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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 VESTALt>, 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 confirmed10,16,17). 

WARDROP and DADS WELL 23) concluded that this circularly oriented layer was 
formed initially in the process of pit border development, and furthermore WARDROP 
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and DA VIES24), and W ARDROp22) suggested that this layer should be distinguished 
from the S 1 layer and named it the initial border thickening (B, T). On the other 
hand, JUTTE and SPITT15) reported that secondary wall layer enveloped continuously 
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. HARADA 
and C6TE9) 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 micro fibrils is a thin layer, on the other hand, the S 1 
layer is considerably thick as compared with that of non pitted region, and the final 
size of pit aperture is nearly determined by the S 1 layer. MURMANIS and SACHS1B) 
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 HARADA and C6TE9) received a support by some 
workers2,4,lS). By the suggestion of IMAMURA and HARADA1S), the diameter of pit 
aperture was reached its final size un till the S 1 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, 
resulting in the scale-like texture -of pit border was formed. 

The existence of the" wdll la;e:r; having concentric microfibrillar orientation in 
the region of pit border has been discernible1,6,9,lo,ls-19,22,2S,24l by many workers, 

however, all diagrams of layered structure of pit border as shown by some 
workers9,15,lB) 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.,1l,12) 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 thi!3 study is to clarify the pit border layered structure of 
cell wall of. earlywood tr,!-cheids using SEM as' well as TEM. 

Materials and Methods 

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 1 X 1 X 1 
cm or 5 X 5 X 5 mm) 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 2% 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 micro tubules. 
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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 coating12l • 

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 C6TE et al.4l 

For the ultrathin sections, they were embedded by spurr, sectioned on LKB 
ULTRAMICROTOME 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 S 1 layer to the S 2 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 pm 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 S 1, the S 12 and the S 2, the diameter of pit aperture 
was 14-10 pm, 10-7 pm, and 6-4 pm, respectively. (Photos 1-6). After the 
middle stage of S 2 formation, it was nearly uniform 4-5 pm 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 pm 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 S 1 or S 12 layer formation. The thickness 
of pit border is as same as of double walls of non pitted region. Untill the first 
stage of S 2 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 S 1 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 S 1 layer. Photos 11 and 12 show the pit border in the 

stage of S 1 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 S 2 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 S 2 layer near the tip of pit border in the lumen side, and below these 
microfibrils the layer having concentric orientation of micro fibrils 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, micro fibrils 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 hitter, 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 S 2 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 inters~ction 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 S 1 and the S 2 layer of lumen side can be visible, where it is 
apparent that the S 2 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 S 1 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 S 2 layer in which the 
thickness of S 2 layer is still same as that of the layer of chamber side (B. T.), 
and the S 1 layer is visible in the middle of pit border. 

Lastly, the orientation of microtubules in the region of pit border was observed 
III 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 S 1 layer. In this cell, micro tubules 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 authors12), but the SEM study for such subject has been little undertaken in 
detail2,14l. 

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 S 19,18) or the S 2 layer,15,24) the layer having concentric microfibrillar 
orientation in chamber side of pit border is distinguished from the secondary wall 
layer of lumen side28) or not,15,18) and such concentric layer is thick24) or thin9). 

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 authors12), 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 pm away from the pit. aperture circumference 
but near the pit. Additionally, as also indicated in the previous paper,12) the sec­
dndary wall can be divided into five different kinds of layers by their microfibrillar 
orientation in non pitted region, i. e., S 1, S 12, S 2, S 23 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 S 2 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,5) 

i. e., the S 1 layer may contain the S 12 layer named by HARADA et al.8),10) and 
other workers,t2) increasing in width of pit border lasted also in the S 2 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 COTE,9) and IMAMURA and HARADA,lS) on the other hand, only in 
this point of view this is agreement with that of JUTTE and SPITT,15) MURMANIS 
and SACHS,18) and WARDROP and DAVIEs.24) 

