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Summary 
A quantitative scanning electron micro

scopic (SEM) study of the changes in micro
tubule orientations and arrays during secon
dary wall formation has been done on conifer 
(Abies sachalinensis Masters) tracheids. Mi
crotubules have similar orientations as the 
microfibrils being deposited in the various 
wall layers. The density of microtubules is 
different in different stages of secondary cell 
wall formation. Microtubules are more close
ly arrayed in the tracheids forming the S2 
than the S12 and S3. During S3 formation, 
sometimes 2-7 microtubules are closely ar
rayed, and form bundles about 80-350 nm 
wide. Bundles of microfibrils of similar width 
were also observed during S3 formation. 
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Introduction 
It is generally believed that in higher plants 

microtubules have similar orientations as new
ly deposited microfibrils and that micro
tubules control microfibril orientation. There 
are only a few investigations about changes 
in microtubule densities or numbers during 
cell differentiation (Hardham et al. 1980; Fu
kuda 1987; Seagull 1992). 

In woody plants, many investigators have 
observed a similarity in the orientation of mi
crotubules and newly deposited microfibrils 
(Fujita et al. 1974; Hirakawa & Ishida 1981; 
Hirakawa 1984; Inomata et al. 1992). Hira
kawa (1984) observed 1-2 micro fibrils under 
each microtubule during the formation of the 

S3 cell wall layer in tracheids of Abies sacha
linensis, and suggested that there is similarity 
in number as well as in orientation of micro
tubules and micro fibrils. However, there is 
no information available about the changes in 
density or number of microtubules in woody 
plants during cell wall formation. 

We previously have investigated the orien
tation and deposition of microfibrils in coni
fer tracheid walls (Abe et al. 1991, 1992). In 
this study we have investigated the distribu
tion and density of microtubules in order to 
obtain new information on microfibril depo
sition, and the correlation between the distri
bution of microtubules and the deposition of 
microfibrils during the formation of different 
secondary wall layers. 

Materials and Methods 
During the active growing period, samples 

were taken from the stem of a living tree of 
Abies sachalinensis Masters (height 9 m, dbh 
12 cm) grown in a plantation in the Experi
mental Forest of Hokkaido University. 

The specimen was cut with a razor blade 
into small blocks (longitudinal 10 mm x radial 
5 mm x tangential 3 mm) containing differen
tiating xylem. The blocks were fixed in 3% 
glutaraldehyde in 0.1 M cacodylate buffer for 
2 hours at room temperature, rinsed in the 
same buffer and postfixed in 1 % OS04 for 2 
hours at room temperature. They were rinsed 
again in the buffer and water, then immersed 
in 10, 25, 50% DMSO successively for 30 
minutes each, and fixed on a metal block 
cooled in liquid nitrogen with 50% DMSO. 
They were frozen for 1-2 minutes, then frac
tured in radial direction with a razor blade. 
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The fractured samples were melted in 50% 
DMSO at room temperature, rinsed in water, 
and refixed in 1 % OS04 for 2 hours and rins
ed in water. They were then dehydrated in 
graded ethanols, critical point dried, and light
ly coated with platinum in a vacuum evapora
tor. Specimens were then observed with FE
SEM (Hitachi S-800) at an accelerating volt
age of 5-8 kV. 

Density of microtubules was counted as 
the number of the microtubules oriented per
pendicular to a 1 ~m unit length of a tracheid. 
The measurements were taken at about 50 
places from at least 5 tracheids in each cell 
wall forming stage. 

Results 
Within a specimen there were about 20 

developing earlywood tracheids in a radial 
file undergoing various stages of secondary 
wall thickening. There were 1-2, 1, 15-16, 
0, and 1-2 tracheids in the S\, SJ2, S2, S23, 
and S3 formation stages, respectively. In the 
tracheids forming the SI, we could not ob
serve the micro tubules, because the specimen 
damage was more severe, and cytoplasm was 
detached from cell wall. 

We identified the microtubules as filaments 
of 20-30 nm diameter arranged in parallel to 
each other on the plasma membrane. Micro
tubules in each cell wall forming stage had a 
similar orientation to the microfibrils previous
ly reported by the authors (Abe et al. 1991) 
(Figs. 1-3). Sometimes, newly deposited 
microfibrils were observed at the broken 
parts of plasma membrane on the cell wall, 
and they were oriented in the same direction 
as the microtubule (Fig. 1). In the S3, some
times bundles of 2-7 microtubules of 80-
350 nm width were observed (distance from 
centre to centre between two microtubules 
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Fig. 5. Numbers of microtubules per 1 ~m 
for each cell wall forming stage. There were 
3-10, 6-15 and 2-9 microtubules in the 
tracheids forming the S12, S2 and S3, re
spectively. 

