fig. 15. Phase. PMsurface(R)and&acmmdm(P)shomngmlmvelyphasedﬂkmnface.Anow
indicates area shown in Fig. 16. Middle of outer growth ring, harvested August 2000. Scale bar =
670 nm. — Fig. 16. Height. Area indicated with arrow in Fig. 15. Reticulate organization (R) of heavi-
ly coated MFs is evident in the surface layer but the coating pastially obscures the parallel organiza-
tion (P) within the fractured layer although some evidence of it can be seen (double arrow indicates

direction of underlying MFs). Unlabeled arrows indicate edge of reticulate layer. Thickness
of reticnlate laver alone this edoe is annroximatelv 18 nm. Scale bar = 161 nm.



408 . _ TAWA Journal, Vol. 26 (4), 2005

A A bt i b PR

thephasegraymatemlhadamsuncuveWeb-hke,mtherﬂmnﬁbnuarorglobulm
morphology, and a very low side-wall height.

When wood was simply air-dried (i.e. w/o fixation) and sectioned dry, therewasa
higher incidence of fractures in which the reticulate surface layer of the PM was either
fully or partially removed (Fig. 3, 15, 16) to reveal an underlying layer with different
surface features. In many cases the phase characteristics of these two surfaces were
dissimilar with one being more extensively coated and therefore the darkest. Frequently,
- the large amounts of coating material that surrounded the MFs of the underlying layer

obscured them, making a precise analysis of the microfibrillar array problematic (Fig.
16). However, as a general rule, the underlying surface had MFs that were aligned
parallel with each other instead of being reticulate. Where some of the reticulate layer
remained, and so formed a ledge that rested on top of the underlying layer, the thickness
of the reticulate layer was measured and was found to be in the range of 13-23 nm.

PM:s from outermost mature vessel elements that were harvested in November when
the tree was physiologically quiescent (i.e. only a few green leaves remained on the
branches) were completely covered with non-microfibrillar, granularmamal(datanot
shown) and were generally phase dark.

PM structure in dried juvenile wood

PMsﬁm&esecondgmwthrmgﬁomthepﬂmf&—lSyearolds&emshm&sted
cither in August or March were studied. Although there was a low probability of en-
Zymatic activity in the sample, juvenile wood was chemically fixed in some cases for
comparative purposes. No consistent differences were noted between fixed and unfixed
materials (i.e. bothﬁlemmceofglobularmmﬁalsandtheextentofcoaﬁngwas
highly variable), as was the case for sapwood.

memalsurfaceofdned]uvemiewoodwaspmdommandycomposedofreucu
lately arranged MFs but was only coated with interstitial material that did not form
extensive plaques (Fig. 17-20, 22) as was sometimes observed in PMs from the out-
ermost growth ring. The height of the interstitial coating material was similar to that
found in the first growth ring. Globular materials were occasionally observed on the
actual surface (data not shown) but their presence did not correspond to whether the
wood had been fixed or not. The surface layer occasionally merged directly into the
surrounding wall and thus became continuous with the same layer of adjacent PMs
(data not shown). !

Fig. 17. Height. The plane of fracture/section has passed through the pit chamber wall (CW) rather
than through the PM, and so the PM surface is visible. The organization of the MFs is reticulate (R).
At this magnification, the presence of a coating is not evident. Second growth ring from center of tree
(juvenile wood approximately 15 years old) barvested August 2000. Scale bar = 790 nm. — Fig. 18.
Phase. Juvenile wood vessel element PM surface similar, and at higher magnification, to that seen
in Fig. 17. The surface is highly reticulate. A few parallel MFs and globular materials are present.
Second growth ring (juvenile wood) harvested August 2000. Scale bar = 342 am. — Fig. 19. Height.
The coating is extensive (arrows), bordering all of the reticulate MFs, but not covering them. Juvenile
8-year-old wood harvested March 2000, osmium-fixed. Scale bar= 112 nm. — Fig. 20. Phase. Portion
of area shown in Fig. 19. Arrows indicate the same points as in Fig. 19.
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Fig. 21. Height. Surface layer (R) is partially detached from underlying layer (P) and curled upward.
Border of surface layer is continuous (arrow) with adjacent cell wall, and in some cases this connec-
tion extends to adjacent PM as well (not shown here). The underlying layer was always observed to
be continnous with the adjacent cell wall (W). Juvenile wood harvested March 2000, osmium-fixed.
Scale bar = 1.23 um. — Fig. 22, Phase. PM seen in Fig. 21 at higher magnification showing portion
of curled surface layer (R) and underlying layer (P). Adjacent cell wall (W). Increased phase darkness
of underlying layer is correlated with rednced visibility of MFs. Scale bar = 284 nm.
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Fig. 23. Height. PM adjacent to that seen in Fig. 21 showing underlying layer (P) with a few MFs run-
ning parallel to those in the adjacent wall (W). The amount of coating material increases centripetally
so that in the upper right-hand comer the coating is extensive and plaque-like (H) while at the junction
of the P layer with the cell wall the amount of coating is much reduced (L). Harvested March 2000,
osmium-fixed. Scale bar = 151 nm.