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 S 1 layer to the first 
stage of S 2 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 
(JUTTE and SPITT,15) HARADA and COTE,9) IMAMURA and HARADA,lS) and MURMANIS 
and SACHS18»), or the pit border is thickened by the deposition of both secondary 
wall of lumen side and other layer of chamber side. (WARDROP and DAVIES24») 
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 S 1 layer, and micro fibrils having two different kinds of orienta­
tions were depositing nearly at the same time. (Photo 10) Concentrically oriented 
micro fibrils 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 S 1 layer. Although the S 1 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 micro fibrils were named the initial 
bOrder thickening by WARDROP and DAVIES.24) 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 IMAMURA and HARADA 13) • 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. 
IMAMURA and HARADA13) stated that the reason why the pit border was thickened 
peculiarly was that the S 1 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 S ( 
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 
S 1 to S 3 layer as shown in photos 10-18. Such orientations of both sides were 

also discernible by the examination of micro tubules 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. 19) 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, 

JUTTE and SPITT,15) and MURMANIS and SACHS1S) 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 micro fibrils were formed as shown in photos 11, 
14 arid 18. In the existence of such micro fibrils 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 bl:J,se and in a scrollwork-like fashion near the pit border tip as shown 
in phqtos If:> and 17. In view of above observations, it seems reasonable to suppose 
that rni,<;10fip:rils 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 S 2 layer formation, the next only the S 2 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 HARADA and C6TE,9) and IMAMURA and 
HARADA,tS) appears to be not formed by the thick S 1 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. 

S 1 ) S12 ~ S2 

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.24) This ring appears to be the. border thickening. The reason why this 
ririg 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 S 2 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 III photos 1-6, 
and 15. 

In photo 21, it is clearly shown that the border thickening IS considerably 
thick layer. HARADA and C6TE,9) and IMAMURA and HARADA1S) concluded that 
this thick layer consisted of both the S 1 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 J UTTE and 
SPITT,15) and MURMANIS and SACHS/S) 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 S 1 layer, 
form the thick layer. In the TEM micrograph of 

-'-
photo 24, the scale-like texture which was indicated Jby 
HARADA9) and the other workers,IS) is not visible, but 
it was often discernible in others. The layeredl1struc­
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 S 2 layer is most thickened, the border thick­
ening is the next, the S 1 and the S 3 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,S,6,9,IS,14,15,IS) however, they are not 

identical each other. 

The result of the authors is similar to that of 
WARDROP and DA VIES,24) notwithstanding the studying 
method was different in each other. But, the initial 
border thickening which was named by them should be 
named only "border thickening" in our opinion. The 
nearly determined by the S 2 and B. T. 

S3 

Sl 

Fig. 2. Proposed diagram of 
pit border layered struc­
ture in bordered pit of 
earlywood tracheids. 

pit aperture final size IS 

According to the interpretation of JUTTE and SPITT,m and MURMANIS and 
SACHS, IS) 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 HARADA and C6TE,9) and IMAMURA and 
HARADA, IS) the S 1 layer is very thick and the B. T. is thinner, however, the 
evidence of the existence of thick S 1 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 SACHS15) 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 micro tubules 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 aurhorsll

•12). 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,l2> it was 
clearly shown that various orientations of micro tubules were consistent with that 
of micro fibrils in cells forming from S 1 to S 3 layer as shown in photos 25-30. 
According to the interpretation of ROBARDS and HUMPHERsoN,2°) 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 micro tubules 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 S 1 to S 3 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 results2l> with 
regard to the function of micro tubules, the relation between micro tubules and 
microfibrils should be discussed based on the informations from use of SEM and 
the replica technique, in future. 

References 

1) BAILEY,!. W. and VESTAL, M. R.: The orientation of cellulose in the secondary wall of 

tracheary cells. J. Arnold Arboretum, 18, 185-195, 1937. 

2) BROWN, F. L. and BAKER, H. M.: Scanning electron microscopy of mature Douglas-fir 

earlywood intertracheid pitting. Wood and Fiber, 2, 52-64, 1970. 

