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SUMMARY 

An examination was made of the fine structure of bordered pit mem
branes in the radial walls between tracheids in the outer sapwood of 
Abies sachalinensis to improve our understanding of the so-called ex
tended torus, the minute holes in the torus and the imperforate zone 
near the periphery of the pit membranes, Field-emission scanning elec
tron microscopy revealed that a so-called extended torus was present in 
many bordered pit membranes. We examined the frequency occurrence 
of and variations in the extended torus within a single annual ring. The 
frequency tended to increase from the earlywood to the latewood within 
a single annual ring. In the tori of many bordered pit membranes, we 
detected minute holes, and the number and location of such minute 
holes in a single torus varied among individual pit membranes. The 
appearance of each minute hole also varied. An imperforate zone was 
observed near the periphery of the pit membrane. In this imperforate 
zone, we found amorphous materials, and fine fibrils were visible that 
were an extension of the fibrillar meshwork of the margo. 

Key words: Abies sachalinensis, bordered pit membrane, torus, extended 
torus, margo, field-emission scanning electron microscopy. 

INTRODUCTION 

Since electron microscopy was first used to examine the fine structure of wood, con
siderable attention has been paid to the structure of the bordered pit membranes of 
softwoods. A large amount of information about the structure of bordered pit mem
branes of softwoods can be found in the literature. Topics studied to date include 
structural variability (Liese 1965; Bauch et al. 1972; Fujikawa & Ishida 1972, 1973), 
aspects of development (Thomas 1968; Parharn & Baird 1973; Imamura & Harada 
1973; Imamura et al. 1974; Dute 1994), chemical organization (e.g., Thomas 1975), 
secondary changes in chemical composition associated with heartwood formation 
(e.g., Gray et al. 1983; Sano & Nakada 1998), and the relationship between pit aspi
ration and permeability (e.g., Petty & Puritch 1970). Thus, the basic structure and 
function of bordered pit membranes of softwoods are fairly well understood. 
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For an evaluation of the resolving power of a novel microscope or of the reliability 
of a new method for preparation of sampies for microscopy, it is best to use sampies 
whose structures have already been weIl characterized. With such considerations in 
mind, we decided to examine the structure of the bordered pit membranes in Abies 
sachalinensis with a field-emission scanning electron microscope that had been newly 
set up in our Electron Microscope Laboratory. Our goal was to define suitable meth
ods for preparation of sampies (e.g., metal coating) and appropriate conditions for 
operation of the microscope (e.g., accelerating voltage). During the course of our 
study, we noted considerable variation in the structure of both torus and margo that 
had not previously been fuHy clarified. For example, we detected minute holes in the 
tori of many bordered pit membranes. It has been reported that, in some species of 
Pinaceae, small openings are present in the torus (Thomas 1969; Thomas & Nicholas 
1969; Fujikawa & Ishida 1972; Panshin & de Zeeuw 1980). However, the nature of 
such openings is not fuHy understood. For example, the frequency of pit membranes 
with such openings and the internal structure of the openings remain to be fuHy char
acterized. 

Although the structure of the bordered pit membranes of softwood is fairly weIl 
understood, some aspects require further analysis. The present study was undertaken 
in an effort to clarify the structural variability of the bordered pit membranes of the 
radial walls between tracheids of Abies sachalinensis. 

MATERIALS AND METHODS 

Materials 
Two trees of Abies sachalinensis Masters were used. One sampie tree was growing 

in the Experimental Nursery ofHokkaido University Forests (no. 1; height, 5 m; diam
eter at breast height, 10 cm). Sampies were collected in winter (December). Speci
mens (L x T x R = 5 x 5 x 2 cm) including the bark and outer three annual rings were 
removed with a chisei 1.3 m above the ground. The specimens were immediately 
immersed in distilled water to keep them green and were brought to our laboratory. 
Then sampies were prepared for field-emission scanning electron microscopy. The 
second sampie tree was growing in the Tomakomai Experimental Forest of Hokkaido 
University (no. 2; height, 13 m; diameter at breast height, 18 cm) and sampies were 
coHected in early summer (June). The tree was feHed and cut into logs of 1 m long. 
After the cut surfaces had been coated with petroleum jelly and covered with alu
minium foil to prevent dehydration, the logs were transported to our laboratory at 
Hokkaido University and were received within three hours. Then, a disc of 5 cm in 
thickness was removed at a distance of 1.5 m from the original base of the tree. This 
disc was covered with aluminium foil and stored in a refrigerator at -80 oe until 
sampies were prepared for field-emission scanning electron microscopy. 

