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Summary 
The orientation of the microfibri1s deposit

ed on the innermost surfaces of the tracheid 
wall was observed in three conifer species, 
Larix leptolepis, Picea jezoensis, and Picea 
abies, using field emission scanning electron 
microscopy (FE-SEM). The microfibrillar 
orientation is different in each tracheid and 
exhibits either an S- or a Z-helix. The latest 
microfibrils deposited were normally joined 
into small bundles having various widths and 
had a different orientation from the micro
fibrils beneath them. When the latest de
posited microfibrils on the innermost surface 
were oriented in an S-helix, the microfibrils 
beneath them were oriented in either a flatter 
S-helix or in a Z-helix, and when they were 
oriented in a Z-helix, the microfibrils beneath 
them were oriented in a steeper Z-helix. This 
is because, as seen from the lumen side, the 
microfibrillar orientation changes counter
clockwise from the outer S23 to the innermost 
S3. These microfibrillar orientations varied 
throughout a single annual ring in each of the 
three species. The commonly observed angles 
of these microfibril were: Larix leptolepis: 
70-80°, Picea jezoensis: 60-70°, and Picea 
abies: 40-50° in an S-helix, and the maxi
mum range of angles was limited in extent to 
about 90 degrees in all species. 
Key words: Field emission scanning electron 

microscopy, microfibrillar orientation, S3. 

Introduction 
It has been generally accepted that the 

microfibrils in the S3 layer of the softwood 
tracheid wall are either oriented in a flat 
S-helix (Harada & Cote 1985) or in a criss
crossed structure of lamellae in alternating flat 
S- or Z-helix (Wardrop & Harada 1965). 
Imamura et al. (1972), Hirakawa and Ishida 

(1981) have reported that in the S3layer there 
are several lamellae in flat helix, each of 
which has a different microfibrillar orienta
tion from the other lamellae not relating to the 
S- or Z-helical direction. Wardrop (1964) 
and Wardrop and Harada (1965) have de
scribed the S3 as having 0-6 lamellae; in 
other words, in some tracheids the S3 is some
times absent. However, Dunning (1968, 
1969) showed that the S3 contained at least 
12 lamellae in longleaf pine latewood. Ac
cording to his observations, the S3 lamellae 
have a fan-like structure with clockwise and 
counterclockwise rotations and the micro
fibrils of the last formed lamella are oriented 
in a flat helix. On the other hand, Liese (1960, 
1963) has suggested that the orientation of 
microfibrils on the innermost surface of the 
tracheid wall varied widely between tra
cheids, and these variations are different 
among some species. Abe et al. (1991) have 
observed a similar structure in earlywood 
tracheids of Abies sachalinensis, due to the 
fact that the microfibrillar orientation, seen 
from the lumen side, changes counterclock
wise in the S23 and S3 layers. 

In the present study we have investigated 
the relationship between the orientation of the 
last microfibrils deposited and the rotational 
change of microfibrillar orientations in the S3 
in the tracheid walls of three conifer species 
lacking a warty layer. 

Materials and Methods 
The materials for this investigation were 

taken mainly at breast height from the stems 
of living adult trees: Japanese larch (Larix 
leptolepis Gordon), Yezo-spruce (Picea jezo
ensis Carr.), and Norway spruce (Picea abies 
Karst.), grown on a plantation of the Hok-
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kaido Forest Breeding Institute. Some were 
also taken from the Teshio Experiment For
est, Hokkaido University. 

Small cubes of sapwood containing more 
than one annual ring were fixed with 3% 
glutaraldehyde for between one and a few 
days. Then these were sectioned at about 200 
Ilm with a sliding microtome and postfixed 
with 1 % osmium tetroxide for 2 hours, be
cause fixing specimens increases electrical 
conductivity and thus reduces beam damage. 
Subsequently, these were dehydrated in grad
ed ethanols, dried by the t-butanol freeze-dry
ing method, and lightly coated with platinum 
in a vacuum evaporator. 

However, in some specimens prepared in 
this method, there were extraneous materials 
such as dust on the inner surface of the tracheid 
walls, which made it difficult to observe the 
microfibrils during SEM observation. Because 
of this difficulty, some specimens were treat
ed with mild antiformin for a few minutes 
before postfixation with osmium tetroxide. 
Specimens treated in this way had clean inner 
surfaces, and the microfibrils deposited could 
be clearly observed. 