3) BUCHER, H.: Die Tertiarwand von Holzfasern und ihre Ersheinungsformen bei Coniferen. 
Holzforsch., 11, 1-6, 1957. 

4) COTE, W. A. Jr., KORAN, Z. and DAY, A. C.: Replica techniques for electron microscopy 

of wood and paper. Tappi, 47, 477-484, 1964. 

5) DUNNING, C. E.: Cell-wall morphology of longleaf pine latewood. Wood Sci., 1, 65-76, 
1968. 



E. M. Study of Layered Structure in Pit Border Region (HIRAKAWA, ISHIDA) 259 

6) FENGEL, D.: Entwicklung und Ultrastruktur der Pinaceenhoftiipfe!' Svensk Papperstid., 
69, 232-241, 1966. 

7) if}llll~;t(, W:* i1l\l, f'F!fb:JJ!t: A4'O)5t!fl!i1;:JLO)%nz~:::.OO-t7.>-lll.~. m29ITI1B**;j;t$~*~Wf 

~m11l'ge*~l'i', 210,1979. 

8) HARADA, H.: Ultrastructure and organization of gymnosperm cell walls. in Cellular, 

ultrastructure of woody plants, COTE, W. A. Jr., ed" Syracuse Univ. Press, N.Y., 215-
233, 1965. 

9) HARADA, H. and COTE, W. A. Jr.: Cell wall organization in the pit border region of 

softwood tracheids. Holzforsch., 21, 81-85, 1967. 

10) HARADA, H., MIYAZAKI, Y. and WAKASHlMA, T,: Bulletin Govt. Forest Exp, Sta. No. 104, 

1958. 

11) HIRAKAWA, Y., ISHIDA, S, and OHTANI, J.: A SEM observation of organelles in the 

cambial and living xylem cells in Todomatsu, Res, Bull. College Exp. For., Hokkaido 

Univ., 36-2, 459-468, 1979. 

12) HIRAKAWA, Y. and ISHIDA, S,: A SEM study on the layer structure of secondary wall of 

differentiating tracheids in conifer, ibid. 38-1, 55-72, 1981. 

13) IMAMURA, Y. and HARADA, H.: Electron microscopic study on the development of the 

bordered pit in coniferous tracheids. Wood Sci. Techno!., 7, 189-205, 1973. 

14) JUTTE, S. M. and LEVY, 1- F.: The structure and degradation of bordered pits gymnos­

perm tracheids as revealed by scanning reflection electron microscope. Acta Bot. Neerl., 
20, 453-467, 1971. 

15) JUTTE, S. M. and SPITT, B. J.: The submicroscopic structure of bordered pits on the radial 

walls of tracheids in Parana pine, Kauri and European spruce. Holzforsch., 17, 168-175, 

1963. 

16) LiESE, W.: The fine structure of bordered pits in softwoods. in Cellular ultrastructure of 

woody plants, COTE, W. A. Jr., ed., Syracuse Univ. Press, N.Y., 271-290, 1965. 
17) LiESE, W. and HARTMANN-FAHNENBROCK, M.: Electronemikroskopische Untersunchungen 

tiber die Hofttipfel der NadelMlzer. Biochim. Biophis. Acta, 11, 190-198, 1953. 

18) MURMANIS, L. and SACHS, 1. B.: Structure of pit border in Pinus strobus L. Wood and 

Fiber, 1, 7-17, 1969. 

19) OKUMURA, S., SAIKI, H. and HARADA, H.: Polarlizing microscope study on the concentric 

orientation of Dr in the pit border region of softwood trocheids. Holzforsch., 27, 12-16, 
1973. 

20) ROBAIWS, A. W. and HUMPHERSON, P. G.: Microtubules and angiosperm pit formation. 

Planta, 77, 233-238, 1967. 

21) ~1ffil~M: ",jIBnliJO) f$ffi: c ,jIB Jft!!l!i1; 0) Wlm", M!Im~Jft!!$ (/J'J11 GiiI~), iM;#IHi5, 99-117, 1977. 

