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Introduction
The variabilities in the maturing process of the ray parenchyma cells of Genus
Pinus have been dealt with in many papers, concerning partly relationship between
aging of the ray and the heartwood formation, and partly contributions to the
classification of Genus Pinus. Thickening and lignification of the ray parenchyma
cell walls in Diploxylon pines occur somewhere in the sapwood in certain species
of the genus, and mainly in the sapwood/heartwood transition in the othersll,6).
Those of Haploxylon, on the other hand, are attained near the cambium in the
same way as in many other coniferous genera. In both the subgenera, it has been
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reported that wall thickening and lignification of the parenchyma cells of radial
resin canal tissue2),S) occur during the time of the heartwood formation2) ,3),4) •
Seasonal studies of aging xylem in Pinus radiata demonstrated recently that
ethylene production and respiratory activity increased in the sapwood/heartwood
transition zone during the dormant season (SHAIN and MACKAY 1973; SHAIN and
HILLIS 1973)13),14). Secondary wall thickening and lignification of parenchyma cells
in the radial resin canal tissue in Genus Pinus which occur for the first time in the
sapwood/heartwood transition support this view on the position. This phenomenon
occuring during the senescence of the radial resin canal parenchyma is considered
as one of the important indications of heartwood formation.
In the previous report of the authors I5), differences of the maturing process
of the ray parenchyma cells were described as observed through the sapwood to
heartwood in various species of Genus Pinus, using ultraviolet microscopy.
The objective of this investigation is (1) to make clear the seasonal development
of the wall thickening and lignification in the parenchyma cells of uniseriate rays
near the cambium and that of the radial resin canals in the sapwood/heartwood
boundary in Pinus strobus, one of Haploxylon pines, and (2) to discuss relationship
between maturation of the cell wall of the radial resin canal parenchyma and the
heartwood formation in this species.

Materials and methods
A Pinus strobus tree planted in the Tomakomai Experiment Forest, Hokkaido
University was selected to remove increment cores for this study. It was 49 years
old, 20 m high and 37 cm in diameter at breast height, having an average ring width
of 0.2 mm for the last 6 years. The width and the annual ring number of the sapwood
was 9 mm and 12 years respectively. The increment cores were taken at breast
height once in the middle of every month between May and November 1976.
The cores were immediately fixed in F. A. A. or glutaraldehyde fixative, and embedded in methylfbuthyl methacrylates. Radial and tangential longitudinal sections
of 0.5 pm thickness were cut with a diamond knife on an ultramicrotome. Observations of the sections were made mainly on those near the cambium and the sapwood/heartwood boundary under an ultraviolet microscope (Carl Zeiss, West Germany, Type MPM-Ol) at a wavelength of 280 milli-microns.
In addition to UV microscope observation, the radial longitudinal surfaces coated
with gold were observed with a scanning electron microscope (JSM-2) at 15 kV
of acceleration, to examine the form of the cell wall in greater detail.

Results
1)

Uniseriate ray

On the samples of May and June, the newly formed xylem in this year was
not found yet (Photo 1). The boundary line between the unlignified immature ray
parenchyma cells and the lignified mature parenchyma cells, both formed in the
last year, was shown as an uneven line in the radial longitudinal section (Photo 1).
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In July, the earlywood formation was in progress. Newly formed parenchyma
cells in this year had thin unlignified walls. These immature parenchyma cells
were distinguished clearly from the mature cells formed in the last year. In August,
latewood formation started. Newly formed parenchyma cell walls still remained
thin and unlignified (Photo 2).
In September, cell division in the cambium nearly ended. Various developmental stages of walls were found in the ray parenchyma cells formed in this
year; namely 1) thickened and lignified walls, 2) thickening and lignifying walls,
3) thickening and unlignified walls, 4) unthickened and unlignified walls (Photos 3,
4 a and 4 b). Any part of the cell wall of an individual ray parenchyma was in an
even developmental stage. The adjacent cells occasionally showed rather different
maturing stages from each other, suggesting that the maturation of the ray parenchyma cells tended to occur independently (Photo 4 b). Some double walls were not
symmetrical in their secondary wall, as the wall thickening occurred in one wall but
not in the other (Photo 4 b). Within a ray, the secondary wall thickening and
lignification occurred first in the ray parenchyma cells next to the mature parenchyma cells of the previous year and then proceeded to the newer cells, i. e., towards
the cambium (Photo 3). Maturation of ray parenchyma cells connected to a vertical
resin canal was delayed (Photo 4 a). In October, the parenchyma cells were somewhat in an advanced stage of maturation as compared with those of September's
sample. In November, maturation of the ray parenchyma cells had completed except
for a few cells in the outer-Iatewood which had unthickened and unlighified walls
(Photo 5). It seemed that these parenchyma cells near the cambium passed the
winter in an immature stage and matured in September of the next season.
The secondary wall of the ray parenchyma cells in the inner-Iatewood formed
during the last stage of maturation revealed rough features in contrast with the
smooth wall of earlywood parenchyma (Photo 5). It was comfirmed that the rough
features seen as alternating projection and depression in radial longitudinal sections,
reported in the previous paper by the authors, were the simple pits by scanning
electron microscopy (Photo 6).

