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Introduction

The organization of cell wall in the region of pit border of pits between early
wood tracheids in conifers has been investigated by many workers, because the cell
wall modification by the presence of a number of pits in radial walls has been
thought to have influence on the physical and mechanical properties of wood.

In the previous study for this subject by BAILEY and VESTAL?Y, it was pointed
out that the cellulose of outer layer had distinctively a circular oirentation, using
the light microscopy.

Afterwards, by the electron microscopic studies with the replica method, the
existence of wall layer having concentric microfibrillar orientation in the region of
pit border has been confirmed!®%:1",

WaRDROP and DADSWELL? concluded that this circularly oriented layer was
formed initially in the process of pit border development, and furthermore WARDROP
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and DavIiEs?, and WARDROP® suggested that this layer should be distinguished
from the S1 layer and named it the initial border thickening (B;T). On the other
hand, JuTTE and SpiTT® reported that secondary wall layer enveloped continuocusly
from lumen side through chamber side of pit border, microfibrils of which had
a streamline fashion in the former and circular orientation in the latter. HaArADA
and COTE® examined this region in eight species by the light and the electron
microscopy. According to their observation, the initial border thickening having
concentric orientation of microfibrils is a thin layer, on the other hand, the S1
layer is considerably thick as compared with that of non pitted region, and the final
size of pit aperture is nearly determined by the S1 layer. Murwmanis and Sacus®
concluded that the reason  why hardly any two description of pit border structure
was identical was the existence of variation of it within same tree species, from
the observation on early- and latewoods of Pinus strobus.

Afterwards, the idea of Harapa and COTE® received a support by some
workers?*®, By the suggestion of IMAMURA and HaraDA™, the diameter of pit
aperture was reached its final size untill the S1 layer formation, additionally during
which microfibrils were generally curved around the pit aperture and some of them
extended to the outer surface of developing pit border beyond the pit aperture,

The existence of the wall layer having concentric microfibrillar orientation in
the region of pit border has been discernible’®1.18~19.2.2.20 Ly many workers,
however, all diagrams of layered structure of pit border as shown by some
workers®*%1® are not identical. The subject- having such complex organization as
pit border should be studied using various methods. In the previous papers of
HirakawA et al.,'»? it was pointed out that SEM was very useful for the study
of cell wall formation and structure. Furthermore, it was revealed that the orienta-
tion of microtubules reflected the microfibrillar orientation of underlying wall layer
by SEM. , ‘

The purpose of this study is to clarify ‘the pit border layered structure of
cell wall of earlywood tracheids using SEM as-well as TEM.

Materials aﬁd M_e‘thAodsv

Materials for this study were obtained from a thirty year old Todomatsu tree
(Abies sachalinensis MasT.), grown in a plantation in Tomakomai Experiment
Forest, Hokkaido University.

They were collected at two-week intervals during the active period of the
cambium in 1978 and 1979.

Small wood blocks containing xylem, cambial zone and phloem, (about 1x1x1
cm or 5X5X5mm) were plasmolyzed in 0.8 M sacchalose in a refrigerator, or
fixed initially in 3% glutaraldehyde in 0.05 M sodium cacodilate buffer for 5~6 hrs
and postfixed in 29 osmium tetroxide for 2~3 hrs at room temperature. In the
former, materials were prepared for the observation on the microfibrillar orienta-
tion of wall layer, in the latter for the orientation of microtubules.
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After the fixation, for SEM, they were dehydrated in graded series ethanol
or acetone, the next dried by the critical point drying method, and then sectioned
radially by the razor blade in order to disclose the lumen surface of the cell, or
fractured from the middle lamella to reveal the chamber side of pit border. Specimens
were shadowed by Pt and then coated Au by the ion sputter coating®.

In order to observe the smoothly cut surface of pit border by SEM,
some of specimens were embedded with methacrylates, the next they were sectioned
transversely with a glass knife, methacrylates were removed by xylen or acetone,
and then dried by the c.p.d. method.

The carbon replica film was prepared by the way of direct carbon replica
method as described by COTE et al.?