Field-emission scanning electron microscopy 
Small blocks (5 x 5 x 5 mm) were cut with a fine-toothed saw and razor blades 

from the xylem. Each included two to four annual rings and care was taken to keep 
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sampies green. The sampies were placed in a freeze-drying apparatus (FDU-81O; Eyela 
Co. Ltd., Tokyo, Japan) after they had been immersed in liquid nitrogen to prevent 
boiling of water as the air pressure in the chamber of the freeze-drying apparatus was 
lowered below the tripie point for water (615 Pa). Then the water was etched away 
over the course of three hours until the weight of each specimen was constant at 10 Pa 
and +20 °C. After drying, the specimens were split in the radial-longitudinal plane 
and affixed to specimen stubs with carbon cement. 

Some specimens were coated with platinum-palladium by vacuum evaporation. 
The remaining specimens were coated with osmium by plasma polymerization using 
a method devised by Tanaka et al. (1978). In brief, insulated specimen stubs with 
samples were put on the cathode plate in the reaction chamber of the plasma polym
erization apparatus for osmium coating (Osmium Plasma Coater, NL-OPC80A; Nip
pon Laser & Electronics Co. Ltd., Nagoya, Japan). After the air in the reaction cham
ber had been evacuated to apressure below 0.8 Pa, the vapor sublimated from an 
osmium tetroxide crystal was introduced into the chamber and the gas pressure was 
maintained at 9 Pa. Under these conditions, a glow discharge was generated at 1.2 kV 
for 3 seconds. All specimens were observed under a field-emission scanning electron 
microscope (FE-SEM; JSM-6301F; Jeol Co. Ltd., Tokyo, Japan) operated at an accel
erating voltage of 2 kY. 

RESULTS 

Extended torus 
In the earlywood, a typical torus was seen in some pit membranes (Fig. 1). The 

margin of the torus was distinguishable from the margo by its thickness and imperfo
rate nature, and it was more or less scalloped (Fig. 2, arrowheads). In many bordered 
pit membranes, amorphous materials partially occupied the margo and formed bridges 
between the central thickened portion (torus) and the periphery ofthe pit membranes 
(Fig. 3 & 4). This type of bridging has been described as an extended torus (e.g., 
Liese 1965) or as torus extensions (e.g., Krahmer & C6te 1963). No boundary be
tween the torus and the extended torus was distinguishable in terms of outward ap
pearance (Fig. 4). The bridges of the extended torus tended to be directed radially 
(Fig. 3). Amorphous materials were sporadically absent from the extended torus (Fig. 
3 & 4). In the resultant spaces a fibrillar meshwork, whose density and organization 
were similar to those of the margo, was apparent (Fig. 4, arrow). 

In the latewood, pit membranes had smaller diameters than in the earlywood as the 
radial width of tracheids decreased (Fig. 5-8). The area occupied by the extended 
torus in individual pit membranes was larger in latewood pit membranes than in 
earlywood pit membranes (Fig. 5). In the last severallatewood tracheids, the circular 
outline of the torus usually became indistinct (Fig. 6 & 7), and no visible openings 
were detected in some of the bordered bit membranes (Fig. 8). 

For an estimation of the frequency of pit membranes with extended tori and varia
tions within a single annual ring, we selected three specimens from among the 72 that 
had been prepared from tree no. 2. The presence or absence of an extended torus was 
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Fig. 3 & 4. Bordered pit membranes of earlywood. - 3: Pit membranes with extended tori 
(arrows). - 4: Part of a pit membrane with an extended torus. The arrow indicates a small area 
in which no amorphous material is visible. 

examined on the monitor of the FE-SEM at magnifications up to x50,000 in the inner
most part (first five earlywood tracheids; Fig. 9, Inn, arrowheads), in the middle (five 
tracheids in the middle of the annual ring; Fig. 9, Mid, arrows) and in the outermost 
part (a part of 100 J..Iffi in width inside the boundary between annual rings; Fig. 9, Out, 
scale bar) of the outer three mature annual rings of the three specimens, respectively. 
We selected only unaspirated pit membranes in this analysis. However, almost all the 

f-

Fig. 1 & 2. Bordered pit membrane of earlywood. - 1: Pit membrane with distinct torus. -
2: Part of the edge (arrowheads) of a torus. 
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Fig. 5-8. Bordered pit membranes of latewood. - 5: Pit membrane with extended tori (aster
isks). - 6: Pit membrane in which the circular profile of the torus is no Ion ger distinct. -
7: Portion of a pit membrane in which there are only small patches of fibrillar meshwork 
(arrowheads). - 8: Pit membrane without any visible openings. 

