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Introduction
Secondary tissues of woody plants, originated from vascular cambium, have
been studied by many researchers, at the macroscopic, microscopic and ultrastructural levels. Recent advances at the latter level of study of wood have been
accelerated by the employment of modern electron microscopies. In the study of
wood cell wall formation, where living cells are main subject to consider, electron
microscopes, especially transmission electron microscope (TEM) have exhibited their
high ability for the purpose. Scanning electron microscope (SEM) which is highly
evaluated for studying such subjects as sculpturings of matured cell walls (OHTANI
and ISHIDA, 1976) is also expected to be a characteristic and useful tool for the
study on this kind of subjects, soft tissues. Only a few works, however, have
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been reported (WODZICKI and HUMPHREYS, 1972, 1973; WODZICKI and BROWN,
1973), beca~se of its later employment than TEM and of some difficulties in the
specimen preparation for such soft tissues as the cambium.
Aiming at contribution to clarify the cell wall formation or the aging of cell,
in relation to the behavior of some organelles there, the present authors carried
out an experiment to observe the organelles in the cambium and living xylem
cells neighbouring it in Todomatsu (Abies sachalinensis MAST.), with regard to the
season. Principally SEM was used for the observation and the results obtained
were compared with that using TEM by the authors themselves and by those who
have already reported valuable results (TIMELL, 1973). In this paper the results
of observation of micromorphological aspects and seasonal changes of the living cells
are briefly described.
The most important problems lie on the specimen preparation and thus not
a few works which are helpful for us have been reported (KEITH and GODKIN,
1976). The present authors also tried to find out the way which makes possible
to carry out this work, and used the procedures obtained for it.

Materials and methods
Materials for this study were obtained from a twenty five-year old Todomatsu
tree (Abies sachalinensis), grown in a plantation in Tomakomai Experiment Forest,
Hokkaido University. They were collected at two-week intervals during the active
period of the cambium and one-month intervals during the remainder of the annual
cycle in 1976 and 1977.
Small cubes of fresh material (L: 2 mm, R: 3mm, T: 4 mm) containing xylem,
cambial zone and phloem were fixed for three hours at room temperature or 4°C
in 3% or 6% glutaraldehyde buffered to pH 7.2 with 0.05 M sodium cacodylate
and they were washed with buffer for two hours. In addition to this fixative,
a mixed fixative (3% glutaraldehyde. 1% acrolein· 1% formaldehyde) was also
employed in winter samples. The aldehyde fixed material was then post fixed in
buffered 2 % osmium tetroxide for two hours, subsequently washed for one hour
in several changes of glass redistilled water, followed by the dehydration in graded
series of ethanol or acetone.
After the dehydration, two different kinds of specimen preparation were employed for SEM: (1) materials were dried by critical point drying, then fractured
in radial direction with a razor blade, and (2) small pieces saturated with 100%
ethanol were quenchfrozen in liquid nitrogen and then cryofractured in radial or
tangential direction, and dried by critical point drying. All the specimens were
coated with gold using Ion Coater. SEM observations were made with· JSM-2 at
25 kV, and JSM-F7, a field emission SEM. For TEM observation, the specimens
embedded in spurr were sectioned with a diamond knife on LKB Ultrotome 8800.
Sections were stained on the grid with uranyl acetate and lead citrate. Observations
were made with HITACHI HS-8.
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Results
The resumption of the cambial activity began early in May. Late in June
cell divisions reached to maximum and about 10-15 layers of differentiating cells
were present. The active differentiating cells as well as the cambial were rich in
all types of cellular organelles in them; mitochondaria, plastids, rough endoplasmic
reticulum (ER), golgi bodies, ribosomes and so on. Fusiform cells were found highly
vacuolated.
In November cambial activity was almost quiescent and immature fusiform
cells were rich in small vaculoes. Cytoplasm of ray parenchyma cells was almost
covered with a number of lipid droplets and starch grains in amyloplasts in the
cells were larger than that in summer. Cytoplasmic ground substances were denser
than those in summer.
1. Ray parenchyma cells