For the ultrathin sections, they were embedded by spurr, sectioned on LKB
UrLTRAMICROTOME 8800 and then stained with uranyl acetate and lead citrate on
the copper grids.

Observations were made with JSM-2 and JEM-6AS.

Results

Firstly, the process of pit border development of differentiating tracheids, i.e.,
increasing in width and thickness of pit border, was successively examined in a
radial file by SEM.

The pit border was developed during the secondary wall deposition. The
diameter of pit aperture was gradually decreased with the secondary wall deposition
from cells forming the S1 layer to the S2 layer, and its final size was reached
nearly during first stage of the S 2 layer formation, as the result, it was approxi-
mately 4~6 ym in diameter in mature tracheids of earlywoods. The decrease of
pit aperture diameter reflected the increasing in width of pit border of differentiat-
ing tracheids in a radial file. In each stages of secondary wall deposition containing
a transition layer, i. e., the S1, the S12 and the S2, the diameter of pit aperture
was 14~10 gm, 10~7 pm, and 6~4 pm, respectively. (Photos 1-6). After the
middle stage of S2 formation, it was nearly uniform 4~5gm in diameter.

In this study, each stages of secondary wall formation was concluded based
on the information of the microfibrillar orientation in the non pitted region which
was above 10 gm away from the pit aperture circumference but near the pit, and
of sites of cells in a radial file.

Subsequently, the thickness of pit border was also measured successively in
each stages of secondary wall formation. Photo 7 shows the transversely cut
surface of pit border in the stage of S1 or S12 layer formation. The thickness
of pit border is as same as of double walls of non pitted region. Untill the first
stage of S2 layer formation, the width of the pit border increased keeping nearly
same thickness. (Photo 8). After the diameter of pit aperture was reached its
final size in the S 2 layer formation, it became more thicker by the deposition of
S 2 layer of lumen side. (Photo 9).

Secondly, the orientation of depositing microfibrils in the region of pit border
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was examined in both lumen and pit-chamber sides by the replica method and
SEM. In the case of the study of chamber side of pit border, wood specimens
were fractured radially from the middle lamella, thus each stages of secondary wall
formation in the lumen side can not be shown generally, however, in this study
it can be easily decided by the diameter of pit aperture and site of cells in a radial
file.

In the initial stage of pit border formation, microfibrils having two different
kinds of orientations were deposited simultaneously, the one is oriented in a stream-
line fashion, the other concentrically, in the lumen surface of inner primary or
first stage of S1 layer as shown in Photo 10 in which the protuberance of the
pit border was still little visible. The pit border was protruded to the lumen with
the deposition of the S1 layer. Photos 11 and 12 show the pit border in the
stage of S1 layer formation in which microfibrils are running transversely in a
streamline fashion in the lumen surface, on the other hand, circularly in the
chamber side. (Photos 11 and 12) Photo 13 reveales the SEM micrograph in the
same stage in which microfibrils having circular orientation in the chamber side
are not joined to the layer of lumen surface.

In the stage of S2 layer formation, microfibrils were oriented at an angle of
about 5°~10° in non pitted region, and in a streamline fashion in the pitted region
of lumen surface as shown in photo 14. Photo 15 reveales disturbed micro-
fibrils of S2 layer near the tip of pit border in the lumen side, and below these
microfibrils the layer having concentric orientation of microfibrils is found. This
micrograph indicates that microfibrils of S 2 layer are oriented along the pit aperture
outline. In the chamber side in the same stage, microfibrils are oriented concen-
trically on the base of pit border as shown on the lower left of photo 16, on
the other hand, in a scrollwork-like fashion near the pit border tip as shown in
photo 17. In the latter, microfibrils are running to the pit border tip.

Photo 18 shows the lumen surface of the cell forming the S 3 layer in which
microfibrils are oriented concentrically in the region of pit border tip, in a stream-
line fashion near the pit aperture and straight in other region. In the chamber
side, its orientation was as same as that of S2 layer formation.