unaspirated pit membranes were prone to breakdown, probably as a consequence of 
the preparation of specimens, although the extent of breakdown varied. If the broken 
portion of the margo had not folded up and it was still possible to recognize the pres
ence of an extended torus on the basis of our criteria, as described below, we inc1uded 
the pit membranes in our analysis. 
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Fig. 9. Transverse seetion of the outermost mature annual ring of tree no. 2. Inn, Mid and Out 
indicate the three parts of the annual ring for the estimation of frequency of the pit membranes 
with extended tori and punctured tori (see text). - Fig. 10 & 11. Portions of bordered pit 
membranes of earlywood. - 10: An extended torus with small amounts of amorphous material. 
- 11: An example of incomplete bridging by amorphous material between the torus and the 
periphery of the pit membrane. 

The pit membranes were classified into three categories: 1) pit membranes without 
an extended torus; 2) pit membranes with an extended torus; and 3) pit membranes 
without any visible openings. When the amount of amorphous materials in the margo 
region was smalI, the extended torus was defined on the basis of the continuity of 
amorphous materials between the torus (central dense portion) and the periphery of 
the pit membranes. For example, the amount of amorphous materials in the margo re
gion is similar in Figures 10 and 11. However, the example in Figure 10 was classified 
as an extended torus whereas the example in Figure 11 was not since bridging by the 
amorphous materials did not extend fully from the torus to the periphery of the pit 
membranes. Conversely, when the amount of amorphous materials in the margo re
gion was large, the extended torus was defined on the basis of the presence of a fibrillar 
meshwork. If any fibrillar meshwork was detected in the pit membrane (e.g., Fig. 7), 
the designation of an extended torus was made, irrespective of the size of and space 
occupied by the meshwork. 
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Table 1. Frequencies of pit membranes with an extended torus, of pit membranes without 
any visible openings and of pit membranes with a punctured torus, in the outer three ma
ture annual rings. 

Third ring Second ring Outermost ring 
Inn Mid Out Inn Mid Out Inn Mid Out 

Number of pm examined 163 94 75 131 63 129 172 581 80 

pm with extended torus (%) 68 81 91 42 83 94 52 79 95 

pm without any visible openings (%) 0 0 9 0 0 6 0 2 5 

pm with punctured torus (%) 71 76 - 2 45 81 - 2 60 59 -

pm = pit membrane; Inn = innermost part of annual ring; Mid = middle of annual ring; Out = 
outermost part of annual ring. 

/) The number of pit membranes included in the analysis of punctured tori was 57 (see text). 
2) No analysis was made of this part (see text). 

2 

Table 1 shows the results of our analysis. The frequency of the pit membranes with an 
extended torus was 40 to 70% in the innermost part, 80% in the middle and 90 to 95% 
in the outermost part of the annual rings. There was a consistent tendency for the 
frequency of extended tori to increase from the earlywood to the latewood in each 
annual ring. Pit membranes without any visible openings were a feature of the latewood 
of the annual rings. This type of pit membrane was seldom found in the innermost 
part and in the middle of the annual rings (Table I). 

Minute holes in tori 
In many bordered pit membranes we found minute holes in the tori irrespective of 

their location within annual rings (referred to as 'punctured tori' below). The number 
and location of the minute holes in individual punctured tori varied among pit mem
branes (Fig. 12 & 13). Minute holes were distributed uniformly over the entire torus 
in some bordered pit membranes while they were concentrated in several or a few 
limited areas of other tori. The widths of the minute holes varied, with the largest hole 
that we observed being approximately 200 nm in width. The appearance of the minute 
holes also varied. No contents were apparent within some minute holes (Fig. 13,large 
arrows) while granular material was visible in the interior of other minute holes (Fig. 
13, arrowheads). In some minute holes, fine fibrils formed bridges from one side to 
the other (Fig. 13, small arrows). 