These specimens were then observed with 
two types of field emission scanning electron 
microscopes (FE-SEM), a Hitachi S-800 and 
a Jeol JSM-6300F at accelerating voltages of 
3-10 kY. At magnifications of over 20,000, 
we found that 3 kY gave the best images, had 
topographic contrast, and little specimen dam
age and charging. Accordingly, observations 
were usually made at this voltage. 

The angle between the tracheid axis and 
the microfibrils were measured at non pit 

regions of the inner surfaces of the tracheids. 
Five measurements were made at different 
regions in each tracheid. The average of five 
microfibrillar angles was taken as a represen
tative angle. Measurements were obtained 
throughout one annual ring of each of the 
three species. 

Results 

Texture and orientation of the microjibrils on 
the innermost surface of the tracheid wall 

Figures 1-4 show the microfibrils de
posited on the inner surfaces of tracheids as 
seen from the lumen side. Note that the heli
cal direction of the microfibrillar orientation, 
when viewed from this side, appears reversed. 

In Figure 1, beneath the bundles of micro
fibrils oriented in a Z-helix, microfibrils 
having a steeper Z-helical orientation can be 
observed. In Figure 2, narrow bundles of 
microfibrils having a flat or flat S-helix over
lay microfibrils with a flat Z-helical orien
tation. In Figure 3, beneath the bundles of 
microfibrils orientated in a flat S-helix, micro
fibrils in a flatter S-helix can be observed. In 
Figure 4, beneath the microfibrils oriented at 
about 40° in an S-helix, microfibrils oriented 
in a flatter S-helix are apparent. 

The latest deposited microfibrils of the 
tracheid walls had various orientations, and 
always formed small bundles. Microfibrils 
deposited beneath could be observed between 
these bundles. When the orientation of the 
upper microfibrils was in an S-helix, the orien
tation of the lower microfibrils was either in 
a flatter S-helix or a Z-helix, and when the 

Figs. 1-6. Electron micrographs of microfibrils deposited on the innermost surfaces of tracheids. 
Arrows indicate microfibrillar orientations. - 1: Yezo-spruce. Note microfibrils in a steep 
Z-helix beneath microfibrils in a flat Z-helix. Scale bar = 0.3 Ilm. - 2: Japanese larch. Note 
microfibrils in a flat Z-he1ix beneath microfibrils in a flat S-helix. Scale bar = 0.5Ilm. - 3: Yezo
spruce. Note micronbrils in a flatter S-helix beneath the bundles of microfibrils in a flat S-helix. 
Scale bar = 0.3 Ilm. - 4: Norway spruce. Note microfibrils at about 60° in an S-helix beneath 
microfibrils at about 40° in an S-helix. Scale bar = 0.3 Ilm. - 5: Japanese larch. Note micro
fibrils in a steep Z-helix (like the S2). Scale bar = 0.5 Ilm. - 6: Tracheids having the inner surface 
texture shown in Fig. 5. Scale bar = 20 Ilm; EW = earlywood tracheid; LW = latewood tracheid. 
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Figs. 7-9. Variation of the orientation of the latest deposited microfibrils on the innennost sur
face of the tracheid walls through an annual ring. - 7: Japanese larch. - 8: Yezo-spruce. -
9: Norway spruce. 

upper ones were in an either flat or a Z-helix, 
the lower one was in a steeper Z-helix. 

On the other hand, microfibrils oriented in 
a steep Z-helix, such as in the S2, could some
times be observed (Fig. 5). Tracheids with 
this kind of microfibrillar orientation were 
limited to the last fonned latewood. All tra
cheids in these regions, in several annual 
rings of the Japanese larch samples taken 
from the Teshio Experiment Forest, showed 
such a pattern. However, these latewood 
tracheids, at the boundaries between annual 

rings, had thinner walls and wider lumen 
spaces than those generally observed in these 
regions (Fig. 6). This pattern was never 
observed in other regions. 

Variation of the angles of the latest de
posited micro fibrils within an annual ring 

After preparatory observations on some 
tracheid walls in various samples, one annual 
ring of each of the three species (Japanese 
larch, Yezo-spruce, Norway spruce) was 
picked at random in order to observe the vari-
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ation within that ring of the angles of the 
latest deposited microfibrils of the tracheid 
walls. Figures 7-9 show the results ob
tained. The number of tracheids in a radial 
file of one annual ring of these three species 
were, respectively: 49, 115, and 66. Within 
an annual ring, each individual tracheid had a 
different angle from the others and there were 
hardly any regular variations of the angles in 
these species. In the Japanese larch and Nor
way spruce, however, there was a tendency 
for the tracheids with microfibrils in a Z-helix 
to be restricted to the late part of the annual 
ring. Nevertheless tracheids with microfibrils 
in an S-helix were also observed in this region. 