It is somewhat remarkable that when the microfibrillar orientation of lumen
surface was examined in all stages of secondary wall formation, concentrically
oriented microfibrils were frequently found in the region of pit border tip, i.e., in
the region of an interséction of pit aperture circumference and a line through the
center of aperture, parallel to the microfibrillar orientation of each stages of secon-
dary wall formation. (Photos 11, 14 and 18)

Thirdly, the layered structure of pit border was also examined in split spec-
imens by SEM, and in the ultrathin section. Photos 19, 20 and 21 show the ma-
terials which were fractured from the middle lamella. The separated wall layer as
a ring is often found as shown in photo 19, additionally below this wall layer
as a ring, the S1 and the S2 layer of lumen side can be visible, where it is
apparent that the S2 layer forms the pit aperture outline. (Photos 20 and 21)
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This ringed wall layer of chamber side is considerably thick one as shown in
photo 21.

Photo 22 reveales the lumen side of the cell forming the S 12 layer in which
the S1 and S 12 layer are mostly torn off, and as the result only the ringed wall
layer remains. Similarly, in the lumen side of the cell forming the S 3 layer, the
circular wall layer can be visible below the separated secondary wall layers as
shown in photo 23.

Additionally, the layered structure of pit border was also shown by the ultrathin
transverse section. Photo 24 shows the cell forming the S2 layer in which the
thickness of S2 layer is still same as that of the layer of chamber side (B.T.),
and the S1 layer is visible in the middle of pit border.

Lastly, the orientation of microtubules in the region of pit border was observed
in double-fixed materials by SEM, because it reflects that of depositing micro-
fibrils.

Photo 25 shows the inner surface of plasmamembrane of the cell forming
the S1 layer. In this cell, microtubules are almost running in a streamline fashion
along the pit aperture. In the cell forming the S 2 layer, they are oriented axially
in a streamline fashion in the lumen side as shown in photo 26, and some of
them are running concentrically in the region of pit border tip in photo 27. (arrow)
In the cell forming the S 3 layer as shown in photo 28, they are oriented straight
and in a streamline fashion near the pit aperture. In the chamber side, micro-
tubules were oriented circularly or in a scrollwork-like fashion, but they are not
present in line in an orderly way as compared with that of lumen side. (Photos

29 and 30)

Discussion and Conclusion

The observation on pit border formation and structure was made by SEM as
well as TEM in differentiating tracheids in order to clarify the layered structure
of it.

Although the organization of pit border region has been studied by many
workers, there are no agreed opinions for this question with the exception of a
few examples. It may be implied that the discrepancy of interpretations is caused
by difference of studying methods, therefore the choice of the method seems to
be in itself a problem in this type of investigation. The availability of SEM which
was used also in this study, has been already indicated by the previous paper of
the authors®®, but the SEM study for such subject has been little undertaken in
detailz®,

In view of some variability in reported results, it should be discussed, whether
the layer which determines the final size of pit aperture in differentiating tra-
cheids is the S1%® or the S2 layer,»?® the layer having concentric microfibrillar
orientation in chamber side of pit border is distinguished from the secondary wall
layer of lumen side® or not,®® and such concentric layer is thick?® or thin®.
Additionally, the most significant point in this study seems to be that each stages
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of secondary wall formation is exactly discerned in non pitted region. In this
study, based on the information of the previous paper of the authors®, they in-
dicated that depositing microfibrils were oriented almost regularly in the short
distance of a differentiating tracheid, the orientation of microfibrils was examined
in the region which was above 10 ym away from the pit aperture circumference
but near the pit. Additionally, as also indicated in the previous paper,”? the sec-
dndary wall can be divided into five different kinds of layers by their microfibrillar
orientation in non pitted region, i.e, S1, S12, S2, S23 and S 3 layer.