Radial resin canal tissue
Fusiform rays of this species consisted of epitherial cells, "sheath-like cells",
ray parenchyma cells, and ray tracheids. In this paper, we use the term "sheathlike cell" to the thin-walled lignified dead cell which made distinctions between the
epitherial cell and the surrounding ray parenchyma cell. The epitherial cell, the
"sheath-like cell", and the ray parenchyma cell of the multiseriate portion corresponded to epitherial cell, intermediate cell, and outer cell in the report of Kibblewhite
and Thompson respectivelyS). The ray parenchyma cells were distinguished between multiseriate portion and uniseriate portion according to the difference of the
maturing process in the secondary wall, as well as to their position. Multiseriate
parenchyma cells and epitherial cells had thin unlignified walls throughout the
sapwood, and then formed the secondary walls abruptly when they approached
the sapwood/heartwood boundary. The progress of the secondary wall formation
2)
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was judged by that these cells were found to be in the intermediate stages of the
wall thickening and lignification.
In the samples of May and June, it seemed that the formation of the secondary
wall should not begin because the intermediate stages of wall development were scare·
cely observed (Photos 7 a and 7 b), though few parenchyma cells showed the intermediate stages, probably remaining from the previous year. Most parenchyma
cells, which finished maturation of the secondary wall in the previous year, were
dead. In July, August, and September, the parenchyma cells showing the intermediate stages of wall thickening and lignification were found in abundance between
the lignified dead cells of the "heartwood tissue" and the unlignified living cells of
the "sapwood tissue" (Photos 8, 9, 10 a and 10 b). The time of vigorous secondary
wall formation seemed to be August, as photo 10 b showed many thickened unlignified walls compared with the other months' photographs. Lignification of the secondary wall was nearly complete in September, but pit membranes were not lignified
yet (Photo 9). The parenchyma cells were living for some time after the completion
of secondary wall formation. It was not clear how many cells completed their
maturation in the radial resin canal tissue within one year, because of a difficulty
of confirmation of initiation and end of the secondary wall formation, and besides
a difficulty of preparation of the radial longitudinal sections containing radial resin
canals. In October, the parenchyma cells showed little sign of the intermediate
stages of wall thickening and lignification (Photo 11). These cells ended their secondary wall formation and showed UV-absorption in the pit membranes which had
remained in unlignified until August or September. In November, the parenchyma
cells did not show the intermediate stages, and matured cells were dead (Photo
12). Immature unlignified living cells directly adjoined to the lignified dead cells.
From the seasonal observation with UV microscope, it was presumed that thickening and lignification of the secondary wall in the parenchyma cells of the radial
resin canal tissue took place during July to September in the sapwood/heartwood
boundary, and that necrosis of these cells and UV -absorption of the pit membranes
were observed from September to November.
It was suggested from photo 12 in November that most cells of resin canal
tissue died within the same year as the occurrence of the wall thickening and
lignification. But it was not clear when uniseriate rays died. The boundary line
between living cells and dead cells in radial resin canals was situated about one
annual ring outside than that in uniseriate rays from the cambium; it laid in
about 11 rings from the cambium in the resin canals, and 12 rings in the uniseriate rays.