Parenchyma cells in growing season showed a characteristic aspect in them.
Photo 1 illustrates inside of a differentiating ray parenchyma cell, showing a large
nucleus placed at the left, many small global lipid droplets (0.5-2 pm in diametre)
scattered within the cell, a few disc-like plastids and many rod-like mitochondria.
As shown in photo 2, mitochondria were mostly rod-like, definitely not much
more than 1 pm in diameter and 2 - 4 pm in length. But it was occasionally found
that they were branched as shown in photos 3 and 4 and elongated up to several
pm or more in the same photographs. Slight inside view of a mitochondrion of a
ray parenchyma cell is visible in photo 5 which was taken at the freeze-fractured
specimen.
Plastids contained a few osmiophilic bodies and/or small starch grains in them
and varied considerably in shape and size in a TEM photograph as shown in
photo 6, but in SEM images they were nearly disc-like or occasionally oval-spherelike, not more than about 5 pm in diameter as in photo 7. Rough ER is shown in
a SEM photograph (photo 8), being represented as a large area of membrane with
granular surface. It was difficult to decide whether all particles on the membrane
were ribosomes or not.
In active ray parenchyma cells there were some small vacuoles, the tonoplast
of which was found smooth in its surface and pouch-like, and it appeared to continue with the plasma membrane as shown in photo 9. Plasma membrane was
able to distinguish from the other membranes because of its placement adjacent to
the cell wall as in photo 10.
Nucleus was slightly elongated except global only quite near the initial and
the pattern of the pore distribution was clearly seen. In photo 11, the pores appear
to be arranged circularly, each approximately 500-2000 A in size. Cytoplasmic
ground substances were net-like and they appear to attach to the organelles in
photo 4. In SEM no golgi bodies were disc~rned in all cells examined.
In winter, almost ray parenchyma cells were packed with a number of lipid
droplets, amyloplasts containing large starch grains and cytoplasmic ground sub-
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stances denser than in summer as shown in photo 12 which corresponds well to
that in photo 13 taken by TEM. Amyloplasts were oval-sphere-like not more
than 5 pm in diameter, and it was seen that the membranes of them were broken
and thus the starch grains were exposed, as shown in photos 14 and 15. In photo
16 taken from a slightly plasmolized ray parenchyma cell, it is clearly seen that
the lipid droplets, even in its size and packed densely, cover the interior cytoplasmic
components of the cell. Mitochondria were similar to ones in activity and they
were rod-like and/or branched.