Firstly, increasing of pit border width was shown in differentiating cells
by SEM. When the diameter of pit aperture was measured in each stages of
secondary wall formation as shown in photos 1-6, it was reached its final size
in the first stage of S2 layer formation. The diameter of it is nearly uniform
in earlywood of an annual ring of mature tracheids, thus the decreasing of aperture
size reflects the increase of width of pit border. Even if the secondary wall is
divided into only three different kinds of layers by the way of Dunning’s work,”
i.e., the S1 layer may contain the S12 layer named by HaraDpA et al®®® and
other workers,”” increasing in width of pit border lasted also in the S2 layer
formation. A number of differentiating tracheids were investigated by SEM, but
there were no variations in pit aperture size. The role of S 2 is confirmed in split
specimens as shown in photos 20 and 21. This result is Uot consistent with that
of HaraDA and CoOTE,” and IMAMURA and HaARADA,® on the other hand, only in
this point of view this is agreement with that of JurTte and SeiTT,” MURMANIS
and Sacus,”® and WARDROP and DaAvigs.?

Subsequently, measurements of thickness of pit border were made in each
stages of secondary wall formation by SEM as shown in photos 7-9. The
thickness of pit border was uniform from cells forming the S1 layer to the first
stage of S2 layer, and it is more thicker as compared with that of non pitted
region untill the first or middle stage of S 2 layer formation. From above obser-
vation, it is implied that the secondary wall of pitted region is thickened peculiarly
(JurTE and SeitT,” HarRADA and COTE,” IMAMURA and HarRADA,® and MuRMANIS
and SacHs®), or the pit border is thickened by the deposition of both secondary
wall of lumen side and other layer of chamber side. (WARDROP and Davies®)
This problem should be discussed on the basis of observation on the microfibrillar
orientation of differentiating tracheids.

The deposition of microfibrils of pit border was firstly made on the inner
primary or the S1 layer, and microfibrils having two different kinds of orienta-
tions were depositing nearly at the same time. (Photo 10) Concentrically oriented
microfibrils are forming, as will be mentioned later, the border thickening (B. T.),
but the other in a streamline fashion can not be distinguished whether that of the
inner primary wall or the S1 layer. - Although the S1 layer possesses microfibrils
with angular dispersion predominantly as compared with this lamella, both seem
to be one of the first stage of S 1 layer formation because it is impossible to con-
sider that microfibrils are depositing making like a circle during the surface growth.
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This lamella having concentrically oriented microfibrils were named the initial
border thickening by WarprOP and Davies.? Since it seems to be not formed
initially from the above observation, therefore, it should not be named the initial
border thickening as already indicated by ImMamMura and HArRADA®. Also as
shown in photo 13, such oriented microfibrils were present independently on the
wall. This evidence also indicates the peculiarity of pit border development in
comparison with that of non pitted region of cell wall. If lamellae are deposited
uniformely in the pitted region, the pit border can not be protruded peculiarly.
ImMaMURA and HARADA™ stated that the reason why the pit border was thickened
peculiarly was that the S1 layer was partially extended to the chamber side,
however, such oriented microfibrils were not detected by the authors as shown in
photos 12 and 13. Additionally, from their conclusion, microfibrils of chamber
side must be deposited much more in the region of an intersection of pit aperture
circumference and a line through the center of aperture parallel to striation of S1,
however, the layer of chamber side, in other words, the border thickening was
developed nearly with an uniform thickness. (Photos 7 and 8)

The microfibrillar orientation was almost a streamline fashion in the lumen
surface, on the other hand, circular in the chamber side in cells forming from
S1 to S3 layer as shown in photos 10-18. Such orientations of both sides were
also discernible by the examination of microtubules of cellular organelle on the
plasmamembrane as shown in photos 25-30. The orientations of them are more
clearly detected by SEM. They were not oriented continuously from lumenside
through chamber side.