Figs. 1-3. Electron micrographs of the cortical microtubules on the plasma membrane in each 
cell wall forming stage. - 1: The S12 forming stage. Arrow indicates the orientation of micro
fibrils just below the plasma membrane. - 2: The S2 forming stage. - 3: The S3 forming stage. 
- Fig. 4. Electron micrograph of the microfibrils in the S3 forming stage. The bundles of 
microfibrils (label B) were observed and orientation of the newly deposited microfibrils was 
similar to the orientation of microtubules (Fig. 3). Note: The tracheid axis in all electron micro
graphs is vertical. The magnification is indicated by a 500 nm bar. 
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was less than 50 nm), and the distance be
tween the centres of two bundles was about 
500-800 nm. Microfibrils in the tracheid in 
the S3 formation stage were sometimes ar
ranged in bundles of about 300 nm width, 
and the distance between the centre of two 
microfibril bundles was similar to the dis
tance as the distance between the centres of 
the microtubule bundles (Fig. 4). 

Densities of micro tubules in the cell wall 
forming stages were different (Fig. 5). The 
average densities of microtubules were 5.4, 
9.3 and 5.7 /~m in the tracheids forming the 
S12, Sz and S3, respectively. 

Discussion 
Many investigators have reported that mi

crotubules are oriented in a similar direction 
as the depositing microfibrils in conifer tra
cheids (Hirakawa & Ishida 1981; Hirakawa 
1984; Inomata et al. 1992). Our results agree 
with these previous reports. 

Some workers (Imamura et al. 1972; Hi
rakawa & Ishida 1981; Kataoka et al. 1992) 
have studied the textures of the newly deposit
ed microfibrils in conifer tracheid walls. They 
suggested that the distance between two new
ly deposited microfibrils was about 70-200 
nm. We calculated the distances between two 
micro tubules as 185, 107, and 175 nm in the 
S12, Sz and S3, respectively (Fig. 5). These 
values are similar to the distances between 
newly deposited microfibrils, and are smaller 
in the Sz than in the S12 and S3. Bundles of 
microtubules and microfibrils were frequent
ly observed during S3 formation. The widths 
of bundles and the distance between two bun
dles are similar for microtubules and micro
fibrils. Previously, we investigated the orien
tation and deposition of micro fibrils in conifer 
tracheid walls, and reported that the deposited 
microfibrils showed a bundled texture in the 
SZ3 and S3 (Abe et al. 1991, 1992). 

Giddings and Staehelin (1988) suggested 
that the cellulose synthesising complex direct
ly rides on a microtubule, or between two 
micro tubules. The latter hypothesis is well 
supported by many investigators. In colchi
cine treated cotton fibres, microtubules are 
distributed sparsely and microfibril depo
sition corresponded to the location of mi-
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crotubule (Seagull 1989). Hirakawa (1984) 
observed 1-2 microfibrils under each micro
tubule during S3 formation in Abies sacha
linensis, and suggested that their similarity 
in distribution is not only in orientation but 
also in the number. From these facts, it may 
be concluded that during secondary wall for
mation in conifer tracheids, if micro tubules 
exist on the plasma membrane, the locations 
of newly deposited microfibrils are directly 
controlled by microtubules, and that even 
if cellulose synthesising complexes synthe
sise cellulose between two micro tubules, 
each microfibril is deposited outside the 
plasma membrane connected with the micro
tubule. 

The change of densities of microtubules 
was investigated in in vitro differentiating 
cells (Seagull 1992; Fukuda 1987). These 
reports suggested that the density of micro
tubules increased with the development of sec
ondary wall. In this study, the microtubules 
were more closely spaced in the Sz than in 
the S12 and S3. Takabe et al. (1981) suggest
ed that the cellulose deposition was more 
abundant in the Sz forming stage than in the 
Sl and S3. These facts may suggest that the 
density of micro tubules is well synchronised 
during cell wall formation, especially during 
cellulose synthesis. 

In our previous report about the change of 
orientation and the deposition of microfibrils 
(Abe et al. 1991), we concluded that only in 
the Sz were lamellae composed of closely 
spaced microfibrils. Boyd and Foster (1975), 
and Boyd (1982) suggested that microfibrils 
showed trellis-like configurations within la
mellae, and the widths of trellis openings were 
smaller in the Sz than in the Sl and S3. From 
these reports and our observations, it may be 
concluded that the manner of microfibril de
position is different for each stage of second
ary wall formation, and that newly formed 
microfibrils are deposited with closer spacing 
in the Sz than in the S12, S23 and S3. 
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