-7 

Fig. 12 & 13. Tori with minute holes. - 12: Torus with many minute holes (arrowheads). -
13: Part of a torus with many minute holes. Large arrows, small arrows and arrowheads indi
cate minute holes with an empty interior, minute holes with fine fibrils and minute holes with 
granular material, respectively. 
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For an estimation of the frequency of punctured tori, we examined the presence or 
absence of minute holes on the monitor of the FE-SEM at magnifications up to x50,000 
in the tori of the pit membranes that we had examined to determine the frequency of 
the pit membranes with extended tori. We monitored the presence of minute holes in 
tori (central thickened disc-like portions), but did not monitor the presence of minute 
holes in the extended tori. However, in terms of outward appearance, no boundaries 
between tori and extended tori were distinguishable. A small percentage of pit mem
branes, in which minute holes were only visible around the putative junctions be
tween tori and extended tori, were inc1uded among pit membranes with punctured 
tori. The outermost part of each annual ring was not inc1uded in this analysis since the 
circular outline ofthe torus was indistinct in many bordered pit membranes (e.g., Fig. 
6-8). For similar reasons, one unusual pit membrane without any visible openings, 
found in the middle of the outermost annual ring, was exc1uded from the analysis 
(Table 1). 

Table 1 shows the results of our analysis. The frequency of punctured tori ranged 
from 45 to 81 %. Differences in frequency were not consistent between the middle 
and the innermost part of annual rings. 

An impeiforate zone near the periphery 0/ bordered pit membranes 
An imperforate zone was noted near the periphery of pit membranes (Fig. 14-16). 

The torus-side edge ofthis imperforate zone was generally quite distinct (Fig. 14). In 
some bordered pit membranes, by contrast, small amounts of amorphous materials 
were seen c10se to several margo fibrils in the vicinity of the imperforate zone, and 
the torus-side edge of the imperforate zone became somewhat indistinct (Fig. 15). No 
boundary between the imperforate zone and an extended torus was distinguishable in 
terms of outward appearance (Fig. 4); amorphous materials deposited in this imperfo
rate zone seemed to be similar to those in the extended torus. Amorphous materials 
were partially absent from the imperforate zone, and a fibrillar meshwork, whose 
density and organization were similar to those of the margo, was visible in such spaces 
(Fig. 16). The width of the imperforate zone varied among individual pit membranes 
and even within a single pit membrane (Fig. 1,4, 12, 14). 

DISCUSSION 

The presence of an extended torus seems to be characteristic of certain genera (panshin 
& De Zeeuw 1980). Extended tori have been reported in species of the genera Tsuga 

f-

Fig. 14-16. Parts of imperforate zones near the periphery of bordered pit membranes in 
earlywood. Arrowheads in Fig. 14 and 15 indicate fibrils that are continuous with the margo. -
14: An imperforate zone with a distinct edge (arrows). - 15: An imperforate zone with an 
indistinct edge. Small amounts of amorphous material seem to be associated with some of the 
fibrils (arrows). - 16: An imperforate zone from which amorphous materials are partially ab
sent (asterisk). 
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(Krahmer & Cote 1963; Liese 1965; Banks 1971; Bauch et al. 1972; Fujikawa & 
Ishida 1972; Bauch & Bemdt 1973), Abies (Banks 1971; Fujikawa & Ishida 1972) 
and Juniperus (Fujikawa & Ishida 1973). However, to our know1edge, information 
on the frequency of extended tori and its variation within a single annua1 ring have 
not previous1y been reported. Our present analysis of the frequency of the pit mem
branes with extended tori provides the first attempt, as far as we know, to quantify the 
occurrence of such a feature. 

For a quantitative examination of the frequency of the pit membranes with ex
tended tori, we had to define the extended torus. Some bordered pit membranes with 
amorphous material in the margo region, which we c1assified as having an extended 
torus in the present study, have been often described in other terms in the literature. In 
particular, when the amount of amorphous material is high and only small patches 
of fibrillar meshwork are present in the margo region (e.g., Fig. 7), other descriptors 
have been applied. For example, Fujikawa and Ishida (1972) c1assified such bordered 
pit membranes as being of the 'thin amorphous type' while they described similar 
structures as 'torus extensions' when the deposited amorphous material occupied only 
a small part of the margo. However, they did not provide any c1ear criteria for distin
guishing between an extended torus and the 'thin amorphous type'. For discrimina
tion between the extended torus and the 'thin amorphous type' in terms of outward 
appearance, the space occupied by amorphous material in the margo region is impor
tant. By contrast, an extended torus can be distinguished from other sirnilar structures 
(e.g., Fig. 11) on the basis of the continuity of the bridge of amorphous material be
tween the torus and the periphery of the pit membrane, as demonstrated in the present 
study. We also c1assified pit membranes with only small patches of fibrillar meshwork 
as having an extended torus. 