Each secondary wall layers is named by its microfibrillar orientation, thus the
thick layer having concentrically oriented microfibrils of chamber side should be
distinguished from the other secondary wall layers. In this study it is named the
border thickening, for convenience sake. The pit border is formed by the deposi-
tion of different layers having differently oriented microfibrils in each sides, there-
fore, the pit border is thickened much more than the wall of non pitted region
of differentiating tracheids untill the first or middle stage of S 2 layer formation.
This seems to be consistent with the result of OkUMURA et al.®® by the polarlizing
microscopy, because the much more thickened border thickening as above men-
tioned reflects the concentric orientation in the pit border. On the other hand,
Jurte and SpirT,” and MURMANIs and Sacus® concluded that this layer (B.T.)
was part of secondary wall layers in spite of their observation on the circular ori-
entation. Although this layer and secondary wall layers of lumen side were depo-
sited nearly at the same time, microfibrillar orientations are apparently distinct
each other, and the evidence of the continuity of microfibrils from lumen side to
chamber side is not present. Additionally, if the S 2 layer of lumen side envelopes
successively the pit border, the layer of chamber side must be thickened untill the
same thickness of both sides in maturing cells, however, as shown in photo 9
this layer is more thinner than the S 2 layer of nearly mature tracheids.
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In the region of pit border tip, i.e., the boundary between the chamber and
the lumen side, circularly oriented microfibrils were formed as shown in photos 11,
14 and 18. In the existence of such microfibrils on pit border tip of differentiating
cells the dificulty seems to arise in the interpretation of the region -of pit border.
It was found that in the chamber side microfibrils were oriented concentrically
‘on the base and in a scrollwork-like fashion near the pit border tip as shown
in photos 16 and 17. In view of above observations, it seems reasonable to suppose
that microfibrils having orientation in a scrollwork-like fashion in chamber side
are joined to -ones of the pit border tip, and they form the pit aperture outline,
on the other hand, microfibrils on the base thicken the pit border chamber side.
The pit border is developed with nearly uniform thickness by the deposition of
both secondary wall layers in lumen side and B.T. in chamber side untill the first
stage of S2 layer formation, the next only the S2 layer is thickened extremely
in the lumen side, and during which border thickening is a little thickened. Thus
the scale-like texture which was shown by Harapa and CortE,® and IMAMURA and
HARADA,® appears to be not formed by the thick S1 layer, but by the trace of
pit border development during increasing in width, because microfibrils forming the
pit aperture outline are deposited repeatedly on the pit border tip. (Fig. 1) After
the pit aperture diameter is nearly reached its final size, the microfibrillar deposition
seems to be made a little in the chamber side untill the cell matured.

$1 —— 812 = 82 —

Fig. 1. The formation of scale-like texture of pit border.

It seems to be very important that the layered structure of the wall which
has been already formed is compared with the result of the study of depositing
wall layer and discussed. The layered structure of pit border was also examined
in split specimens by SEM. (Photos 19-23) As shown in photo 19, the pit border
of chamber side was often separated as a ring, as pointed out by WARDROP and
Davies? This ring appears to be the border thickening. The reason why this
rifig is often visible is that the border thickening has circularly oriented micro-
fibrils which were deposited distinctively in chamber side of pit border.

It is no doubtful that the S2 layer and border thickening formed finally the
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pit aperture outline as shown in photos 20 and 21, and this is consistent with the
result obtained by the study of microfibrillar deposition as shown in photos 1-6,
and 15.

In photo 21, it is clearly shown that the border thickening is considerably
thick layer. Harapa and COTE,” and IMaMurRA and HAaRADA™ concluded that
this thick layer consisted of both the S1 and B. T., however, from their conclusion
it can not be explained that the thick layer is separated as a ring. Also, if the
pit border is enveloped by each secondary wall layers as suggested by JuTrTE and
SprtT,® and MurMANIs and SacHs,”® they can not be found in split specimens,
although shown in photos 20 and 21. Additionally, the border thickkening also
can be found in the lumen side as shown in photos 22 and 23. It is apparent
that circularly oriented microfibrils which are distinguished from the S1 layer,
form the thick layer. In the TEM micrograph of
photo 24, the scale-like texture which was indicatedjb;-
HarapA? and the other workers,”® is not visible, but
it was often discernible in others. The layeredjlstruc-
ture of pit border which was shown in split specimens
is entirely in agreement with the result above mentioned.
The thickness of each layers of it is writtened as fol-
lows, the S2 layer is most thickened, the border thick-
ening is the next, the S1 and the S3 layer in order
of thickness.