22) WARDROP, A. B.: The structure and formation of the cell wall in xylem. in The forma­

tion of wood in forest trees, ZIMMERMANN, M. H., ed., Academic Press, N.Y., 87-134, 

1964. 

23) WARDROP, A. B. and DADSWELL, H. E.: Variations in the cell wall organization of 

tracheids and fibers. Holzforsch., 11, 33-41, 195';7. 

24) WARDROP, A. B. and DAVIES, G. W.: Morphological factors relating to the penetration 

of liquids into wood. Holzforsch., 15, 129-141, 1961. 



260 Research Bulletins of the College Experiment Forests Vol. XXXVIII, No, 2 

r r'~'/!f.:tJf1jtJg'llfID~f£~t;:.::rf:tE-t.Q~~~fL (T-T) v;:.:tovt.Q~fL~ (pit border) ID 

~Jlmnlt-.z. ~ G iJ'V;:' -t.Q t.:lJ0v;:" .:z:.1D:RJnltJ&1~ c, .:z:. hvC.~3l-t.Q *'B~/J\~rg (~ !J P T ='- -

1:::' "- - IV) :&tf:RJnIt~ID~II-.z., SEM:&tf TEM 'C'iI!.~ LJ:o 

14Ght.:*6:W:lti1z1D c:to fJ 'C'<!'>.Q o 

1) 7Nt,*,ID{&Jg'l1fP3~OOv;:.:toI,' -C, ~fL:RJnltlD~.-.z.<){:vttJ: I, ,~~mx: (c. c. 'C'lt, ~fL P ID 

iJli1l~iJ' G 10 pm Ul::*ht.:{fB% c L t.:) 'C'ID ~ !J P 7 1 7" 1) IvrerPJ lDiI!.~iJ' G fljWT ~ ht.: 2 tX 

~:RJnltlD~s~~t#~ID~fLplD.~-.z.~~Lt.:M:W:, ~fLP~nIt~f1jtJg'l1f~~Gh.Ql~ 

tdi~l¥JtJ:* ~ ~ V;:. tJ: .Q ID ft, S2 O")fJJWla:m'C'<!'>.Q c. t ii~~ ~ ht.: (Photos 1-6)0 c. c. 'C'ID 

S2 Mnlta:mc It, ~ IJ P 7 1 7" 1) lvii', Z-helix, 5°_10° IDv~vt-}EIDfij{fiI'C'~rPJ L, ~w. 

I¥Jtdc~~~1D '7.;( '7 ~~tdJ:I"a:m-.z.I,' ~ 12)0 

~ GV;:' S2 IDfJJWla:m"i:'C'lt, ~fL~ID~ID~~lt, ~fL:RJnltlD~.-.z.<){:vttJ:I,'~mx:ID-t 

hl fJ ~GiJ,t;:.~\" (Photos 7-9\ 

~fL~~mx:~:tovt.Q*.,*,ID~!JP71~1)~:&tf~!JPT=,--~=,--~lDrerPJlDiI!.~iJ' 

GU~ID$ii~~~:ttt.:o ~!J P 7 1 7" 1) IVlt, %1t,*,IDf1jtJg'l1fIDP3~fl\IjID~fL~flfimx:'C'lt, 

Sl-S3 "i:'C'~fLP~jf@]-t.Ql ?vc.V1E~:RJ-.z.tIIi< l ?v;:'~rPJL, ftJ!.:1J, ~fL,¥:-OOJV;:.:toI,'-Clt 

P1:/jt:&lf ? f~:/jtv;:.~rPJ L -C I, \ tdPhotos 10-18)0 ~ !J P T oJ. - 1:::' "- - Iv ID ricrPJ Jb !qJ~\5' <!'> '? 

t.: (Photos 24-30)0 ~fL,¥:fl\Ut;:.::rf:tE-t.Q P1:/jt1D ~ !J P 7 1 'f 1) Iv~rPJ-.z.~,,?)i~Ht, -:lW:l¥Jv;:'1lf 