Difference between species in the angles 
of the latest deposited micro fibrils 

In Figure 10 the data derived in the pre
vious section are plotted as a histogram show
ing total numbers at each angle. The tracheids 
of the Japanese larch, Yezo-spruce and Nor
way spruce show microfibrillar orientations in 
an S-helix respectively with mean angles of 
70-80°, 60-70°, 40-50° to the cell axis. 
The range of these distributions was limited 
to about 90 degrees in each of the three species. 

Discussion 
Liese (1960, 1963) reported that the vari

ation of the orientation of microfibrils on the 
innermost surfaces was characteristic for each 
species, and our results correspond with this 
(Figs. 1-4). He reported that Norway spruce 
had a wide variation of this orientation in an 
S-helix. Our results on this species are partly 
in agreement, but show a preferred angle of 
orientation of about 40-50° (Fig. 10). The 
difference between his results and ours may 
be caused by the difference of the microfibrils 
measured. We measured the angle of the latest 
deposited microfibrils only, and it is not 
clear whether he measured the angle of the 
latest deposited micro fibrils or all microfibrils 
on the inner surface of the tracheid walls. We 
also observed that the latest deposited micro
fibrils of tracheid walls were oriented at var
ious angles, and joined into small bundles. In 
a previous report (Abe et al. 1991) we have 
observed a similar texture in the developing 
tracheid walls of Abies sachalinensis, and 
suggested that this was because the micro-
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Fig. 10. Orientation of the latest deposited 
microfibrils on the innermost surface of the 
tracheid wall. - A: Japanese larch. - B: Yezo
spruce. - C: Norway spruce. 

fibrillar orientation changed gradually in a 
counterclockwise direction in the S23 and the 
S3 as seen from the lumen side. 

Our observations suggest that the orienta
tion of the latest deposited microfibrils may 
be characteristic for each species. However, 
some tracheids terminate microfibril depo
sition before orientation change is completed. 
In these tracheid walls, the latest deposited 
microfibrils are oriented in a Z-helix like the 
microfibrils in the S2 and the S23. Roland 
and Mosiniak (1983) have reported the pres
ence of the helicoidal pattern in the fibres of 
Tilia, resulting from the rotational change of 
microfibrils in the S23. They suggested that 
the rotating mechanism is adjustable in veloc
ity from cell to cell, and a property of the heli
coidal walls is their ability to adapt to dif
ferent physiological situations (Roland & 
Mosiniak 1983, Roland et al. 1987). 

It has been generally accepted that the S3 
is absent in the tracheids of slight compres
sion wood in conifers (Yumoto et al. 1983), 
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and that the absence of the S3 is the first ana
tomical change during the transition from 
normal to compression wood (Yumoto et at. 
1982, Yoshizawa 1987, Yoshizawa et at. 
1992). Yoshizawa (1987) and Yoshizawa et 
at. (1992) have pointed out that the differen
tiating cells at the stage just prior to depo
sition of the helical thickenings first perceive 
a gravistimulus, in some species of gymno
sperms with helical thickenings. Yumoto et 
at. (1982) have suggested that the absence of 
the S3 does not result from the formation of 
compression wood, but from the interruption 
of normal wood formation, and that the gravi
stimulus switches off the genes responsible 
for the normal wood formation. In living 
trees, it is believed that there is probably 
always some stimulus (like wind) which 
causes the interruption of normal cell wall 
formation. 

On the other hand, tracheids that were 
lacking an S23 and an S3, and which had 
thinner walls than normal were observed in 
terminal areas of some annual rings in the 
Japanese larch (Figs. 5, 6). Saiki and Kawake 
(1980) have observed tracheids with thin 
walls, in the latewood of a starved tree sup
pressed by other trees, of Pinus densiflora. 
These tracheids, however, had an S3 layer 
present. In other words, these cells had com
pleted the rotational change of the micro
fibrillar orientation of their cell walls. Ap
parently, in Japanese larch thin-walled ,la~e
wood tracheids with or without a completed 
rotational cycle may both occur. ' 
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