On the basis of above information, the authors
propose the diagram of pit border layered structure in
bordered pits between earlywood tracheids in conifer
(Fig. 2). Diagrams of pit border have been proposed
by many workers,%9%1418.18 however, they are not
identical each other.

The result of the authors is similar to that of Fig- 2. Proposed diagram of

. . . pit border layered struc-
WAaARDROP and DaviEs,?® notwithstanding the studying ture in bordered pit of
method was different in each other. But, the initial earlywood tracheids.
border thickening which was named by them should be
named only “border thickening” in our opinion. The pit aperture final size is
nearly determined by the S2 and B.T.

According to the interpretation of JurTE and SpiTT,” and MuURMANIS and
SacHs,® circularly oriented microfibrils of chamber side are joined to the secondary
wall of lumen side. When this layer of chamber side having concentric orienta-
tion which was named as the secondary wall by them, is distinguished from wall
in lumen side as indicated in this study, their diagram is nearly consistent with
that of our study.

According to the conclusion of HaAraDA and CoOTE® and IMAMURA and
HaraDA,”® the S1 layer is very thick and the B.T. is thinner, however, the
evidence of the existence of thick S1 layer was not observed in a Todomatsu tree.
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But, the scale-like texture which was shown by them, can be explained also by
our observation as shown in Fig. 1.

MurMaNis and Sacus'™ stated that differences appeared in the pit border
within the same tree species, however, in this study the layered structure of pit
border was identical in all examined tracheids. Although the layered structure of
pit border in a Todomatsu tree is not variable within the same species, it may be
noted that differences in the pit border organization appear between tree species.

The orientation of microtubules on the inner surface of plasmamembrane has
already been reported in the non pitted region of cells forming the secondary wall
using SEM by the aurhors™®. To discuss the relation between microtubules and
microfibrils, from the point of view of the orientation and the arrangement, it
seems avairable to observe them in the region of pit border, particularly using
SEM, because they are oriented in a particular and complicated fashion. From
this study on the pit border region, as same as the previous study,'? it was
clearly shown that various orientations of microtubules were consistent with that
of microfibrils in cells forming from S1 to S3 layer as shown in photos 25-30.
According to the interpretation of RoBarps and HuMPHERSON,” in the bordered
pit of vessel elements, although microtubules are more or less parallel to the micro-
fibrils being laid down, there is no direct evidence for the involvement of micro-
tubules in the orientation of microfibrils. Although the parallel arrangement of
microtububes and microfibrils was only revealed and the other cellular organelles
were not observed in the previous and current study, it seems reasonable to suppose
that microtubules have an important function for the microfibrillar orientation
during the secondary wall formation because the orientation of microtubules was
regularly changed in a radial file, in cells forming from S1 to S3 in both pitted
and non pitted regions. Additionally, when the orientation of microtubules, thin
and long, is observed by TEM with the ultrathin sections, particularly in the pit
border region which is complicated in organization, it seems to be not discerned
precisely. In any event, in view of some variability in the reported results® with
regard to the function of microtubules, the relation between microtubules and
microfibrils should be discussed based on the informations from use of SEM and
the replica technique, in future.
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P F ey B REEOLEBCHEET SEREAN (T-T) s 28HE (pit border)
BEREELALHrCT LD, TOMBRRE, ThcBET M IET (375 . —
Ea—i) ROMREDOBERESE, SEM Ko TEM gL,