2. Tracheids
In the growing season differentiating fusiform cells were highly vacuolated.
They had a large central vacuole separated by a tonoplast from the peripheral
cytoplasm in which there were many organelles as shown in photo 19. Wherever
these cells were observed by SEM, the stages of differentiation were judged by the
position and internal features of each cell. In the case of this study, differentiating
cells of later stage were selected to examine because cells near the initials were more
complicated by their shape and organelles within them.
In photo 17, the cell has a large area of vacuolar membrane and a few
organelles between vacuolar and plasma membranes. The cell in photo 18, on the
other hand, has not such a vacuolar membrane. There are a number of vesicles of
1-5 pm in diameter and the tube-like membrane on or connected with the plasma
membrane. It must be noticed that the former is less mature than the latter.
The cell in photo 20 appears to be slighly more mature than that in photo
17, and less mature than the case of photo 18. There are mitochondria between
plasma membrane and vacuolar membrane which is probably broken by artifacts in
photo 21. It is clearly seen in photo 22 that there are a number of fine fibrillar
structures (100-300 A in diameter) which lie on the plasma membrane in Z-helix
at about 45 degrees in respect to the longitudinal axis of the cell. In photo 23,
vacuolar membranes seem to connect with plasma membrane where the fibrillar
structures located. These fibrillar structures changed their orientation into about
90 degrees to the cell axis on the plasma membrane at the much later stages of
differentiation as shown in photo 24. Many small vesicles are also visible in the
same photograph. A vesicle attached to the plasma membrane is shown in photo
25. Morphological differences in mitochondria, plastids and lipid droplets were not
found in fusiform from ray parenchyma cells.
Dormant fusiform cells were characterized by the presence of many small
vacuoles as in photo 26. Though both features obtained by SEM and TEM correspond well about organelles in winter, it was rather difficult to observe the
organelles except vacuoles because of the denser cytoplasmic ground substances
compared with that in summer. The connection of tonoplast is clearly seen as
shown in photos 26 and 27. A particular structure, i. e., small tube-like structure
was found connected mutually and w~th plasma membrane. Diameter of the tube
was ca. 0.05-0.1 pm as shown in photos 28 and 29,.
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Discussion and conclusion
There are particular chances to occur artifacts during the drying, the coating
and the fracturing for preparation of SEM specimens, even though the employment
of fixation is same as in TEM. Accordingly when we observe the delicate tissues
such as cambial tissues using SEM, we must be deliberate to interpret the photographs obtained, since we need to discern between the natural features and the
products of artifacts if any. And it is needed to compare SEM observation with
that using TEM by which many works have been reported already (BARNETT, 1973;
CRONSHA W, 1965-a, b; lTOH, 1971 ; MURMANIS, 1969; ROBARDS and KIDW AI, 1968;
SRIVASTAVA, 1966). The freeze fracture method is considered specially effective to
clear the internal structure of organelles. However, it also appears that the artifacts
might occur when the samples freezed and melted (ECHLIN and BURGESS, 1977).
For example, the features of cytoplasmic ground substances obtained by freeze
fracture showed slight difference from that fractured after the critical point drying.
So, in this study freeze fracture method was not often employed.
The results obtained are briefly summarized as follows: lipid droplets were
always found global, mitochondria generally rod-like, but occasionally elongated and/
or branched, plastids disc-like. They all were obviously distinguished each other
based upon the shape and size.
The lipid droplets were quite different in their distribution within the cell
between both growing and dormant seasons. They were increased in number and
arranged as if covered the interior cytoplasm in dormancy. This seems to be
similar to that of spherosomes of Pinus strobus in winter (MURMANIS, 1971), and
to imply the frost hardiness. Their diameter discerned exactly by SEM is found
varied by TEM depending on the location of <l; droplet sectioned. There was not
a marked tendency to increase the size of the droplets in dormancy.
It has been said that diameter of mitochondria rarely exceeds 1 pm and the
length extends to several pm. The observation by the authors gave 0.5-1 pm
diameter and that the length was various as below. The majority of them were
elongated about 2-4 pm long, occasionally 5-7 pm or more. The branched one
which was occasionally found appears to be similar to that of Acer (CATESSON,
1974), and the nodular one that also occasionally appeared has been reported in
Pinus strobus (MURMANIS, 1971). Seasonal changes of mitochondria in the shape
and size were not found in this observation, but the detail of this must be searched
using SEM which is useful for that. In freeze-fractured samples the inner parts
of a mitochondrion were seen. However, it was difficult to discern the double
membranes and cristae because of the resolving power of SEM used.
The majority of plastids were disc-like in activity and oval-sphere-like in dormancy. In the case of SEM, the inner parts of plastids are not observable except
in freeze-fractured samples. So it was difficult to discern exactly various kinds of
plastids when the freeze fracture method was not used, except amyloplasts the
membrane of which was often found broken and thus the starch grain exposed.
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It seems that lipid droplets and mitochondria are almost definite shape and size, but
plastids are rather indefinite except amyloplasts. The features of plastids are obviously distinct from that of lipid droplets and mitochondria. The large starch grain
in amyloplasts seems to be connected with storage in dormancy.
The pores were present on the surface of nuclei in active ray parenchyma
cells, but not in dormancy. They must be nuclear pores. The diameter of pores
was irregular (500-2000 A), and they seem to be more or less affected by the ion
sputter coating. Therefore, although the actual shape and size are obscure, the
distribution of them is clearly shown through the photographs. The pores were
arranged circularly, similar to those of peas (NORTHCOTE, 1968). That the pores
were not found in dormancy, might be caused by fixation or dense cytoplasmic
ground substances attached.
Rough ER has been said to consist of a system of plate-like or sheet-like,
flattened cisternae with ribosomes. Present SEM observation shows that rough
ER is the large area of membrane extending the interior of a ray parenchyma cell;·
It is evidently different from tonoplast of small vacuoles in appearance, because the
surface is granular in rough ER, but pouch-like and smooth in tonoplast. It was
difficult to discern in fusiform cells. In dormancy it was not found in both ray
parenchyma and fusiform cells, in agreement with that some workers have reported
already (MURMANlS,. 1.971)_
The large vacuolar membranes were easily seen in active fusiform cells and
they were slightly ruptured in places, thus peripheral cytoplasm and plasma membrane were able to see by SEM. The membranes observed by SEM were obviously
situated in the lumen side in comparison with the plasma membrane and they
were absent in nearly matured cells, showing that they seem tonoplast of large
vacuole, and in addition, many small vacuoles almost remained intact in dormancy,
so they seem to be preserved in activity.
There were small vesicles on the plasma membrane or attached to it. They
were similar to the paramural bodies (MARCHANT and ROBARDS, 1968; MURMANIS,
1973). Although they should be discussed after the inner parts of them are observed
in detail, these vesicles may be concerned with the cell wall formation.
In photo 23, there were particular structures of vacuolar membranes connected with the plasma membrane, not found by TEM, and it seemed to be no
artifacts. They look similar to the structures of small tubular membranes in dormant fusiform cells in photos 28 and 29. There is a possibility that these structures
are a transitional element of membranes.
A number of fine fibrillar structures were seen on the plasma membrane and
they were oriented in Z-helix about at 45 or 90 in respect to the longitudinal
axis of the cell. The orientation of these was coincident with that of micro fibrils
in S2 or Sa layers of tracheids. Similar structures have been reported in Fagus
(OHTANI and ISHIDA, 1976). They might be possibly microtubules. They were
observed often in many fusiform cells usingSEM.
Many small vacuoles in dormant fusiform cells observed by SEM corresponded
to that of TEM. Tonoplasts of the vacuoles were well preserved and they were
0