Discussion and conclusions
Wall thickening and lignification of uniseriate rays in P. strobus started in the
parenchyma cells adjacent to previous year's matured parenchyma and then proceeded towards the cambium (Photo 3). Maturation of those cells occurred from
September to October, corresponding to Mann's result9). The sections of September
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showed the most vigorous stage of the wall development in this species of tree
(Photos 3, 4 a and 4 b). The greater part of the parenchyma cells were complete
in maturation within the year when they were formed. But a few cells near the
cambium remained immature and they matured in September of the next year.
Thus, the partial parenchyma cells completed their maturation in the next growth
season. Details of the transition of maturation within an annual ring were not
made clear because of the markedly narrow width of the newly formed ring examined in this study. These results may be somewhat different from those of
normal growth trees.
Thickening and lignification of secondary walls in parenchyma cells of radial
resin canal tissue took place mainly from July to September in the sapwood/heartwood boundary, and then most of the parenchyma cells died mainly during the
time from September to November in the same year, judging from UV-absorption
in the pit membranes. The pit membranes were encrusted by polyphenols, and
additionally lignification might occur'). BAMBER (1972, 1973, 1976)2),9),4) observed
that secondary wall formation in the radial resin canal parenchyma cells of Haploxylon pine occurred during heartwood formation. They did not refer to the
season of the secondary wall formation. There was a short time lag between
the secondary wall formation and the occurrence of UV-absorption in the pit membranes. HIRAI (1951)6) and NOBUCHI et al. (1977)12) studied the seasons of additional
formation of heartwood from a point of darkening of the tissue by the use of
increment cores. HIRAI reported that the inmost side of sapwood was transformed
into the outermost of heartwood from July to November in the Japanese larch,
but July was the failing season of cambium activity and November was the beginning season of the hibernation of the cambium in the Tomakomai district, Hokkaido.
NOBUCHI et al. stated that the heartwood transition occurred from July to September in Cryptomeria japonica in the Kyoto district. ISHIDA et al. (1976)7) studied seasonal development of tyloses in Robinia pseudo-acacia in Tomakomai. They
found that the tyloses in the earlywood began to form in August and ended at
least their surface growth within September in the annual ring next to the latest.
NAKAGA WA et al. (1976)10) described that occurrence of the tyloses in R. pseudoacacia was recognized in the latest ring from September to October when it was
in the late stage of tree growth season. The season of maturation in the radial
resin canal tissue almost agreed with that of the heartwood formation and tyloses
development stated above. It must be noticed here that encrusting of the pit
membranes in both uniseriate rays and fusiform rays would be generally one of
the significant indications of heartwood formation.
SHAIN et al. (1973)12),14), however, suggested that heartwood formation took
place mainly in the dormant season by measurement of ethylene production and
respiratory activity in the xylem tissue of Pinus radiata planted in Australia. The
present authors were confronted by the problem whether heartwood formation
occurred in about the time of latewood formation or mainly in the dormant season.
This disagreement may be due to differences of climates, especially temperature
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of the winter, and differences of the tree species and tree ages, and the time lag
between the increase of these physiological activities and the occurrence of wall
thickening and lignification.
Parenchyma cells of the radial resin canals died earlier by about one year
than those of uniseriate rays, in the sapwood/heartwood boundary in the present
observation. NOBUCHl et al. (1976)11l suggested that lipid droplets in the epitherial
cells degenerated faster than the ray parenchyma cells in the intermediate wood of
Pinus densiflora. This time lag was an interesting problem.
Lignification slightly lagged behind secondary wall thickening in both uniseriate
rays and resin canal tissue.
UV-absorption was not found yet in window-like, simple, and blind pit membranes when secondary wall formation of resin canal tissue had already completed
(Photo 9). UV-absorption in the pit membranes was presumed to occur while
these parenchyma cells died.
The detailed process of secondary wall thickening and lignification or a transition of protoplasm should be made clear using a combination of UV and electron
microscopy. Enzyme histochemistry of peroxidase and autoradiography of lignin
precursors within individual cells in consideration of the season and the position
of heartwood formation are a promising area for a further study on heartwood
formation.
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Explanation of photographs
Note:

All the microphotographs except photo 6 were taken by an ultraviolet microscope at a wavelength of 280 mp. Stem axis of the sample tree is vertical in
all the photographs. Left side of all the photographs of the radial longitudinal
sections is outside direction of the tree.