I'!h -C1,'.Q 2 tX~ID~1I (Sl-S3) c It,ljlJmlDJI (B.T,) t L -CIR,ljIj~h.Q~~ Jb 1D\5'<!,>.Q c 

*~Gh.Qo "i:t.:C.IDJI~, P3~.~IDS21D,*,Wl:RJnlta:m"i:~~~, ~~MnIt-.z.~~.Qtm 

bh.Q o 

2) ~t;:.MnIt~ht':~fL~-.z.51~\"-C SEM \5'iI!.~Lt.:M*:&v~mrimJtv;:'l.Q~Jlmnlt 

lDiI!.~*6* Jb l::~ID-th t ~ < -j( L t.: (Photos 19-23)0 .IlP'0, ~fL~ft~fL,¥:fl\UID P1:/jtl£rPJ 

ID ~ !J p 7 1 -:l 1) lvii' G tJ:.Q ~1,',11 t P3~fl\UIDV1E~M-.z.tIIi < l ~ tdcrPJ ID t.:IJ0V;:'~=f1D ~ ~ ID 

R~~<!,>.Qtmbh.Q2i1z~~lfJmnlt~h.Qo 

3) ~fL~ID~Jlmnltlt Fig, 2 'C'~ ~ ht.:o C. hit, Wardrop t Davies iJ'~vc.~ L t.: 

M* t ~1bI. L -C I,'.Q ii", 11!i. G 7J' Initial border thickening t L t.: JI It 1ji v;:. Border thickening 

tllf..s:;~~JblDt*~Gh.Qo -t1D:E!EElHt, P1:/jt1D ~ !J P 71 7"1) IV~rPJ-.z.Jb"?JI (B.T,) t 

P3~"'') 2 i1z~t fHUf'!qJ~v;:.Mnltii'~\"-C\" < c. t t;:.l.Q (Photos 10-18)0 Jutte, Spitt t 
Murmanis, Sachs It, C. C. \5' B.T. t IlfAA':!iI-.z. P3 ~ fl\UID 2 tX~lDjjJ% t * ~ -C \".Q 0 L7J' 

L, :ff;itGlDiI!.~v;:'J:hf'!, '::ID:£~lt~IJ0Ghf, ~!J P 71 ~ 1) Iv~rPJIDJI;\":&lf-tIDM 

nIt~WlIDJI;\' 'ii' G ~ -C, C. hlt,ljljmlD~:\L1D II t L -C 1R,lj1j-t~ ~ Jb ID 'C'<!,>.Q t ,fGi,bh.Qo c. h 

v;:.:?t '? -C11!i.G lD~fL,¥:fl\UID JI-.z., B.T. t ~tJ:%I'!*1iIf~1D@ t ~ < -3&-t.Q o HARADA, COTE 



E. M. Study of Layered Structure in Pit Border Region (HIRAKAWA' ISHIDA) 261 

C IMAMURA, HARADA It, SliJ;~lIIIi!tcJJ<, B.T.It~\"ce.:coJJI"sUcJ:-?-C?6': 

:I*/~ ?l - :/iJ;;lf%lt ~ n Q c e -c 1" Qo eiJ' e, *1i1f~'"C'it S 1 iJ;JJI,' C 1" ? IDEt!I!HtJMl:I ~ ntJ: 

iJ'"0 t.::.o eiJ' e, 1Bli? coffi e t.::. '5 6 .:: :I*/~ ?l - :/it*1i1f~CO*8*'"C' ~ ~~-t-Q .:: C iJ'IIJ~'""C'.t> 

Qo NP't:>, .:tnl:tjii!;R~iJ;v~v':fJiiJ LJJ ~ ~f*'t:> tJ:iJ; i? S 1 iJ'i? S2 W:Jtll i '"C'~Ji-t- Q rdlvcjii!;:fL 