The boundary between a torus and an extended torus was unclear in terms of out
ward appearance.1t is likely that the chemical constituents ofthe amorphous material 
that is deposited in the extended torus are the same as those deposited in the torus, as 
noted by Liese (1965). During the differentiation of the tracheids of softwood spe
cies, the bordered pit membranes are embedded in amorphous materials and no open
ings are visible in the margo region. The amorphous materials are removed from the 
margo, presumably as a consequence of enzymatic activity, at the final stage of the 
formation of the cell wall (Thomas 1968; Parharn & Baird 1973; Imamura & Harada 
1973; Imamura et al. 1974). Imamura et al. (1974) noted that, in mature latewood of 
Pinus densijlora Sieb. et Zucc., the margo of pit membranes was partially incrusted 
with amorphous materials. Such latewood pit membranes correspond to pit mem
branes with an extended torus in the present study. Imamura et al. suggested that such 
amorphous materials might be remnants of amorphous materials embedding a dif
ferentiating pit membrane because both the incrusting amorphous materials of the 
latewood margo and those of a differentiating pit membrane were removed by extrac
tion with an aqueous solution of 24% (w Iv) potassium hydroxide. It is likely that 
some amorphous material remains in the margo at the final stage of formation of the 
cell wall and is evident as an extended torus after tracheid maturation. 
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The imperforate zone near the periphery of the margo rnight represent remnants of 
the amorphous materials that were present during the differentiation of the tracheid, 
as in the case of the extended torus. Descriptions of the imperforate zone near the pe
riphery of bordered pit membranes are limited in the literature. Liese (1965) stated 
that there was a compact and electron-dense zone at the outermost edge of the bor
dered pit membranes in both softwoods and hardwoods, and described this zone as a 
'rim' or 'annulus'. Parham and Baird (1973) noted a similar zone in the mature bor
dered pit membranes of Abies balsamea (L.) Mill. during observations of ultra-thin 
sections by transmission electron microscopy, and they also called this zone an annu
lus. Using methods similar to those ofParham and Baird (1973), Meyer (1974) ob
served an electron-dense zone at the margin of the bordered pit membranes of Pinus 
contorta Loud, but Meyer described the zone as an 'attachment of the margo'. The 
imperforate zone near the periphery of the margo, which we found in Abies sachalinen
sis, might correspond to the rim, annulus, or attachment described in earlier reports. 

According to Liese (1965), the torus of the bordered pit membranes of softwood is 
imperforate and is generally regarded as impermeable. In contrast to such a generali
zation, some subsequent reports indicated or suggested the presence of openings or 
holes in the torus of the bordered pit membranes of some softwoods. Using a direct 
carbon-replica technique and transmission electron microscopy, Thomas (1969), and 
Thomas and Nicholas (1969) revealed 'openings or depressions' in the tori of inter
tracheary pit pairs of Pinus taeda L., P. serotina Michx. and P. palustris Mill. How
ever, they stated that such openings were detected only in specimens that had been 
subjected to extraction with methanol, acetone and pentane. Fujikawa and Ishida (1973) 
reported small openings in the tori of several species in Pinaceae. Panshin and De 
Zeeuw (1980) noted that minute holes had been reported in the tori of some species of 
Pinus. Sano and Nakada (1998) noted openings in tori of Cryptomeriajaponica. How
ever, the appearance of the openings in tori of C. japonica was different from that of 
the minute holes that we observed in the present study; the former openings were 
interfibrillar spaces. 

Thomas (1969), and Thomas and Nicholas (1969) proposed that the openings or 
depressions in tori might be remnants of plasmodesmata. Timmel (1979) demonstrated 
the presence of plasmodesmata in differentiating tori of bordered pit membranes be
tween tracheids of compression wood in Abies balsamea. According to transmission 
electron micrographs of ultrathin sections published by Timmel (Fig. 15 in Timmel 
1979), it seems likely that individual small channels of plasmodesmata do not pass 
straight through the differentiating torus but form a network of minute channels that 
resembles an ants' nest. Dute (1994) also noted plasmodesmata having similar fea
tures in differentiating tori of Ginkgo biloba. This type of plasmodesmata is defined 
morphologically as branched, and developmentally as secondary plasmodesmata 
(Ghoshroy et al. 1997). Minute holes might be remnants ofbranched plasmodesmata 
and generate a network of small channels in the punctured tori of Abies sachalinensis. 
Details of the structure and function of, and the origin of the minute holes in punc
tured tori remain to be determined. 
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