Frequently the PM was fractured or the reticulate layer curled back on itself (Fig.
21 & 22) so that a distinctly different underlying surface became visible. The thickness
of the reticulate Iayer could then be measured and was found to vary within the range
of 25-50 nm. The thickness of the underlying layer was not determined because no
specimens were found where an edge fracture of this layer was visible. Assuming that
the reticulate layer represents half thethickness of the entire PM, then the thickness of
the total PM would be in the 50—100 nm range. The margins of the underlying layer
always merged directly into the surrounding cell wall (Fig. 21-25). The underlying
surface had few visible MFs, possibly because coating was abundant (Fig. 22). How-
ever, in some cases, it was evident that numerous MFs were present and were arranged
parallel to each other so that they were in line with the MFs in the surrounding wall
(Fig. 23). Thus the parallel MFs in the underlying layer were not radially disposed
around the center of the PM (as is the case for margo MFs), but rather were oriented
in one direction across the PM.
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Chemical treatment of sapwood vessel element PM

In order to better understand the composition of the PM it was desirable to chemi-
cally remove components of specific PMs and observe them before and after treatment.
We first imaged air-dried vessel elements to locate morphologically distinct PMs, then
dismounted the wood, treated it with acidic peroxide solution, rinsed it in water, then
air-dried and remounted it.

Prior to chemical treatment (Fig. 24, 26, 28) PMs showed a variety of structures on
the actual surface including MFs (Fig. 24, 28), coating (Fig. 26, 28), and globular
materials (Fig. 28). After extraction the PM surface had become extensively altered
(compare Fig. 24 with 25). Some of the coating on the dried PM surface still remained
after peroxide treatment (compare Fig. 26 to 27), suggesting that the majority of the
dried layer had not been removed. In general, the MFs of the reticulate surface had

Fig. 24. Height. PM prior to chemical treatment. R = surface with reticulate MFs; F = fractared edge
where the underlying layer with parallel MFs is éxposed — this is the edge used to measure the height
of the R layer. Scale bar =657 nm. :
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Fig. 25. Height. PM after chemical treatment. R = surface with reticulate MFs (prior to treatment); F
= fractured edge where the underlying layer with parallel MFs is exposed -~ this is the edge used to
measure the height of the R layes. Scale bar = 657 nm.

either been removed or altered (compare Fig. 24 with 25, and 28 with 29). The reticu-
late surface became much more globular in appearance (compare Fig. 24 with 25, and
26 with 27). In contrast to the loss/alteration of the reticulate MFs on the surface, the
MFs of the underlying layer appeared to have been retained and exposed (compare
Fig. 28 with 29). Surprisingly, at sites where the PM had been fractured, there was no
evidence that the thickness of the fractured layer had been decreased by the chemical
treatment (measurement data not shown but taken from areas indicated in Fig. 24-27
and others).

Native PM structure in the outer growth ring
Non-dried PMs exhibited either of two distinct morphologies: microfibrillar (Fig. 30)
and non-microfibrillar (Fig. 31). Within groups of PMs, some would show an entirely
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non-microfibrillar surface while the adjacent PMs showed a microfibrillar surface (data
not shown) indicating that a tip malfunction was not a consideration. Also, the close
proximity of such differently structured PMs to each other made it seem unlikely that
developmental events caused the differences. Instead it seemed most likely that these
structural differences were due to events that occurred during the process of sectioning/

g the wood. (Text continued on page 419)

Fig. 26. Height. Outer growth ring PM prior to chemical treatment. R = reticulate surface; P= parallel
layer exposed by fracturing and located under the reticulate sorface; C = plague-like, extensive coating,
present on both P and R surfaces. Dark furrow that rems from top left comer to middle of right edge
is the edge of the fractured R layer. Harvested August 2000. Scale bar = 160 nm. — Fig. 27. Height.
Area seen in Fig. 26, after chemical treatment. The P surface has become slightly wrinkled during
chemical treatment The coating {C) has become much less extensive on both the P and the R surfaces.
The R surface consists primarily of globular materials (G).



. yuaeaxd sso] yonu sy 1¢ “B1j Ul Juosaud
K[9ATSUR)YS 1 JUUR Terarenn SorE0d NOU[Q STY ‘08 SEOWE MUO5AQ dARt v pue ‘(1€ “S1f ur moum o)
mmm)mmmmdmmmmmwmsammmmﬁem
oI Qo). JUAUNEAN [N SAPE §T "By ur Uo0s vary “osery ‘67 BLI — W £8Z = 18q JEIs ‘3t
:mnaq:mswoﬁa ,mmummnxmqm _uuq;mu _;nssaamd 8

Sl - wdpg Jo suvsquiae pd passasaanf — (o 1 MRS



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

Fig. 30. Height. All of the PMs exhibit a microfibrillar surface (F). While a specific and precise
organization of MFs is not obvious, MFs on the sides (arrows) tend to be parallel, while the MFs in
the center of the PM seem to be aggregated into a roughly circular, or oval, arrangement. Harvested
June 5, 2000. Scale bar = 1.49 um. — Fig. 31. Amplitude. All of the PMs exhibit a non-microfibrillar
surface (N) except for some regions at their periphery (arrows) that have parallel MFs. Harvested
June 4, 2002. Scale bar = 1.42 um.
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Fig. 34. Phase. Higher magnification of non-dried PM. in Fig. 30. The PM displays an eatirely micro-
fibrillar surface and is phase bright, in contrast to the surrounding wall (W) which is phase dark.
The parallel microfibrils (P) on either side of the centralized array clearly overlay other MFs (ar-
rows) making it difficult to determine the entire height of the microfibrillar array. A phase gray ring
(RI) encircles the microfibriltar PM and may represent a portion of the pit chamber wall. Scale bar =
645 nm. — Fig. 35. Height. Image of Fig. 34 better showing the three-dimensional arrangement of
the MFs.
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