BOhIBRIRDEBYTH D,

1) MehofGEERERRICS T, BABROPEL T E K (2 2 C°l, BHoo
B 10 pm Ll EBERH S E L) CD I 7 v 74 F Y ARFOBENSHE S hi 2%
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S2 B, $27m 74 7YAR, Zhelix, 5°~10° Dz —~EOEACRAL, HE
HIIR ZERIED T 2 TRl B 52,
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DUTOFENREhiz, 37r 74 7Y, HSehofGES O PO 1L 8 T,
S1~83 ¥ CEEARZTET S L OB LM I ORBER L, b, BILEMcs Tt
FIRR O 5 TR B L C iz (Photos 10~18), $ 7 v F o ~E o — A DEA S AR TH -
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T2 2REDERG (S1~S3) LiZHEDRE BT) & LTRAShHZNELDOTHD L
Zxbhs, TR0, RWEMCO S2 ORI REN T, BEMREELLE
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DEBEFBRL LELOLh & B {—FK L (Photos 19~23), B, BEFLGT BEFLEE Mo MR EL /)
DIze7 4 7 YIADLRLIBEVEEABMORBEL2H L5 RBRADCKLDEETOEIXD
EEHHrH5LBbhb2RECL VBRINS,

3) BEHBOBEEEN Fig. 2 TR &hie, Zhit, Wardrop & Davies #mBECTR L1z
BERLIEHLTV5H, 5 2 Initial border thickening & L7z /@iXB8Z Border thickening
EERELDLEELHLNRD, TOBEAR, FRoOIz7r74 7Y A REEY L 2B BT) &
PIBERI D 2 YRBE & 1i3E RFZ TSRS T\ & & &) X % (Photos 10~18), Jutte, Spitt &
Murmanis, Sachs X, ZZCBT. EEARBYHNBMO 2KEDHE KL EL T\5H, L
L, EBELOBRBICIhE, COERIBDLAT, 17874 7YV ARAORROEDOH
BRSO R 2D AT, ZhiXPIEOMOBL LTRATNELDTHB LBbh5, Th
CH > THBOBEAEMDEY, BT. L h i EAPRONE R { —5T 5, HaraDA, COTE
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& IMAMURA, HARADA 1%, S1 ABIHIE L, BT. i L LEDBEWSIIKE Ty A
Rz —vRBRIhBE LTS, Larl, KR TIE S1IAEGE WS TR s
Mol LoL, HHORLIC) HZRAL - VIRERREOKRCLEMT 5 L RATETH
5, Wb, THITEBAGN ISR CEIRELRND S1 25 S2 21l ¥ CRET 5 BIiC B
BOLWBARELHRE IND 3 707 4 7YV AOBBROEWTH S (Fig. 1),

4 378 F.—Ea—ld, BRCHRCTHRECHREPDOI 774 7Y ARMERE
THDIRENREERITEELDhIMABETH A LRI, KFR T, B
BRI BT 2REDH stage L DEB A x—~ vz 74 7V LDFRE—FKL
THEY, LELOBELETSHZ EABIREIRT,

Explanation of photographs

Note : The cell axis is vertical in all SEM photographs. (|) The SEM photographs
were taken at an angle of 45° of specimen tilt with the exception of photos 7, 8
and 9 which were taken at 0° of specimen tilt, thus the true length of specimens
is shown only horizontally. (—) In photos 7, 8 and 9, the true length of spec-
imens is shown in all directions. The axial direction of tracheids in photographs
of the replica is shown by the arrow. (*\)

Key words; B.T, the border thickening.

S12, the transition layer from S1 to S2 layer.

Plate 1; Increasing in width of pit border in each stages of secondary wall formation.

Photo 1. The pit aperture in the cell forming the S1 layer. The diameter of it is
about 14 #m. (c.f. photos 3 and 5)

Photo 2. The microfibrillar orientation of the S1 layer in non pitted region of the
cell as shown in photo 1.

Photo 3. The pit aperture in the cell forming the S12 layer. It is about 10 #zm in
diameter.

Photo 4. The microfibrillar orientationof the cell as shown in photo 3. Micro-
fibrils are oriented at an angle of about 45° in non pitted region.

Photo 5. The pit aperture in the cell forming the S2 layer. It is 5 #m in diameter.

Photo 6. The microfibrillar orientation of the cell as shown in photo 5. Its
direction is nearly parallel to the cell axis. s

Photos 7-9; Increasing in thickness of pit border in differentiating tracheids. These
specimens embedded with methacrylates were cut with a glass knife and
then methacrylates were removed.