Photos. 1-6
Uniseriate ray
Photo 1.
May 10th. The latewood of the last year is directly adjacent to cambium.
Left side is phloem. Boundary line between lignified and unlignified parenchyma cells is uneven.
Photo

2.

August 16th. The boundary line lies near the annual ring boundary.
Newly formed parenchyma cells are not lignified yet.

Photo

3.

September 10th. Secondary wall formation is found in many parenchyma
cells formed in this year. UV-absorption on the secondary wall of some
newer parenchyma cells is weak compared with the other mature cells,
showing a lignification in progress.

Photo 4a.

September 10th. Ray connected to a vertical resin canal. Previous year's
parenchyma cells connected to a vertical resin canal remain unthickened,
unlignified in their walls. Only newly formed parenchyma cells near the
previous year's annual ring boundary are lignified (arrow).

Photo 4 h.

An enlarged view of a part of the same ray as photo 4 a. Various developmental stages of walls are found, i. e., thickened and lignified wall (arrow 1),
thickening and lignifing wall (arrow 2), thickening and unlignified wall
(arrow 3), unthickened and unlignified wall (arrow 4).

Photo

5.

November 11th. Parenchyma cells in the outer-Iatewood are unthickened
and un lignified (arrow 1), and those in the inner-latewood have rough
secondary wall (arrow 2). This photograph shows the same stage of wall
development as that of May.

Photo

6.

A scanning electron micrograph of a radial surface in the inner-latewood
shows the horizontal walls of ray parenchyma cells with many simple
pits which are found as a rough surface of wall in the radial sections
under the light microscope.

Radial resin canal tissue
Photos 7 a-12
June 16th. Boundary line between lignified and unlignified cells is uneven.
This photograph shows the same stage of wall development as that of
October and November. One or two parenchyma cells show intermediate
stages of wall development (arrow 1), which remain from the previous year.
Though lignified epitherial cells are dead without exception (arrow 2),
lignified ray parenchyma cells of the multi seriate portion are dead or
partly still living (arrow 3), and those of the uniseriate portion are still
living (arrow 4).

Photo 7 a.

Photo 7 h.

An enlarged view of a part of photo 7 a. Dead parenchyma cells indicate
strong UV-absorption on the pit membranes (arrow 1), and living cells
having secondary wall do not show yet UV-absorption on the pit membranes (arrow 2). Un lignified cells next to lignified cells have thin walls
(arrow 3).
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Photo

8.

July 12th. Tangential section shows clearly epitherial cells (EP), "sheathlike cells" (SL) and ray parenchyma cells (RP). Secondary wall of parenchyma cells of the multiseriate portion shows weak UV-absorption compared with that of the uniseriate portion, suggesting that wall thickening
and lignification are in ·progress.

Photo

9.

September 10th. Tangential section shows that parenchyma "cells which
have completed lignification of secondary wall, .indicate UV-absorption on
the pit membranes (arrow 1) or n~ne of it (arrow 2). The former cell~
are dead and the latter still living.

Photo 10 a. August 16th. Secondary wall formation takes place extensively. Many
thickened unlignified parenchyma cells are found (arrow 1), and lignified
cells are still living in this stage (arrow 2).
Photo 10 h. An enlargled view of a part of photo 10 a. Various developmential stages
of walls are found same as photo 4 b of the uniseriate ray.
Photo 11.

October 1st. Though some lignified parenchyma cells adjacent to unlignified immature cells are yet alive (arrow 1), most cells are dead and show
strong UV-absorption in the primary wall (arrow 2).

Photo 12.

November 11th. All the unlignifiedparenchyma cells next to lignified
dead cells are living, and remain thin wall (arrow 1). All the lignified
matured cells of multiseriate portion are dead (arrow 2).
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