0

,
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not breakable.
The authors observed some cellular organelles using SEM and obtained valuable
informations about the three dimensional features and seasonal changes of them.
It may be concluded that in growing season, tracheids are highly vacuolated,
and ray parenchyma cells are rich in various organelles; i. e., rod-like, branched
and nodular mitochondria, disc-like plastids, scattered lipid droplets and sheetlike rough ER which are all involved in net-like cytoplasmic ground substances.
In dormancy, tracheids have many small vacuoles. In ray parenchyma cells,
amyloplasts and lipid droplets are increased in number, being the latters arranged
in a particular manner.
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Explanation of photographs
Note:

Longitudinal direction of wood is vertical in all photographs. Photos 5 and 9
were taken from the specimens prepared through the freeze-fracture.

Key to labeling:

L; lipid droplet, M; mitochondrion, N; nucleus, P; plastid,
PI; plasma membrane, S; starch grain, Vm; vacuolar membrane,
W; cell wall.

Photos 1-11; Xylem ray parenchyma cells near the cambium in growing season.
Photo

1.

Cell organelles as well as nucleus in a differentiating ray parenchyma cell.
An elongated nucleus is placed at the left in this photograph. Global
lipid droplets, rod-like mitochondria and disc-like plastids are shown.

Photo

2.

Mitochondria of 0.5 pm in diameter and 2 pm in length (arrow) and cytoplasmic ground substances. Mitochondria are found on the net-like matrix
of cytoplasmic ground substances.