~co~lIIIi!fiK~~e~.~hQ~?P71~9~COjii!;M~co •• '""C'.t>QW~~ 

~ ~?P~~-~~-~~, .KM.'""C'~~jii!;K*~~CO~?p71~9~re~~~~ 

-t-QcoK*~~&M~*k-t-c~~i?nQ~ •• W'""C'.t>Q,:c~ffi~nk~, *1i1f~'""C'~, jii!; 

R~lJ{~tC:ti)\,'-C~ 2{Xjii!;co~ stage C cco~Ib/~?l- :/iJ' ~ ? P 717" 91['-CO.:tnc-ffce 
-C~~, ~~CO~~~~-t-Q,:c~.<ffi.~nko 

Explanation of photographs 

Note: The cell axis is vertical in all SEM photographs. ( I) 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, 
S12, 

the border thickening. 
the transition layer from S 1 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 S 1 layer. The diameter of it is 

about 14 I'm. (d. photos 3 and 5) 

Photo 2. The microfibrillar orientation of the S 1 layer in non pitted region of the 

cell as shown in photo 1. 

Photo 3. The pit aperture in the cell forming the S 12 layer. It is about 10 I'm in 

diameter. 

Photo 4. 

Photo 5. 

Photo 6. 

The microfibrillar orientationof the cell as shown in photo 3. Micro­

fibrils are oriented at an angle of about 45° in non pitted region. 

The pit aperture in the cell forming the S2 layer. It is 5 I'm in diameter. 

The microfibrillar orientation of the cell as shown in photo 5. Its 

direction is nearly parallel to the cell axis. 

PhotOti 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 S 1 

layer. The thickness of pit border is as same as of the double wall of 

non pitted region. 
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Photo 8. 

Photo 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 

of differentiating tracheids. 

Photo 10. 

Photo 11. 

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. 

The lumen surface in the region of the pit border of the cell forming' 

the S 1 layer. Micofibrils are oriented mostly in a streamline fashion and 

concentrically in the border tip. 

Photo 12. . The circular orientation of microfibrils in the chamber side of the cell 

forming the S 1 layer. 

Photo 13. SEM micrograph showing the lumen surface of the cell forming the S 1 

layer. Concentrically oriented microfibrils (white arrow) in the chamber 

side and on the pit border tip are not joined to ones of S 1 layer.' 

Photo 14. 

Photo 15. 

Photo 16. 

Photo 17. 

Photo 18. 

The lumen surface of the cell forming the S2 layer. Microfibrils are 

oriented in a streamline fashion. The circular orientation is also Visible, 

in the ~egion 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 apertu~~ 
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. 

Photo 21. 

Photo 22. 

Photo 23. 

Photo 24. 

The layered structure of pit border from the chamber side. Below the 

split layer (B.T.), the S 1 and the S2 layer of the lumen side are visible. 

The latter forms the pit aperture outline. 

The thick layer of border thickening. The pit aperture outline is formed 

by the S 2 layer of lumen side. 

The circular striation of border thickening in the lumen side of the cell 

forming the S 12 layer. The S 1 and the S 12 layer are, for the most part, 

torn off. 

The circular striation of border thickening (arrow) in the lumen side of 

the cell forming the S 3 layer. In the left hand, the secondary wall layers 

are separated from the pit border region. 

The transverse section of the cell forming the S 2 layer by TEM. The 

border thickening, the S 1 and the depositing S 2 layer are clearly shown. 

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

border. 

Photo 25. 

Photo 26. 

Photo 27. 

Photo 28. 

Photo 29. 

Photo 30. 

The orientation of microtubules in the lumen side of the cell forming 

the S 1 layer. They are running along the pit aperture outline. 

The orientation of micro tubules in a streamline fashion of lumen side 

of the forming the S2 layer (c.L photo 14). 

The circular orientation of microtubules in the region of border tip (arrow). 

The streamline fashion is also found in the other region. 

The orientation of microtubules in the lumen side of the cell forming 

the S 3 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. 

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). 

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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