Photo 7. The transversely cut surface of pit border in the cell forming the S1
layer. The thickness of pit border is as same as of the double wall of
non pitted region.
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Photo

Photo
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8.

9.

The transversely cut surface of pit border of the cell in the first stage
of S2 layer formation. The pit border is a little thicker as compared
with that of photo 7, but the width is increasing extremely.

The transversely cut surface of pit border of the cell in the last stage
of S2 layer formation. The pit border is considerably thickened. The
boundary line between the lumen and the chamber side can be visible.
(arrow)

Photos 10-18; The orientation of depositing microfibrils in the region of pit border

Photo

Photo

Photo

Photo

Photo

Photo

Photo

Photo

Photo

10.

11.

12.

13.

14.

15.

16.

17.

18.

of differentiating tracheids.

The microfibrillar orientation of initial stage of pit border formation.
Concentrically oriented microfibrils (under arrow) and ones in a streamline
fashion (upper arrow) are depositing at the same time. They are not joined
to each other. 4

The lumen surface in the region of the pit border of the cell forming
the S1 layer. Micofibrils are oriented mostly in a streamline fashion and
concentrically in the border tip.

The circular orientation of microfibrils in the chamber side of the cell

forming the S1 layer.

SEM micrograph showing the lumen surface of the cell forming the S1
layer. Concentrically oriented microfibrils (white arrow) in the chamber
side and on the pit border tip are not joined to ones of S1 layer.

The lumen surface of the cell forming the S2 layer. Microfibrils are
oriented in a streamline fashion. The circular orientation is also wisible.
in the region of pit border tip.

The disturbed microfibrils in the region of pit border tip. The underlying
layer having the circular orientation of microfibrils is the border thick-

‘ening (arrow). The lamella of the S2 layer forms the part of pit aperturé-

outline.

The microfibrillar orientation of chamber side in the cell forming the S2
layer. The circular orientation in the region of the base of pit border

(left hand) is visible.

The orientation of microfibrils in a scrollwork-like fashion of chamber
side of the cell forming the S2 layer. Microfibrils are running from the,
base to the pit border tip.

The microfibrillar orientation of lumen side in the cell forming the S3
layer. In the region of border tip (arrow), microfibrils are oriented con-

centrically.

Plate 4; The layered structure of the pit border.

Photo

19.

The split layer as a ring of chamber side of the cell forming the S2
layer.
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Photo 20. The layered structure of pit border from the chamber side. Below the
split layer (B.T.), the S1 and the S2 layer of the lumen side are visible.
The latter forms the pit aperture outline.

Photo 21. The thick layer of border thickening. The pit aperture outline is formed
by the S2 layer of lumen side.

Photo 22.  The circular striation of border thickening in the lumen side of the cell
forming the S12 layer. The S1 and the S12 layer are, for the most part,
torn off.

Photo 23. The circular striation of border thickening (arrow) in the lumen side of
the cell forming the S3 layer. In the left hand, the secondary wall layers
are separated from the pit border region.

Photo 24. The transverse section of the cell forming the S2 layer by TEM. The
border thickening, the S1 and the depositing S2 layer are clearly shown.

Plate 5; The orientation of microtubules on the plasmamembrane in the region of pit
border.

Photo 25. The orientation of microtubules in the lumen side of the cell forming
the S1 layer. They are running along the pit aperture outline.

Photo 26. The orientation of microtubules in a streamline fashion of lumen side
of the forming the S2 layer (c.f. photo 14).

Photo 27. The circular orientation of microtubules in the region of border tip (arrow).
The streamline fashion is also found in the other region.

Photo 28. The orientation of microtubules in the lumen side of the cell forming
the S3 layer. They are oriented in a streamline fashion near the pit
aperture, on the other hand, straight in the upper and under side of this
photograph.

Photo 29. The circular orientation of microtubules in the chamber side of the cell
forming the S2 layer. They are often crisscrossed. The tubular mem-

brane is visible (arrow).

Photo 30. The circular orientation of microtubules in the chamber side of the cell
forming the S2 layer. The scrollwork-lilce fashion is visible near the
border tip.
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