Photo

3.

A branched mitochondrion (arrow) and cytoplasmic ground substances.

Photo

4.

A nodular-shape mitochondrion (upper arrow) and a branched one (lower
arrow).

Photo

5.

A freeze-fractured tangential surface of a ray parenchyma in the cambial
zone showing the inner part of nucleus and transverse section of a mitochondrion (arrow).

Photo

6.

TEM micrograph showing plastids, mitochondria and lipid droplets. They
are corresponding well to those of SEM micrographs (d. photos 2-5).

Photo

7.

A disc-like plastid (arrow) of about 3 pm in diameter. Mitochondria and
lipid droplets within cytoplasmic ground substances are also shown.

Photo

8.

A large granular membrane of rough ER.

9.

A freeze-fractured tangential surface of a ray parenchyma cell near the
cambial zone. A pouch-like vacuolar membrane (arrow) is connected with

Photo

the plasma membrane at the left in this photo.

Photo 10.

The plasma membrane closely attached to the cell wall (arrow) in a mature
ray parenchyma cell.

Photo 11.

A surface of nucleus in a ray parenchyma cell in the cambial zone.
pores are arranged circularly (arrow).

Nuclear

Photos 12-16; Xylem ray parenchyma cells near the cambium in dormancy.
Photo 12.

Cell organelles as well as nucleus in a mature ray parenchyma cell. The
arrangement of lipid droplets, large starch grains and dense cytoplasmic
ground substances is shown. Compare with photo 2.
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Photo 13.

A TEM micrograph showing cell organelles and nucleus. They are corresponding well to those of SEM micrograph (d. photo 12).

Photo 14.

Oval-sphere-like amyloplasts of 3-5 pm in diameter.

Photo 15.

Starch grains in amyloplasts.

Photo 16.

Numerous lipid droplets exposed by removal of the cell wall in this side.
They are densely arranged along the cell wall.

Photos 17-25; Differentiating tracheids in growing season.
Photo 17.

The vacuolar membrane and the cytoplasm placed between the vacuolar
membrane and the plasma membrane in a tracheid undergoing S2 layer
formation.

Photo 18.

Many small vesicles on the plasma membrane in a tracheid in the late
stage of secondary wall formation.

Photo 19.

A TEM micrograph showing large vacuoles and the pheripheral cytoplasm
in tracheids in the early stage of secondary wall formation.

Photo 20.

The vacuolar membrane and small vesicles on the plasma membrane in
a tracheid undergoing S2 layer formation.

Photo 21.

A higher magnification view of the area arrowed at the lower right in
photo 20. The vacuolar membrane is broken in places. Mitochondria
(arrow) are shown between the vacuolar membrane and the plasma membrane.

Photo 22.

A higher magnification view of the area arrowed at the left in photo 20.
Steep Z-helix fibril-like structures and five mitochondria are placed on the
plasma membrane. The plasma membrane is broken at the left in this
photo, where the cell wall is seen.

Photo 23.

A higher magnification view of the area arrowed at the upper right in
photo 20. The vacuolar membrane is connected with the plasma membrane through the pouch-like membrane. Fibril-like structures of steep
Z-helix are also seen.

Photo 24.

Flat S-helix fibril-like structures and the small vesicles on the plasma
membrane in a tracheid undergoing Sa layer formation.

Photo 25.

A vesicle (arrow) attached to the plasma membrane in a tracheid undergoing Sa layer formation.

Photos 26-29; Undifferentiated tracheids in dormancy.
Photo 26.

Many small vacuoles.

Photo 27.

A TEM micrograph showing many small vacuoles.
ding well to those in photo 26.

Photo 28.

A field emission SEM micrograph showing tubular membranes connected
each other and the plasma membrane.

Photo 29.

A field emission SEM micrograph showing tubular membranes (arrow) of
about 500-1000 A in diameter.
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